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1. Background on N-degron pathways 
 
Every protein has a certain lifespan ranging from less than a minute to several 

days. Regulated protein degradation controls the abundance and activity of all short-

lived proteins to ensure cellular homeostasis and also protects cells from accumulating 

misfolded, aggregated or other abnormal proteins (Varshavsky, 2019). Dysfunctional 

degradation is implicated in various diseases, including cancer, neurodegenerative 

disorders and inflammatory diseases (Popovic et al., 2014). Therefore, the 

identification and understanding of the functional architecture of degradation pathways 

is of pivotal importance (Mueller and Bange, 2023).  

Regulated protein degradation is mostly mediated by the ubiquitin proteasome 

system (UPS) (Hershko & Ciechanover, 1998). The most important players in this 

system are E3 ligases which recognize exposed sequence motifs, so-called degrons, 

of target proteins and conjugate ubiquitin (Ub; an 8 kDa protein) to nearby lysine 

residues on them (Ravid & Hochstrasser, 2008). Ubiquitinated proteins are 

subsequently destroyed by a multi-subunit protease, the 26S proteasome. The human 

proteome predicts the existence of around 700 E3 ligases which provide the UPS with 

specificity to regulate simultaneously very diverse physiological pathways (Mueller and 

Bange, 2023)(Zheng & Shabek, 2017). 

Degrons can be located anywhere on a protein, but the first degrons, discovered 

in 1986, are at the very N-terminus (Nt) of proteins, so-called N-degrons (Bachmair et 

al., 1986). My work is focused on this subset of protein degradation pathways, so 

called N-degron pathways, in which N-termini of proteins are recognized as 

degradation signals. N-degrons are very short (∼ 1-4 amino acids (aa)) motifs mainly 

determined by the first N-terminal (Nt-) aa of a protein or the modification of the first 

aa (e.g. Nt-acetylation) of the protein. On the one hand, N-degrons may be 
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constitutively exposed from the moment the nascent protein exits the ribosomal tunnel. 

In this case, N-degrons play a role in maintaining complex stoichiometry or to adopt to 

environmental changes (Chen et al., 2017; Hwang et al., 2010; Kim et al., 2014; 

Melnykov et al., 2019; Varshavsky, 2019). On the other hand, N-degrons can be 

exposed through incorrect or missing co-translational/Nt-modifications or proteolytic 

cleavage exposing new Nt. The exposed N-degrons are then recognized by E3 

ligases, so called N-recognins, and the protein is targeted for proteasomal degradation 

ensuring protein quality control (Linster et al., 2022; Mueller et al., 2021; Timms et al., 

2019)(Mueller and Bange, 2023). 

Every protein harbors potential N-degrons and therefore N-degron pathways are 

involved in a plethora of biological pathways, spanning from regulation of cell cycle 

progression, heme sensing, response to stress and apoptosis and impairment might 

lead to human pathologies like e.g. cancer or neurodegeneration (reviewed e.g. in: 

(Varshavsky, 2011, 2019)).  

 

2. My contribution to the N-degron field 

When I started my investigation on N-degron pathways, four N-degron pathways 

named after the Nt-aa residue or its modification representing the N-degron were 

described: the Arg/N-degron pathway (Gibbs et al., 2014; Varshavsky, 2011, 2019) 

and Pro/N-degron pathway (Chen et al., 2017; Lampert et al., 2018; Melnykov et al., 

2019) which recognize free Nt; the Ac/N-degron pathway (Hwang et al., 2010; 

Shemorry et al., 2013) which recognizes acetylated (ac) Nt and the Gly/N-degron 

pathway which recognize free Nt glycine residues which escaped their correct Nt-

myristoylation (Timms et al., 2019). 
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These studies in the past have mainly focused on characterising systematically the 

role of the starting amino acid on protein stability and not on the identification of the 

E3 ligases acting as N-recognins and the characterization of the N-degron pathways. 

In order to be able to identify new N-degron pathways with their cognate N-recognins, 

I developed a peptide pull-down workflow combined with mass spectrometry (MS) – 

based quantitative proteomics. MS-based proteomics is a powerful technique that 

allows the comprehensive and unbiased characterization of the protein composition of 

pulled-down complexes. Taking advantage of this technology, I reasoned that peptide 

pairs only differing in their Nt modification, e.g. free N-terminal sequences versus 

acetylated N-terminal sequences were part of Nt-degradation signals, they ought to 

act as determinants of interactions with specialized receptors on E3 ligases or 

associated proteins which can be identified by MS. To this end, beads exposing 

synthetic peptide pairs, i.e. acetylated or not, encompassing the Nt-region of proteins 

(aa 1-10) were incubated with lysates of HeLa cells, followed by MS-based 

identification and quantification on retained binders (Mueller et al., 2021). 

With this work-flow, I was able to identify and characterize a fifth N-degron pathway 

which has been named nonAc/N-degron pathway (Linster et al., 2022; Mueller et al., 

2021)(Mueller and Bange, 2023). The pathway specifically targets proteins lacking 

their expected, endogenous Nt-acetylation through the Nt-acetyltransferase NatA, 

rather exposing unmodified alanine, and possibly also serine and threonine (Mueller 

et al., 2021). I was able to show that residues exposed through omission of their Nt-

acetylation represent N-degrons recognized by BIRC2 (Baculoviral IAP repeat-

containing protein 2, cIAP1), BIRC3, XIAP (BIRC4), and BIRC6 (also known as 

APOLLON or BRUCE), four members of an inhibitor of apoptosis protein (IAP) family 

of E3 ligases that are key regulators of programmed cell death in development, tissue 
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homeostasis, and tumorigenesis. With this work, I made several major contributions to 

the Nt-processing and N-degron field, demonstrating that (i) Nt-acetylation of NatA 

substrates is a protective mark against inhibitor of apoptosis proteins E3-ligases, thus 

involving Nt-acetylation in protein stabilization; (ii) proteins escaping their natural Nt-

modifications can undergo clearance through the Ub system, thus drawing a clear 

parallel to the Gly/N-degron pathway which proposes that omission of Nt-

myristoylation  leads to degradation; (iii) IAPs are N-recognins and might serve a more 

general role in protein quality control and not only in apoptosis as previously thought 

(Mueller et al., 2021). The results are graphically summarized in Figure 1. This 

publication was the first publication on nonAc/N-degron pathways and paved the way 

for a series of publications which 

confirmed the nonAc/N-degron pathway 

in different species and contexts 

suggesting that proteins which omit their 

proper Nt-processing  are rapidly 

removed from the system (Li et al., 2022; 

Linster et al., 2022)(Varland et al. 2022). 

 

 

3. Outlook on future work on N-degron pathways  

Our data and recent literature on new N-degron pathways reinforced the 

assumption that many more E3 ligases act as N-recognins in N-degron pathways and 

more N-degron pathways exist than hitherto believed. I validated with our published 

Figure 1. Graphical scheme summarizing the 
described NatA-IAP pathway (Mueller et al., 
2021). NAA10 and NAA15 are the subunits of the N-
acetyltransferase NatA. Aa are presented in single 
letter code. 
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and preliminary data that peptide pull-downs combined with MS-based proteomics can 

be applied to identify those E3 ligases and even dissect sequence specificities.  

I am using this established pipeline of peptide-pull downs combined with MS-based 

proteomics to systematically screen for unknown N-degrons and their respective E3 

ligases. I already identified three additional E3 ligases (CUKL3-KLHL13/22, CUL4-

DDB1-DCAF10, SKP1-MYCBP2-FBXO4) as new N-recognins and confirmed two E3 

ligases with an established role (CUL2-ZYG11 and GID/CLTH complex), both showing 

broader N-degron recognition as known (Table 1) (unpublished data).  

Table 1: Summary of identified N-degrons and potential N-recognins  

E3 ligase 

Known N-

degron 

function 

N-terminus 

binding 

(aa 1-4) 

Gene name 

of target 

proteins 

Omitted 

modification in 

cells 

CUL2-ZYG11 
Gly/N-degron 

pathway 

GCVQ 

GCIK 

GAPA 

FYN 

YES 

TMEM97 

Nt-myristoylation 

 

CUL3-

KLHL13/KLHL22 
No 

MDDK 

VDRE 

AEDM 

EIF2B1 

YWHAG 

COX6B 

Nt-acetylation 

 

CUL4-DDB1-

DCAF10 
No 

ac-GCVQ 

ac-GCIK 

ac-GAPA 

FYN 

YES 

TMEM97 

Nt-myristoylation 

 

GID/CLTH 

complex 

Pro/N-degron 

pathway 

AVPA 

MDDK 

PAYF 

COMMD10 

EIF2B1 

EIF3A 

Nt-acetylation 
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MAPA 

VAPV 

MTHFD1 

ELP2 

SP1-MYCBP2-

FBXO45 
No VDRE YWHAG 

Nt-ac 

(NatA) 

 

Interestingly, literature showed that the identified N-recognin candidates are often 

overexpressed in cancer and have a role as tumor suppressor or oncogenes 

depending on the type of cancer. For all candidates the molecular mechanism how 

they might contribute to malignancy and disease is completely unknown. The E3 ligase 

adaptor proteins KLHL13 and KLHL22 are not well studied but elevated levels are 

observed in many types of cancer and roles in mTORC1 signaling and cell cycle 

progression have been assigned (Beck et al., 2013; Chen et al., 2018; Liu et al., 2020; 

Maerki et al., 2009; Metzger et al., 2013; Song et al., 2020; Sumara et al., 2007; Xiang 

et al., 2021; Zhou et al., 2020). CUL4A-DBB1 together with the DDB2 adaptor (CUL4A-

DDB1-DDB2) is involved in DNA repair (Groisman et al., 2003), but has never been 

connected to N-degron pathways.  DDB1 and CUL4A may use up to 60 different 

adaptor proteins, so called DCAFs (DDBA and CUL4-Associated Factors), suggesting 

a variety of possibilities to target many different pathways (Lee & Zhou, 2007). No 

function has been assigned so far to the CUL4A-DDB1-DCAF10 complex but CUL4A 

and DCAFs are as well elevated in many types of cancer (Cui et al., 2019; Jang et al., 

2021; Sang et al., 2015). The SKP1-FBXO45-MYCBP2 complex is highly expressed 

in neuronal cells and has important functions in developmental processes, such as 

axon determination/degeneration and synapse formation, and it is elevated in different 

types of cancers (Grill et al., 2016; Lin et al., 2020; Po et al., 2010). Overall, all 

candidates have been associated to human diseases with unknown mechanisms and 
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so far, there is no evidence for involvement in N-degron recognition. I am currently 

validating the identified E3 ligases as N-recognins and investigating the physiological 

role of the new N-recognin candidates in N-degron pathway. For these experiments, I 

am using a series of assays which I established to validate the inhibitor of apoptosis 

proteins as N-recognins (Mueller et al., 2021). This pipeline includes biochemical 

assays to show a direct interaction between N-degron and N-recognins, in vitro and in 

vivo ubiquitination assays and cellular RNA interference (RNAi) or overexpression 

experiments to investigate the physiological role of the potential new N-degron 

pathway in healthy and transformed mammalian cells (HeLa, DLD1 and RPM1 cells). 

 In parallel, we continued and will continue the systematic screening of N-terminal 

sequences and expect a comprehensive list of potential N-recognin candidates for N-

degron pathways in a short period of time. I see the screening for E3 ligases acting as 

N-recognins as a possibility to develop further long-term projects for my lab.   

In sum, emerging data suggest that a complex interplay not unravelled yet of N-

recognins and Nt-modifying enzymes, like methionine amino peptidases and e.g. Nt- 

acetyltransferases or N-myristoyltransferases, exists which ensures protein maturation 

and quality control of specific subsets of proteins. Thus, improperly modified or 

unexpectedly unmodified proteins would become rapidly removed through Ub-

conjugation after synthesis. My ultimate aim is to contribute to uncover this interplay 

which ensures protein quality control and to elucidate its role for cellular proteostasis. 

The results will be highly relevant for various fields of basic research (Nt- 

processing, Nt-acetylation, protein quality control and stability, assignment of new 

roles to E3 ligases) and might shed light on how dysfunctional N-degron pathways 
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contribute to human diseases like e.g. cancer development and uncover new potential 

druggable pathways. 

 

4. Summary of my further work on interaction, cross-linking and post-

translational modifications experiments using quantitative mass spectrometry-

based proteomics 

 Quantitative MS-based proteomics is not only a powerful technique to study 

protein interactions (interaction proteomics), but as well to quantify thousands of 

proteins in a single experiment (expression proteomics), map surface interactions 

down to the aa level (cross-linking proteomics) and identify post-translational 

modifications (PTM analysis). The technique is developing at a tremendous speed 

offering a constantly growing spectrum of methods and a plethora of possibilities to 

address all kinds of biological questions. 

In addition to my biological focus on N-degron pathways, I used my deep 

technical knowledge of MS techniques acquired in Prof. M. Mann´s lab and my 

biological background in degradation and signalling pathways, to answer interesting 

biological questions from different fields, spanning epidermal growth factor receptor 

(EGFR) signalling and degradation, cell cycle and cell division to the circadian clock 

field, using quantitative MS-based proteomics. I set-up MS methods and workflows 

from scratch for data-dependent and independent acquisition, quantitative proteomics, 

labelling strategies, interaction proteomics, post-translational modification analysis 

and cross-linking methods which were all successfully applied, as testified by many 

collaborative papers also in high ranking journals (including Nature (Faesen et al., 
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2017) and Science (Bruning et al., 2019)). A summary of my activities is given in the 

following section. 

Work on identification of ubiquitinated proteins using quantitative MS-

based proteomics: The epidermal growth factor receptor (EGFR) binds to the EGF 

family of proteins and activates then several signaling cascades to convert 

extracellular cues into appropriate cellular responses.  I was interested in how poly-

ubiquitination of the EGFR affects its internalization, sorting and degradation and in 

the non-degradative role of mono-ubiquitination of the EGFR and endocytic proteins. 

Interestingly, cells are able to read monoUb signals through proteins harbouring 

ubiquitin receptors (e.g., ubiquitin interacting motifs) and then further transmit the 

signal through their own monoubiquitination analogous to phosphorylation-dependent 

signaling (Woelk et al., 2006; Woelk et al., 2007). Therefore, we set out to measure 

ubiquitinated proteins after EGF stimulation for different periods of time. This was the 

largest ubiquitome at the time and the first time where dynamic changes of 

ubiquitination in response to signaling were shown (Argenzio et al., 2011). 

Work on identification of phosphorylated peptides and phosphorylation 

sites using quantitative MS-based proteomics: Phosphorylation is a vital reversible 

(through kinases – phosphatases) post-translational modification in which a phosphate 

group is attached to serine/threonine or tyrosine residues of proteins.  Phosphorylation 

alters the function and activity of the target proteins and the process plays a crucial 

role in almost all cellular processes, including cell signaling, metabolism, gene 

expression, and cell division. Dysregulation of phosphorylation has been linked to 

many diseases, e.g. cancer, diabetes and neurodegenerative disorders. As such, 

understanding the complex regulatory mechanisms of phosphorylation is of great 

interest in basic and clinical research. Phosphorylation sites and changes of 
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phosphorylation sites can be identified and quantified by MS-based proteomics 

through an 80 Dalton mass shift introduced on peptides containing phosphorylations. 

  I applied large scale, proteome-wide phosphopeptide enrichment work-flows to 

identify changes in phosphorylations to support and answer biological questions from 

different fields, including topics like meiosis, circadian clock, sleep and DNA repair 

(Altmannova et al., 2023; Bruning et al., 2019; Harpprecht et al., 2019)(Schmal C. et 

al., 2023).  In addition, I identified and quantified regulatory phosphosites  from in vitro 

samples and immunoprecipitations from wild-type and mutant proteins which 

contributed to decipher regulatory processes in kinetochore assembly and checkpoint 

signaling (Barbosa et al., 2020; Breit et al., 2015; Cunha-Silva et al., 2020; Faesen et 

al., 2017; Huis In 't Veld et al., 2016; D. Singh et al., 2021; P. Singh et al., 2021). 

Work on cross-linking proteomics: Cross-linking proteomics is a powerful 

tool to study the structure and intra-/interactions of proteins within a complex or a 

complex mixture of proteins. In this method, proteins are chemically cross-linked while 

still in their native state, using e.g. commercially available cross-linker or UV light. 

Cross-linked proteins are enzymatically digested and then analysed by MS. The 

technique provides information about the proximity and orientation of protein domains 

within a complex allowing to reconstruct three-dimensional structures of protein 

complexes complementing other structural techniques like e.g. electron microscopy. 

Cross-linking proteomics holds several challenges in sample preparation and data 

analysis which limits its application mainly to specialized MS labs. I developed a simple 

single-step purification protocol and easy-to-follow pipeline to make cross-linking MS 

accessible to non-specialist, structural and biochemistry laboratories which resulted in 

a last author publication and the protocol is broadly applied (Pan et al., 2018). 
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In addition, I used UV-light inducible cross-linking of farnesyl-like modifications 

containing the UV-active compounds (diazirine pyrophosphate, BPP1 and BPP2) to 

map the interaction site of the farnesylated protein Spindly with the  ~ 800 kDa ROD-

Zwilch-ZW10 (RZZ) complex. The RZZ complex builds a fibrous corona that 

assembles on mitotic kinetochores before microtubule attachment to promote 

chromosome alignment and robust spindle assembly checkpoint signalling. The cross-

linking experiments showed farnesyl-dependent binding of RZZ to Spindly and 

identified ROD as the Spindly farnesyl receptor. These cross-link MS experiments 

greatly helped to elucidate the role of RZZ as dynein cargo at human kinetochores 

(Mosalaganti et al., 2017).  

 Work on interaction proteomics: Interaction proteomics is a powerful approach to 

identify and characterize protein-protein, protein-RNA, protein-DNA and protein-small 

molecule interactions in an unbiased manner. Usually, a bait which can be proteins, 

peptides, DNA, RNA or as well small molecules is used to affinity/co-purify proteins 

from complex mixtures like e.g. cellular lysates and potential interaction partners are 

identified and quantified by MS measurement in un unbiased manner. Interaction 

proteomics is a powerful technique to discover new interaction partners, dissect 

binding surfaces of proteins, construct interaction networks and gain insights into the 

functional roles of proteins in different biological processes. I set up several 

immunoprecipitation assays combined with labelling strategies (e.g. stable isotope 

labelling in cell culture (SILAC), tandem mass tag (TMT) to dissect Bub1 and BubR1, 

two proteins involved in spindle assembly checkpoint signaling and cell cycle 

progression (Overlack et al., 2017). Furthermore, I performed pull-down experiments 

using RNA and small molecules as baits to comprehensively identify their interaction 

partners (Dietrich et al., 2017; Pospiech et al., 2018). 
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Abstract

Regulated protein degradation controls protein levels of all short-lived proteins to
ensure cellular homeostasis and also protects cells from misfolded or other abnormal
proteins. The most important players in the degradation system are E3 ubiquitin ligases
which recognize exposed sequence motifs, so-called degrons, of target proteins and
mark them through the attachment of ubiquitin for degradation. N-terminal (Nt)
sequences are extensively used as degrons (N-degrons) and all 20 amino acids are able
to feed proteins in 1 of the 5 known N-degron pathways. Studies have mainly focused
on characterizing systematically the role of the starting amino acid on protein stability
and less on the identification of the E3 ligases involved. Recent data from our lab and
literature suggest that there is an extensive interplay of N-recognins and Nt-modifying
enzymes like Nt-acetyltransferases (NATs) or N-myristoyltransferases which only starts
to be elucidated. It suggests that improperly modified or unexpectedly unmodified pro-
teins become rapidly removed after synthesis ensuring protein maturation and quality
control of specific subsets of proteins. Here, we describe a peptide pull-down and
down-stream bioinformatics workflow conducted in the MaxQuant and Perseus com-
putational environment to identify N-recognin candidates in an unbiased way using
quantitative mass spectrometry (MS)-based proteomics. Our workflow allows the iden-
tification of N-recognin candidates for specific N-degrons, to determine their sequence
specificity and it can be applied as well more general to identify binding partners of
N-terminal modifications. This method paves the way to identify pathways involved
in protein quality control and stability acting at the N-terminus.

1. Introduction

The lifespan of cellular proteins ranges from less than a minute to

several days. Regulated protein degradation controls levels of all short-lived

proteins to ensure cellular homeostasis and also protects cells from accumulat-

ing misfolded, aggregated or other abnormal proteins (Varshavsky, 2019).

Dysfunctional degradation causes multiple pathological processes, spanning
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from developmental and neurodegenerative disorders to cancer (Popovic,

Vucic, & Dikic, 2014). Therefore, the identification and understand-

ing of the functional architecture of degradation pathways is of pivotal

importance.

Regulated protein degradation is mostly mediated by the ubiquitin

proteasome system (UPS) (Hershko & Ciechanover, 1998). The most

important players in this system are E3 ligases which recognize exposed

sequence motifs, so-called degrons, of target proteins and conjugate ubiquitin

(Ub; an 8kDa protein) to nearby lysine residues on them (Ravid &

Hochstrasser, 2008). Ubiquitinated proteins are subsequently destroyed by

a multi-subunit protease, the 26S proteasome. The human proteome predicts

the existence of around 700 E3 ligases which provide the UPS with specificity

to regulate simultaneously very diverse physiological pathways (Zheng &

Shabek, 2017).

Degrons can be located anywhere on a protein, but the first degrons,

discovered in 1986, are at the very N-terminus of proteins, so-called

N-degrons (Bachmair, Finley, & Varshavsky, 1986). Five N-degron

pathways have been described so far which can be divided in different sub-

types based on the type of N-degron recognized (Fig. 1): (i) recognition of

free N-termini (Arg/N-degron pathway (Gibbs, Bacardit, Bachmair, &

Holdsworth, 2014; Varshavsky, 2011, 2019); Pro/N-degron pathway

(Chen, Wu, Wadas, Oh, & Varshavsky, 2017; Lampert et al., 2018;

Melnykov, Chen, & Varshavsky, 2019)); (ii) recognition of modified

N-termini (Ac/N-degron pathway (Hwang, Shemorry, & Varshavsky,

2010; Shemorry, Hwang, & Varshavsky, 2013)) or (iii) recognition of an

omitted Nt-modification (Gly/N-degron pathway (Timms et al., 2019);

nonAc/N-degron pathways (Li et al., 2022; Linster et al., 2022; Mueller

et al., 2021; Varland et al., 2022)). The fundamental function of

N-degron pathway in protein quality control and stability is well established.

But studies so far have mainly focused on characterizing systematically

the role of the starting amino acid on protein stability and less on the iden-

tification of E3 ligases, so-called N-recognins. The recent data on new

N-degron pathways reinforce the assumption that many more E3 ligases

act as N-recognins in N-degron pathways and more N-degron pathways

exist than hitherto believed. Since N-degron pathways are involved in a

plethora of pathways and impairment might lead to human pathologies

like, e.g., cancer or neurodegeneration (Varshavsky, 2019), the need for

methods to uncover the unknown players of these networks grows.
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Fig. 1 Overview of the known N-degron pathways. N-degron name, function, recognized amino acids and E3 ligases are indicated. Amino
acids are abbreviated with single letter code. The details of the enzymatic reactions for N, Q, D, E and C to feed in the Arg/N-degron pathway
are shown only schematically with an arrow. UBR: ubiquitin-protein ligase E3 component N-recognin; X are acidic, hydrophilic and large
hydrophobic amino acid residues; Z are small amino acid residues (A, C, S, T, V, P, G); Y are hydrophobic and amphipathic amino acid residues;
IAPs: inhibitor of apoptosis E3 ligase proteins; CUL: cullin; GID: glucose induced degradation E3 ligase complex.
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This chapter describes a peptide pull-down workflow combined with

quantitative mass spectrometry (MS)-based proteomics and downstream

bioinformatics analysis to identify N-recognin candidates for specific

N-degrons (Mueller et al., 2021). This method has the unique advantage

of being able to provide candidates in an unbiased way without prior

knowledge and can be applied as well to identify interaction partners

dependent on any Nt-modification. We provide detailed protocols for

peptide design (Section 3), preparing pull-down input material

(Section 4) and peptide pull-down performance (Sections 5 and 6).

Sections 7 and 8 contain protocols for the preparation of the samples for

MS measurement and a summary of the MS method. Sections 9 and 10

refer to the downstream bioinformatic analysis of the obtained MS raw

data using the freely available software MaxQuant and Perseus to obtain

a final list of candidate N-recognins and/or Nt-specific interaction partners

(Cox & Mann, 2008; Tyanova et al., 2016).

2. Method overview and work flow

MS-based quantitative proteomics is a powerful technique that

allows the comprehensive and unbiased analysis of the protein composition

of pulled-down complexes. Taking advantage of this technology, we devel-

oped a peptide pull-down workflow to identify proteins associated with

acetylated (ac) or not acetylated (free) protein N-termini (Mueller et al.,

2021). If acetylated N-terminal (ac-Nt) or free N-terminal (free-Nt)

sequences are part of N-degrons, they ought to act as determinants of

interactions with specialized receptors on E3 ligases or associated proteins,

which can be identified by quantitative MS.

To this end, synthetic biotinylated peptide pairs (e.g., ac-Nt or free-Nt)

encompassing the Nt-region of proteins are bound to streptavidin beads,

then incubated with cellular lysates and binders identified by quantitative

MS (see Fig. 2 for a workflow overview). We performed peptide

pull-downs with ac-Nt and free-Nt using cellular lysates as input material,

but the method can be extended to identify interaction partners of any

N-terminal modification pair and other input material like tissue in an

unbiased way.
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3. General considerations for peptide design

We tested different peptide lengths, linkers (e.g., PEG; Lysine-Lysine

(KK); Glycine-Serine-Glycine (GSG)) and linker lengths for optimal

pull-down results. We recommend to use the first 10 amino acids (aa) of

the N-terminus adding KK to improve general solubility and a final bio-

tinylated lysine to be able to attach the peptide to streptavidin beads. The

peptides are usually ordered as pairs (e.g., from GenScript) with a purity

of >95% with the sole difference of the Nt-modification. See an example

of peptide design in Table 1.

Of note is, that using a KK linker has the disadvantage that the peptide is

digested by trypsin and will give a dominant peak in the MS measurement

which in some cases might overlay candidates. The problem occurs per se

if lysine or arginine are present in the peptide sequence. If MS results do

not reveal good candidates, an alternative peptide design with a different

linker, i.e., substitution of KK by a GSG linker, should be considered and

can help to improve results.

Fig. 2 Workflow overview for the peptide pull-down method combined with quantita-
tive MS described in this chapter. Small green circle: biotin; large gray circle: streptavidin
beads; ac: acetyl group; NH2: free Nt group.
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4. Preparation of lysates for peptide pull-downs

We describe here the preparation of the biological input material

which will be used to identify interaction partners of bait peptides. We focus

on cellular lysates, but any other input material, e.g., tissue, plant material,

etc. can be used as well.

4.1 Equipment
• Cell culture hood

• Tissue culture dishes or flasks (Sarstedt)

• Water bath at 37 °C
• Sonifier (Branson)

4.2 Reagents
Prepare all solutions using analytical grade reagents and reagents suitable

for cell culture. Store all reagents at !20 °C (unless indicated otherwise).

• Dulbecco’s modified eagle medium (DMEM, PAN Biotech), store

at 4 °C
• Phosphate buffered saline (PBS) pH 7.4, store at room temperature (RT)

• Fetal bovine serum (FBS, Gibco)

• L-Glutamine (Pan Biotech)

• Trypsin-EDTA (Pan Biotech), store at 4 °C
• Lysis buffer: 75mM HEPES pH 7.5, 150mM KCl, 1.5mM EGTA

(pH 8.0), 1.5mM MgCl2, 10% glycerol, store at 4 °C
• Nonidet® P 40 Substitute (NP-40) (Merck)

• Protease inhibitor cocktail (Serva)

• Benzonase® Nuclease (Sigma-Aldrich)

• Dithiothreitol (DTT)

• PhosSTOP phosphatase inhibitors (Roche)

Table 1 Example of peptide pair design using an ac-Nt and free-Nt peptide.
Protein of interest, e.g., COMMD10

Version aa 1–10 Linker

Modification

N-terminal C-terminal

free-Nt AVPAALILRE KK – K(Biotin)

ac-Nt AVPAALILRE KK Acetylation K(Biotin)
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4.3 Procedure
1. Grow HeLa cells in DME medium supplemented with 10% FBS and

2mM L-glutamine in incubators at 37 °C, 5% CO2 (see notes 1 and 2).

2. Harvest cells at a confluency of 60–80%. For harvesting, remove media

and wash attached cells once with prewarmed PBS.

3. Detach cells with trypsin (in 37 °C incubator) and collect them in

DMEM afterwards.

4. Centrifuge at 500"g for 5min at RT.

5. Wash cell pellet once with PBS and centrifuge.

6. Remove supernatant and flash freeze pellet in liquid nitrogen

(see note 3).

7. Add lysis buffer supplemented with 0.1% NP-40, protease inhibitor

cocktail 1:250, Benzonase® Nuclease 1:5.000–1:10.000, 1" PhosSTOP

phosphatase inhibitors and 1mM DTT to the frozen cell pellet (circa

0.5mL/10cm dish).

8. Resuspend cell pellet on ice by pipetting about 50 times up and down

using a micropipette.

9. Sonification: Use a sonifier combined with a small sonication tip.

Settings are: 2"10 pulses, 50% duty cycle, output control 3 (see note 4).

10. Clear lysate by a centrifugation step at #20,000"g, 4 °C for 30min.

11. Transfer the supernatant to a new reaction tube and determine the con-

centration by measuring the absorbance at 280nm with a NanoDrop

spectrophotometer (see note 5).

12. Keep cell lysates on ice until further use in procedure Section 5.3

(peptide pull-down) (see note 6).

4.4 Notes
1. We describe here peptide pull-downs using untreated HeLa cells but

the method is as well suited for other primary and transformed cell lines,

tissue or material from other species like, for example, plant extracts.

Adopt to eventual different media requirements of other cell lines.

The requirement for the method is a soluble homogenous protein

extract. Cells can be as well treated or synchronized under adaptive con-

ditions likely reflecting broad ongoing generation of targeted protein

degradation. For example, in the apoptotic process, a plethora of new

N-termini is generated through cleavage and proteins are degraded

rapidly. If sample amounts are limiting, peptide pull-downs can be

successful as well with lower amounts of starting material.
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2. For reliable label-free quantification and statistics afterMSmeasurement,

peptide pull-downs have to be performed at least in triplicates for

each peptide. Consider for each pull-down replicate 1–3mg of cell lysate

and plate enough 10–15cm dishes or flasks for the entire experiment

(e.g., one confluent 10cm dish of HeLa cells will yield 4–6mg of lysate).

3. After flash freezing in liquid nitrogen, cell pellets can be stored in a

!80 °C freezer and lysed at a later time point.

4. As alternative to the sonifier and sonication tip, a bioruptor (e.g.,

Bioruptor Plus; Diagenode) can be used.

5. Any other method to determine protein concentration compatible with

reducing reagents (1mM DTT) and buffer components can be used

as well.

6. If not used immediately, cellular lysates can be flash frozen in liquid

nitrogen in small aliquots (5–10mg) and stored at !80 °C.

5. Binding of biotinylated peptides
to streptavidin beads

Peptide pull-downs have to be performed at least in triplicates (n #3)

to obtain a reliable label-free quantification of binding partners and to be

able to apply statistical tests to identify suitable N-recognin candidates.

Keep this in mind when preparing peptides and solutions. The binding

of biotinylated peptides to streptavidin beads consists of: (a) preparation

of biotinylated peptides; (b) preparation of Streptavidin Dynabeads;

(c) binding of biotinylated peptides to beads. The steps require for one

peptide pair in triplicates circa 1.5h for calculations, pipetting, incubation

and washing steps.

In our experience, peptide pull-down assays work optimal when bio-

tinylated peptides are first bound to streptavidin beads and then incubated

with lysates. But if no candidate E3 ligases or adaptors are identified, bio-

tinylated peptides can be first incubated with lysates and then bound to

streptavidin beads.

Mutations or swaps of amino acids in the Nt-peptide can be used to

determine sequence specificities of candidate N-recognins or as well as con-

trols. Pull-downs with beads without conjugated peptide can be performed

but are not necessary to identify potential N-recognins because we are inter-

ested in different interaction partners between the peptide pair(s) and not in

common binding partners.
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5.1 Equipment
• 1.5mL low binding tubes (Eppendorf )

• Magnetic rack (e.g., Eppendorf or PerkinElmer) (see note 1)

• Vortex

• Rotation wheel

• Vacuum pump

5.2 Reagents
Prepare all solutions using ultrapure water and analytical grade reagents.

Prepare and store all reagents at RT (unless indicated otherwise).

• Dimethylsulfoxid (DMSO)

• Magnetic beads (Dynabeads™MyOne™ Streptavidin T1; ThermoFisher),

store at 4 °C
• Phosphate buffered saline (PBS) pH 7.4

5.3 Procedure
The subsequent procedures are performed at RT.

(a) Preparation of biotinylated peptides

1. Dissolve lyophilized peptides in DMSO to obtain a stock solution

of 10mM. Aliquot and store at !20 °C.
2. For peptide pull-down assays, dilute peptides in PBS to obtain a

concentration of 1μg/μL.
(b) Preparation of Streptavidin Dynabeads

1. Calculate 50μL slurry of Dynabeads™ MyOne™ Streptavidin T1

for each peptide pull-down assay. Calculate total amount of

slurry required for the experiment (sixfold for one pair of peptides

in respective triplicates). Add the amount of one replicate more per

peptide pair in the experiment (to account for loss through pipetting)

and pipette the total required amount of slurry in a 1.5mL Eppendorf

tube, e.g., for one peptide pair 350μL (7"50μL) (see note 2–5).
2. Vortex for 5 s, let beads settle down in magnetic rack for 1–2min,

withdraw supernatant with a vacuum pump (see note 6).

3. Wash beads twice with 1mL of PBS in the same way as in the

previous step.

4. Prepare one 1.5mL tube for each peptide.

5. Put the original calculated slurry volume of PBS on the beads and

divide beads in aliquots to bind peptides for triplicate assays. Use

175μL slurry per peptide (see note 7).
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6. Put in magnetic rack, withdraw PBS. Beads are ready for binding to

the biotinylated peptide.

(c) Binding of biotinylated peptides to beads

1. Pipette 9–12μL of 1μg/μL peptide dilution from above (circa 2nM

peptides) and add PBS to a final volume of 1mL. 9–12μL peptides

are calculated for assays in triplicates (see note 8).

2. Rotate samples at RT for 30min.

3. Wash 3" with 1mL of PBS (vortex, magnetic rack 1–2min,

withdraw liquid) to remove excess of peptides (see note 9).

4. After the last wash, add 175μL PBS, vortex and divide beads in

3"50μL for three replicates (see note 10).

5. Let beads settle in magnetic rack and withdraw liquid. Beads are

ready for the peptide pull-down.

5.4 Notes
1. The use of 96-deep well plates (DPW) is recommended when working

with more than 20 samples.

2. Peptide pull-downs can be performed with any kind of streptavidin

beads. We adapted the protocol various times and use now magnetic

beads for convenience and optimal results. We used as well, for exam-

ple, Streptavidin Sepharose® High Performance from GE Healthcare

with comparable results (the binding buffer changes from PBS to:

50mM Tris (pH 8), 150mM NaCl, 0.075% NP-40). In case of

sepharose or agarose beads, a table centrifuge is required instead of a

magnetic rack. Centrifuge beads according to manufacturer’s protocol.

3. The streptavidin bead amount for peptide pull-down assays depends on

the binding capacity of the beads. Peptide pull-down assays give the

best results with 200–300pmol of peptide bound to beads. It is very

important to saturate beads with biotinylated peptides and thus to

calculate and test bead amounts accordingly. For Dynabeads™

MyOne™ Streptavidin T1 the binding capacity for peptides is

400pmol/mg slurry (beads are provided as 10mg/mL). 50μL of slurry

are able to bind 200pmol of peptides (approximately 300–400ng of

peptide depending on the molecular weight) and gave the most reliable

quantifications and clearest candidates in a series of tests.

4. When pipetting slurry, we cut pipette tips and vortex briefly before

pipetting to ensure a homogenous distribution of beads in the slurry

and equal bead amounts in all samples.
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5. We do not separate the slurry for single peptide pull-downs as long as

possible. This means we wash the total amount of beads for all

pull-downs together, then we separate beads in the number of peptides

but keep triplicates together and then we pipette the amount for single

peptide pull-downs. In our experience this reduces noise in the LC

(liquid chromatography)-MS/MS measurements due to unequal

peptide-bead amounts in the individual assays and gives clearer results

for E3 ligase candidates.

6. The supernatant can be removed as well with a pipette.

7. We need 150μL (3"50μL) for the triplicates. Since we calculated one
sample more per peptide pair than present in the experiment to avoid

running out of beads for the last sample(s), we take 175μL of slurry out

of 350μL for each triplicate.

8. We recommend a 10" excess of peptide over binding capacity of cal-

culated bead amount to ensure saturation of beads with peptide. A 10"
excess corresponds to circa 3–4μg of peptide for each peptide

pull-down and 9–12μg for triplicates depending on the molecular

weight. Therefore, we use 9–12μL of peptide dilution (1μg/μL) for
175μL of slurry.

9. It is important to thoroughly remove excess peptides from beads before

the pull-down assay to avoid binding of proteins to soluble peptides in

the pull-down assay.

10. The additional 25μL is only to ensure that there is enough slurry for all

three pull-downs.

6. Peptide pull-down assay

We use the lysates prepared in Section 4.3 and the peptide-bead con-

jugates prepared in Section 5.3 to perform the actual peptide pull-down.We

describe the workflow for one set of experimental triplicates, but recom-

mend to repeat the peptide pull-downs as well as biological replicates from

different lysate preparations.

The procedure takes circa 30min–1h for one peptide pair, an overnight

incubation and circa 30min–1h for washing the pull-downs the next day.

6.1 Equipment
• 1.5mL low binding tubes (Eppendorf )

• Rotation wheel

• Magnetic rack
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6.2 Reagents
Prepare all solutions using ultrapure water and analytical grade reagents.

Prepare and store all reagents at 4°C (unless indicated otherwise).

• Complete lysis buffer: 75mM HEPES pH 7.5, 150mM KCl, 1.5mM

EGTA (pH 8.0), 1.5mM MgCl2, 10% glycerol, 0.075% NP-40

completed with 1mM DTT, PhosphoStop, Protease Inhibitor Mix

(see Section 4.2)

• Lysis buffer without detergent (NP-40) and glycerol

6.3 Procedure
1. Keep lysates always on ice.

2. Use freshly prepared lysates or unfreeze previously prepared lysates on

ice (see Section 4.3).

3. Prepare lysates at a concentration of 2μg/μL. If necessary, dilute with

complete lysis buffer. Prepare 1mg (500μL) of lysate for each peptide

pull-down (see note 1).

4. Add 500μL of 2μg/μL lysate to peptide-conjugated beads from

Section 5.3. Incubate at 4°C overnight on a rotation wheel (16–20h).
5. Next day, wash beads 2" with 1mL complete lysis buffer and 2" with

1mL lysis buffer prechilled on ice without detergent and glycerol.

Wash by inverting the tubes 10–15 times, then let the beads settle for

1–2min in a magnetic rack and withdraw supernatant. After remov-

ing the supernatant of the 4th wash, proceed directly with the tryptic

digest and preparation for MS analysis described in Section 7.3

(see notes 2 and 3).

6.4 Notes
1. We prepare lysates as master-mix for experimental replicates and calcu-

late one sample in excess to avoid reduced lysate amount for the last

sample(s). If peptide pull-downs are not successful, we recommend to

increase starting material to 3mg.

2. Avoid vortexing samples after peptide pull-downs, we realized reduced

intensities of bound proteins in the MS measurements.

3. Washes with buffer without detergents and glycerol to remove

NP-40 and glycerol is critical, since they interfere with down-stream

LC-MS/MS analysis.
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7. On beads digest and preparation for MS analysis

There is no elution step from the beads required and it can be directly

proceeded with the tryptic digest on beads and the preparation for MS

measurement. The procedure takes circa 4h, an overnight incubation and

circa another 2h the next day, then samples are ready for MS measurement.

7.1 Equipment
• 1.5mL low binding tubes (Eppendorf )

• Thermomixer (Thermoblock plus, Eppendorf )

• Vacuum concentrator (Vacuum concentrator Plus, Eppendorf )

• Blunt-ended syringe

• Sterile filters: 0.22μm
• Optional: sonication water bath

7.2 Reagents
Prepare all solutions using ultrapure water, analytical grade and LC-MS/MS

grade reagents where stated. Prepare and store all reagents at RT (unless

indicated otherwise).

• 1M NH4HCO3 (ammonium bicarbonate, ABC): Weigh 4.0g

NH4HCO3. Add MS-grade water to a final volume of 50mL and sterile

filter (0.22μm)

• 1M dithiothreitol (DTT): Weigh 1.54g DTT. Add 200μL of 1M ABC

(final concentration 20mM ABC). Add sterile water to a volume

of 10mL and sterile filter. Aliquots can be stored at !20 °C
• 0.55M chloroacetamide (CAA): Weigh 514mg CAA. Add 200μL

of 1M ABC (final concentration 20mM ABC). Add sterile water to a

volume of 10mL and sterile filter. Aliquot and store at !20 °C
• Reduction buffer: 8M urea in 40mM Hepes (pH 8.0). Always prepare

fresh. Weigh 480mg urea. Add 40μL 1M HEPES (pH 8.0) and 1μL
of 1M DTT. Fill up to 1mL with H2O

• Lysyl endopeptidase (LysC; Wako): Dissolve 1mg LysC in 2mL of

20mM ABC to obtain a stock solution of 0.5μg/μL. Aliquot and store

at !80 °C
• Trypsin endopeptidase (Tryp; Sigma): Dissolve 1mg Trypsin in 1mL

10mM HCl to obtain a stock solution of 1μg/μL. Aliquot and store

at !80 °C
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• Trifluoracetic acid (TFA), LC-MS grade

• Stop solution: 10% TFA in LC-MS grade water

• Methanol (MeOH); LC-MS grade

• Formic acid (FA), LC-MS grade

• Buffer A: 0.1% FA in LC-MS grade water. Add 1mL of 10% FA to

100mL of LC-MS grade water

• Buffer B: 0.1%TFA in 60% acetonitrile. Add 1mL of 10%TFA to 40mL

of LC-MS grade water and fill up with acetonitrile (100%) to a final

volume of 100mL

• LC-MS loading buffer: 0.1% TFA in LC-MS grade water

• Octadecyl (C18) solid phase extractions discs (Affinisep)

7.3 Procedure
1. Add 50μL reduction buffer to the beads and incubate samples at RT

for 30min with rapid agitation (1.000rpm) (see note 1).

2. Add 5.5mM CAA at RT for 20min with rapid agitation (1.000rpm)

(see note 1).

3. Add 50μL of 20mMABC (final urea conc.: 4M) containing 1μg LysC
and incubate at RT for 1h with rapid agitation (1.000rpm). Let beads

settle in a magnetic rack. Take supernatant (SN 1) and collect in new

1.5mL tube (see note 2).

4. Add 50μL 20mM ABC containing 1μg trypsin and incubate at RT

for 1h with rapid agitation (1.000rpm). Take supernatant (SN 2)

and combine with SN1.

5. Add 50μL 20mMABC, pipette beads up and down, let beads settle in a

magnetic rack and then take the supernatant (SN 3) and combine with

SN 1 and 2.

6. Add again 1μg trypsin to pooled supernatants (SN 1–3) and continue

the digest overnight at RT with rapid agitation (1.000rpm) (16–20h)
(see note 2).

7. Add 5μL of 10% TFA to each sample to acidify peptides before desa-

lting and concentration in C18 StageTips. The pH should be below<3

(see note 3).

8. Prepare C18 StageTips (3 layers) as previously described (Rappsilber,

Mann, & Ishihama, 2007). In brief: stamp out a small disk from three

layers of C18 Solid Phase Extraction Disks with a blunt-ended syringe

and plunge into a 200μL pipette tip.
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9. Activate StageTips with 100μL Methanol and equilibrate with 100μL
buffer A before loading samples. Centrifuge 3–5min with

200"g (see note 4 and 5).

10. Load digested peptides on equilibrated StageTips. Centrifuge 3–5min

with 200"g.
11. Wash StageTips with 100μL Buffer A. Centrifuge 3–5min with

200"g.
12. Place StageTips on top of new 1.5mL low binding reaction tubes or a

96-well plate. Put 2" 20μL Buffer B on StageTips, incubate for 1min

and elute peptides by centrifuging 3–5min with 200"g.
13. Dry in speed vac for circa 20min at 45 °C (see note 6).

14. Resuspend peptides in 6μL LC-MS loading buffer for LC-MS/MS

analysis (see note 7) and transfer in UHPLC autosampler compatible

vials.

7.4 Notes
1. Reduction and alkylation are important sample preparation steps for

LC-MS/MS analysis. Low alkylation efficiency of cysteines leads to

decreased identification rates, because unmodified cysteines are oxidized

in gas phase spontaneously or are not identified with standard search

engine settings.

2. We crudely digest the denatured proteins first with LysC because it

works at 4M urea, then add Trypsin in <2M urea and finally we leave

the samples overnight to complete the digest. If increased sequence

coverage of proteins is necessary or proteins of interest have only few

tryptic MS compatible peptides (<6 aa or >20 aa) consider using other

specific proteases (i.e., GluC).

3. It is important that peptides are completely cleared of precipitates to

avoid blockage of C18 StageTips. In case precipitates are visible, centri-

fuge for 10–15min with max. speed and load supernatant on StageTips.

4. Use either a modified mini centrifuge for stage tipping from Sonation or

adaptors to place StageTips on 2mL reaction tubes.

5. One layer of C18 is able to bind 2–4μg of peptides (Rappsilber,

Ishihama, & Mann, 2003).

6. This step serves the removal of acetonitrile. You can dry samples to com-

plete dryness but do not leave samples for prolonged periods of time in

the speed vac otherwise resuspension of peptides gets more difficult.
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7. Peptides can be resuspended with the aid of sonication water bath

(3–5min). Resuspended peptides can be stored at !20 °C for months

prior to the measurement. In that case, thaw, sonicate a few minutes

in a water bath, and briefly spin down peptides prior to injection.

8. LC-MS/MS measurement

We use a 90min MS method for each peptide pull-down.

8.1 Equipment
• Ultra-high pressure liquid chromatography (UHPLC), e.g., Ultimate

3000 UHPLC or EASY-nLC™ 1200 ultra-high pressure system

(Thermo Fisher Scientific) (see note 1)

• Nano-electrospray ion source, e.g., NanoFlex source (Thermo Fisher

Scientific)

• Column Oven (sonation)

• High-resolution mass spectrometer, e.g., Orbitrap Exploris™ 480

(Thermo Fisher Scientific) (see note 2)

8.2 Reagents
• Chromatography column: 50cm, 75μm inner diameter, ReproSil-Pure

C18-AQ 1.9μm resin (Dr. Maisch GmbH) (see note 3)

• Running buffer A: 0.1% (v/v) formic acid in MS grade water (Thermo

Fisher Scientific)

• Running buffer B: 0.1% (v/v) formic acid in 80% (v/v) acetonitrile

(Thermo Fisher Scientific)

8.3 Procedure
Perform reverse-phase chromatography on a UHPLC coupled to a

high-resolution mass spectrometer with a nano electrospray ion source.

1. Load 4μL out of 6μL of the digested peptide pull-downs onto a C18

reversed phase column (see note 3).

2. Separate the peptides with a linear gradient of 5%–30% running buffer B

for 70min at a flow rate of 300nL/min on a 50cm column with a

column oven temperature of 60 °C (gradient is shown in Table 2).

3. Perform LC-MS/MS measurement with a high-resolution mass spec-

trometer, e.g., Orbitrap Exploris™ 480 (Bekker-Jensen et al., 2020):
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Acquire MS data in a data-dependent mode acquiring one survey scan

(MS scan) and subsequently 20 MS/MS scans of the most abundant

precursor ions from the survey scan (Top20 method). Use a mass range

of m/z 300–1650 and set the target value to 3"106 precursor ions with

1.4 Th isolation window. Acquire data with a resolution of 60.000 for

full scans and 15.000 for MS/MS scans. Exclude unassigned precursor

ion charge states and singly charged ions. To avoid repeated sequencing

exclude already sequenced ions dynamically for 30s. The MS method is

summarized in Table 3.

8.4 Notes
1. Any UHPLC compatible with the MS and any high-resolution mass

spectrometer can be used for the measurement. We currently use an

Orbitrap Exploris™ 480, but we analyzed peptide pull-downs already

as well on a Q Exactive™ plus, HF and HFX with Top 10–15 methods

(Kelstrup et al., 2018; Scheltema et al., 2014).

2. Peptides should elute across the complete gradient and reach a total cur-

rent (NL) of up to 1-2E10. Q Exactive™ Plus, Q Exactive HF and HFX

should reach the same total ion current. Starting material amounts,

resuspension or injection volumes can be changed if intensities are

too high or low.

3. Commercial (e.g., from Thermo Fisher Scientific or IonOpticks) or

self-packed columns between 20 and 50cm can be used.

Table 2 UHPLC gradient used for theMSmeasurement of peptide
pull-downs.
Time (min) Duration (min) Flow (nL/min) % B

0 0 300 5

70 70 300 30

76 6 300 60

79 3 300 95

84 5 300 95

87 3 300 5

90 3 300 5
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Table 3 MS method settings to measure peptide pull-downs.

Method Settings:

Application Mode: Peptide

Method Duration (min): 90

Global Parameters:

Ion Source

Ion Source Type: NSI

Spray Voltage: Static

Positive Ion (V): 2300

Negative Ion (V): 600

Gas Mode: Static

Ion Transfer Tube Temp (°C): 275

Use Ion Source Settings from Tune: False

FAIMS Mode: Not Installed

MS Global Settings

Infusion Mode: Liquid Chromatography

Expected LC Peak Width (s): 15

Advanced Peak Determination: True

Default Charge State: 2

Internal Mass Calibration: Off

Experiment:

Start Time (min): 0

End Time (min): 90

Master Scan:

Full Scan

Orbitrap Resolution: 60000

Scan Range (m/z): 300-1650

RF Lens (%): 40

AGC Target: Custom

Normalized AGC Target (%): 300

Maximum Injection Time Mode: Custom

Continued

19Identification of N-degrons and N-recognins using peptide pull-downs

ARTICLE IN PRESS



Table 3 MS method settings to measure peptide pull-
downs.—cont’d

Maximum Injection Time (ms): 20

Microscans: 1

Data Type: Profile

Polarity: Positive

Source Fragmentation: Disabled

Scan Description:

MIPS

Monoisotopic peak determination: Peptide

Relax restrictions when too few precursors
are found: True

Intensity

Filter Type: Intensity Threshold

Intensity Threshold: 2.0e4

Charge State

Include charge state(s): 2-6

Include undetermined charge states: False

Dynamic Exclusion

Dynamic Exclusion Mode: Custom

Exclude after n times: 1

Exclusion duration (s): 30

Mass Tolerance: ppm

Low: 10

High: 10

Exclude isotopes: True

Perform dependent scan on single charge state per
precursor only: False

Data Dependent

Data Dependent Mode: Number of Scans

Number of Dependent Scans: 20
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9. Analysis of mass spectra using MaxQuant

We process MS raw data with MaxQuant to obtain .txt output files

of quantified peptides and proteins which can be further bioinformatically

analyzed for potential N-recognin candidates. Detailed information about

the operation and settings of MaxQuant can be found here: https://www.

youtube.com/c/MaxQuantChannel.

9.1 Requirements and equipment
MaxQuant is a freely available software and can be downloaded

from https://maxquant.net/maxquant/. Information for the installation

and hardware requirements are available at http://coxdocs.org/doku.php?

id¼maxquant:start.

Table 3 MS method settings to measure peptide pull-
downs.—cont’d
ddMS2

Multiplex Ions: False

Isolation Window (m/z): 1.4

Isolation Offset: Off

Collision Energy Type: Normalized

HCD Collision Energies (%): 30

Orbitrap Resolution: 15000

TurboTMT: Off

Scan Range Mode: Define First Mass

First Mass (m/z): 100

AGC Target: Custom

Normalized AGC Target (%): 100

Maximum Injection Time Mode: Custom

Maximum Injection Time (ms): 28

Microscans: 1

Data Type: Profile

Scan Description:
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9.2 Procedure
Use default settings as described to identify proteins and peptides (Cox &

Mann, 2008) (see note 1). Important points are briefly described in the

following procedure points.

1. Analyze raw data with the MaxQuant software using the integrated

search engine Andromeda (Cox et al., 2011). MaxQuant has a common

contaminants list included (e.g., BSA, Trypsin, etc.). Use the default

settings.

2. Use the latest Uniprot FASTA database of the species used in your

experiment for the search with the search engine. You can download

the latest Uniprot FASTA files here: https://ftp.uniprot.org/pub/

databases/uniprot/current_release/knowledgebase/reference_proteomes/

(see note 2).

3. Use Trypsin as the digestion mode (or change accordingly in case you

used other proteases) and allow for a maximum of two missed cleavages.

Set N-terminal acetylation and methionine oxidation as variable

modification and carbamidomethyl cysteine as a fixed modification.

False discovery rate (FDR) should be at 1% on both the peptide and

protein levels.

4. Quantify proteins in MaxQuant using the built in XIC-based label-free

quantification (LFQ) algorithm (Group-specific parameters!Label-free

quantification! select: LFQ) (Cox et al., 2014).

5. Enable “match between runs” to transfer identifications between repli-

cates (Global parameters! Identification! select: Match between runs).

6. Use the experimental design option to ensure LFQ values for all

replicates and identification transfer only within replicates (Raw data

tab!Write template!open template in Excel, fill in and save under

experimentalDesign! return to MaxQuant and load experimentalDesign

by clicking on Read from file; see note 3). An example of a typical exper-

imental design for an ac-Nt versus free-Nt peptide pair for MaxQuant

analysis is shown in Table 4.

7. MaxQuant output is a folder of .txt files (…combined/txt) which are

building up hierarchically form MS/MSscans.txt to proteinGroups.txt

files. For the further analysis in Perseus use the proteinGroups.txt file

(see note 4).

9.3 Notes
1. Note that default or standard settings are for Orbitrap-based instruments.

In case of other high-resolution mass spectrometers, e.g., timsTOF

22 Franziska M€uller and Tanja Bange

ARTICLE IN PRESS

https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/reference_proteomes/
https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/reference_proteomes/
https://ftp.uniprot.org/pub/databases/uniprot/current_release/knowledgebase/reference_proteomes/


you need to adjust the settings. You find the information on the

website indicated above.

2. Download the main and additional FASTA file from your species

of interest for your search. The proteomes are coded by numbers. Go

to https://www.uniprot.org/proteomes/ to look for the number of your

species of interest if not sure.

3. Note that identifications of adjacent numbers in fractions are transferred

from one raw file to the others, therefore use numbers apart for different

peptides, e.g., 1 and 10).

4. Prior to analysis with Perseus, open the summary.txt file from the

MaxQuant output folder to check measurement quality, e.g., in

Excel: check if the number of peptides is roughly comparable across

samples (in the column Peptides Sequences Identified). The percentage

of identified MS/MS should be above 30% in peptide pull-down

experiments using Orbitrap equipment. Differing numbers of peptide

identifications and low percentage of identified MS/MS indicate exper-

imental, technical or LC-MS/MS instrumentation problems and the

experiment has to be repeated.

10. Analysis of MaxQuant output files with Perseus

We analyze the MaxQuant ProteinGroups.txt output file with

Perseus. Detailed information about the operation and settings of Perseus

can be found here: https://www.youtube.com/c/MaxQuantChannel.

10.1 Requirement and equipment
Perseus is a freely available software and can be downloaded from

https://maxquant.net/perseus/. Information for the installation and hardware

requirements are available at http://coxdocs.org/doku.php?id¼perseus:start.

Table 4 Experimental design for MaxQuant analysis.
Raw file name Fraction Experiment

xxx_ac_1 1 ac_1

xxx_ac_2 1 ac_2

xxx_ac_3 1 ac_3

xxx_free_1 10 free_1

xxx_free_2 10 free_2

xxx_free_3 10 free_3
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10.2 Procedure
We describe the data analysis to ensure data quality, to identify potential

N-recognins (and/or interaction partners) binding with significant differ-

ence to peptides and how data can be visualized (Fig. 3A–D).

1. Upload the proteinGroups.txt file from the MaxQuant output folder

(…/combined/txt/proteinGroups) and select LFQ intensities as main

columns.

2. Remove contaminant, reverse hits and quantifications based on mod-

ified peptides by filtering rows based on categorical column (Filter

rows!Filter based on categorical column! select: Only identified

by site, Reverse hits and Contaminants; Mode: Remove matching

rows; Filter mode: Reduce matrix).

3. Logarithmically transform dataset to obtain normally distributed

LFQ intensities (Basic!Transform!Transformation: log2(x)). Check

normal distribution by using the histogram function in Perseus

(see note 1).

4. Assign replicates of one experiment to one group by appending iden-

tical group names; e.g., by removing the replicate number leaving ac

and free (Annot. Rows!Categorical annotation rows).

5. Filter out proteins not consistently quantified (Filter rows!Filter rows

based on valid values; Min. valids: 2 or 3 (for triplicates); Mode: In at

least one group; Filter mode: reduce matrix).

6. Replace missing values (NaN) with values from a normal distribution

generated based on the measured data (Imputation!Replace missing

values from a normal distribution) leaving the standard settings for

Width (0.3) and Downshift (1.8). Check data imputation with the

histogram function highlighting the imputed data (Selection from

imputed data) (note 2).

7. Check reproducibility between replicates and conditions to assess data

quality by calculating the Pearson correlation (Basic!Column corre-

lation) (see note 3).

8. Perform a principal component analysis (Clustering/PCA!Principal

component analysis) to evaluate technical and biological variations

between replicates and peptide pairs (Fig. 3A) (see note 4).

9. Identify significantly different binding partners for peptide pairs

by performing a statistical hypothesis test, e.g., unpaired t-test with

a permutation-based FDR for peptide pairs (Tests!Two-sample

tests) or an ANOVA test if multiple conditions are compared

(Tests!Multiple-sample test) (see note 5). Use standard settings in
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Fig. 3 Examples for the visualization of data analysis of peptide pull-downs using the
data from a peptide pull-down ac-Nt vs free-Nt of COMMD10 as example. (A) Principal
component analysis (PCA) of the peptide pair replicates to evaluate data quality and
differences between replicates and different peptides. (B) Volcano plot based on the
t-test showing the significance and fold-change difference of all proteins between
the two peptides. Outlier significance is controlled by a permutation-based FDR.
Cut-off curve: p-value <0.01; S0>2. (C) Heatmap of an unsupervised hierarchical
clustering with the significant different proteins from the t-test. (D) Profile plot/correla-
tion analysis of binders to visualize different LFQ intensity profiles (z-scored) between
different peptides.
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Perseus and an FDR between 1% and 5%with S0 between 0.1 and 2 for

statistical analysis of peptide pull-downs.

10. Visualize results from the t-tests by plotting the !log10 p-value against
the LFQ intensity fold-change (Misc.!Volcano plot!Grouping,

e.g., First group: LFQ intensity free; Second group: LFQ intensity

ac). Most promising candidates with a high enrichment fold change

and low p-value appear on the upper right and left side of the plot

(Fig. 3B) (see note 6).

11. As alternative to volcano plots or when comparing many different pep-

tide pull-downs, generate a heatmap of significantly different proteins

between conditions. Filter for the significant different proteins from the

t-test (Filter row!Filter based on categorical column!Column:

Significant t-test; Mode: Keep matching rows; Filter mode: Reduce

matrix) and plot them in a heat map after having normalized the

data by z-score (Normalization!z-score and then Clustering/

PCA!Hierarchical clustering) (Fig. 3C).

12. Heatmaps of significant differences can be generated as well when more

than two peptides are compared. Use a multiple ANOVA test with

default settings to identify significant different binding partners.

Select significant proteins (Filter rows/Filter based on categorical col-

umn/ANOVA significant, select: Mode: Keep matching rows, Filter

mode: Reduce matrix) and plot them in a heat map after having

normalized the data by z-score (Normalization!z-score and then

Clustering/PCA!Hierarchical clustering).

13. LFQ intensities of individual selected proteins can be as well

visualized as profile plots and compared for different peptides

(Visualization!Profile plot). To identify proteins with similar

profiles across experiments, select a reference protein, e.g., BIRC2

(Visualization!Profile plot!Reference profile!Euclidean!From

selected profile: BIRC2!Refresh). Go back to Profiles section and sort

the proteins by Euclidean distance to the selected reference protein.

Proteins with distances closest to the selected protein show similar

profiles (Fig. 3D).

14. Peptide pull-downs provide a list of potential interaction candidates in

an unbiased way, but candidates of interest have to be thoroughly

validated by further experiments for a direct interaction and biological

function (see Prospects and Conclusions).
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10.3 Notes
1. A normally distributed dataset is required for many statistical hypothesis

tests. Not normally distributed data indicate problems with the peptide

pull-down procedure or with the LC-MS/MS system.

2. Missing values occur if proteins are not present in a peptide pull-down or

are only low abundant and are not sequenced by theMS. Proteins which

are present specifically only in one peptide pull-down of the peptide

pair are the most interesting candidates but if values are missing, they

are lost in statistical tests. Therefore, values are imputed by randomly

generated values from a Gaussian distribution centered around a down-

shifted median. If data imputation should induce a bimodal distribution

try to change the standard settings for width and downshift or filter

more stringent on valid values to maintain a Gaussian distribution.

3. A correlation<95% is expected for replicates of peptide pull-downs and

<75–80% between peptide pairs differing only at the N-terminus (e.g.,

ac-Nt vs free-Nt) of the peptide.

4. Replicates should cluster together in the PCA and different peptides

should separate from each other. If not, biological, experimental or tech-

nical problems are likely and the experiment has to be repeated.

5. Even peptide pull-downs consist of thousands of measured data points

leading to multiple hypothesis testing problems when performing

two-sample t-tests. A permutation-based false discovery rate (FDR)

can be used to estimate the number of false positive significant hits.

6. For interesting candidates, go back to the unfiltered ProteinGroups.

txt table to ensure differences in measured data and avoid following

artifacts induced by data imputation. Check filtered but not imputed data

as well in a volcano plot.

11. Conclusions and outlook

We describe here a method to identify N-recognin candidates in an

unbiased way using quantitative MS-based proteomics. It is important to

note that our approach provides a list of candidates which have to be vali-

dated as N-recognins in further experiments. Often more than one candi-

date is identified by MS and it has to be well considered which candidate to

follow. We recommend to take the following criteria into consideration:
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(i) the involvement of the candidate E3 ligase in N-degron pathways

should be novel; (ii) the candidate ligase should demonstrate clear specificity

for a particular class of substrate proteins; (iii) sufficient priori literature infor-

mation on the ligase to be able to plan mechanistic experiments; (iv) some

initial reagents for biochemical and cellular experiments, such as antibodies,

RNAi tools and/or overexpression constructs should be available, and

protein/domain expression in heterologous systems feasible. From the

MS data, no direct interaction between candidate N-recognin and

N-degron can be concluded. Therefore, the first validation experiments

should be in vitro experiments, e.g., fluorescence polarization, to verify a

direct interaction between N-degron and potential N-recognin or adaptors

of N-recognins avoiding to follow N-degron-independent E3 ligases or

interaction partners. Further validation experiments might include

in vitro or in vivo ubiquitination assays, cellular overexpression or down-

regulation (e.g., RNAi experiments) of potential N-recognins combined

with proteasome inhibitors. Additionally, depending on the N-degron

recognized, experiments can be combined with the downregulation of

Nt-modifications, e.g., Nt-acetylation.

We focused so far on Nt-acetylated peptides, but as a protein’s nascent

chain emerges from a translating ribosome, its N-terminus can undergo var-

ious modifications (i.e., Nt-acetylation, Nt-methylation, Nt-myristoylation,

and Nt-arginylation (Aksnes, Ree, & Arnesen, 2019; Giglione, Fieulaine,

& Meinnel, 2015; Varland, Osberg, & Arnesen, 2015)). Additionally, recent

data suggest that N-degron pathways become active after the omission or

“wrong” attachment of Nt-modifications to ensure protein quality and to

remove potential harmful proteins as fast as possible from the system

(Li et al., 2022; Linster et al., 2022; Mueller et al., 2021; Timms et al.,

2019; Varland et al., 2022). These data further strengthen the important

function of N-degron pathways in protein quality control to maintain cel-

lular proteostasis in health. It suggests as well that a more extensive network

of N-recognins and Nt-modifying enzymes exists than previously thought

which we only start to discover. In addition, the impairment of N-recognin

function or misregulation of Nt-modifications plays a role in various human

diseases (impairment of immunity, cancer and neurodegenerative diseases)

and disorders (e.g., the Johansen-Blizzard Syndrome or the Naa10-related

syndrome) (Hwang et al., 2011; Saunier et al., 2016; Varshavsky, 2019;

Wu & Lyon, 2018). Together this reinforces the importance to comprehen-

sively identify N-degron pathways and to study the underlying mechanisms.

28 Franziska M€uller and Tanja Bange

ARTICLE IN PRESS



We believe that peptide pull-downs combined with quantitative MS-based

proteomics will be able to greatly contribute to the elucidation of

N-recognins and their interplay with Nt-modifying enzymes.
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Overlap of NatA and IAP substrates implicates 
N-terminal acetylation in protein stabilization
Franziska Mueller1, Alexandra Friese1, Claudio Pathe1*, Richard Cardoso da Silva1, 
Kenny Bravo Rodriguez1, Andrea Musacchio1,2†, Tanja Bange1,3†

SMAC/DIABLO and HTRA2 are mitochondrial proteins whose amino-terminal sequences, known as inhibitor of 
apoptosis binding motifs (IBMs), bind and activate ubiquitin ligases known as inhibitor of apoptosis proteins 
(IAPs), unleashing a cell’s apoptotic potential. IBMs comprise a four-residue, loose consensus sequence, and binding 
to IAPs requires an unmodified amino terminus. Closely related, IBM-like N termini are present in approximately 
5% of human proteins. We show that suppression of the N-alpha-acetyltransferase NatA turns these cryptic IBM-
like sequences into very efficient IAP binders in cell lysates and in vitro and ultimately triggers cellular apoptosis. 
Thus, amino-terminal acetylation of IBM-like motifs in NatA substrates shields them from IAPs. This previously 
unrecognized relationship suggests that amino-terminal acetylation is generally protective against protein deg-
radation in human cells. It also identifies IAPs as agents of a general quality control mechanism targeting un-
acetylated rogues in metazoans.

INTRODUCTION
As a protein’s nascent chain emerges from a translating ribosome, 
its N terminus undergoes various modifications. Common are the 
acetylation of the initiator N-terminal methionine (Meti) or its re-
moval by methionine aminopeptidases (MetAPs) (1), followed by 
sequence-specific acetylation of the newly generated N terminus (2). 
N-terminal acetylation (Nt-Ac) may persist for the entire lifetime of 
the modified protein (2).

Nt-Ac requires acetyl–coenzyme A (CoA) as an acetyl donor, 
and an open question of general interest is the extent to which this 
modification is interwoven with metabolic regulation in different 
organisms (3, 4). In a few well-studied cases, Nt-Ac has been impli-
cated in cell physiological functions, including the stabilization of 
protein complexes, protein subcellular targeting, and protein aggre-
gation (2). These functions of Nt-Ac may find an important level 
of convergence with pathways of regulated protein degradation. 
Early studies in human cells suggested that Nt-Ac may protect 
against protein degradation (5), and in selected cases, including the 
Hyx protein in Drosophila melanogaster and the THO complex sub-
unit 7 (THOC7) protein in humans (6, 7), a protective function of 
Nt-Ac has been documented.

More recent work, however, has questioned the role of Nt-Ac as a 
stabilizing marker. In Saccharomyces cerevisiae, acetylated protein N 
termini starting with methionine (Met or M), serine (Ser or S), ala-
nine (Ala or A), threonine (Thr or T), or valine (Val or V) were pro-
posed to act as potential degradation motifs (Ac-N-degrons). This 
pathway, which was proposed to predispose proteins for ubiquitin 
(Ub)–mediated proteolysis through the Doa10 and Not4 Ub-ligases 
(8, 9), may be especially relevant in the context of protein quality 
control. A developing paradigm is that improper folding or abnormal 

stoichiometries of certain protein complex subunits cause exposure 
of the modified N termini, making them available for the degradation 
machinery (8). The generality of this mechanism, however, remains 
unclear (10).

Our interest in this problem stemmed from the specific question 
whether Nt-Ac influences processes of protein de gradation during 
cell cycle progression and, more specifically, during mitosis. With an 
eye to the development of an experimental pipeline that would en-
able us to analyze variations in Nt-Ac in human cells, we began 
from a broader perspective and performed an unbiased analysis of 
the N-terminal proteome (N-terminome) of HeLa cells through 
mass spectrometry (MS)–based proteomics (11, 12), building on, 
and extending, previous similar efforts (12–16). Starting from this 
dataset, we then developed a biochemical pipeline to identify puta-
tive interaction partners of naturally acetylated N-terminal motifs or 
of their unacetylated counterparts, which led to several unanticipated 
observations, as will be explained below. Our main general conclu-
sion, corroborated by a remarkably consistent set of observations, 
is that the unacetylated versions of a large cohort of normally 
acetylated N termini targeted by the NatA acetyltransferase interact 
with E3 Ub ligases belonging to a family known as inhibitor of 
apoptosis proteins (IAPs). Collectively, our results are consistent 
with a crucial function of Nt-Ac in the control of protein stability. In 
agreement with previous observations obtained with a restricted 
number of proteins (5, 6), our results suggest that Nt-Ac may play a 
general role in protein stabilization in human cells.

RESULTS AND DISCUSSION
The N-terminome of HeLa cells confirms the pervasiveness 
of Nt-acetylation
As discussed in detail in Methods and illustrated in fig. S1, we devel-
oped a pipeline for MS-based N-terminomics. Briefly, we used form-
aldehyde to dimethylate to completion all susceptible N termini in 
cleared HeLa cell lysates. The reaction spares preexisting acetyl-
ated N termini, on which methylation is ineffective, thus marking 
specifically unmodified or differently modified (e.g., unmodified or 
monomethylated) N termini. This allowed us to distinguish the latter 
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from internal peptides created artificially by trypsin-mediated 
endoproteolysis at a later stage of the procedure. Internal peptides 
with intact N termini were selectively removed, and the resulting en-
riched preparations of N-terminal peptides were analyzed by high- 
resolution MS in a Q Exactive Plus Mass Spectrometer.

In line with previous studies (11, 13–15, 17), our results demon-
strate the pervasiveness of Nt-Ac. Considering only peptides start-
ing at position 1 (Meti) or 2 (Meti removed) of annotated protein 
sequences [UniProt (18)], we quantified N-terminal peptides in 2876 
proteins (Fig. 1A and table S1). A total of 72.3% of these were fully 
N-terminally acetylated, 9.4% were partially acetylated, and 18.3% 
were dimethylated. As explained above and summarized in fig. S1, 
the “dimethylated peptide” group in our experimental setup gathers 
originally unmodified, monomethylated, and (if at all represented) 
dimethylated N termini, technically preventing an assessment of the 
prevalence of cellular N-terminal methylation.

Removal of Nt-acetylation promotes an interaction with IAP 
baculovirus IAP repeat domains
We reasoned that if Nt-Ac were part of N-terminal degradation sig-
nals (Nt-Ac-degrons), it ought to be a determinant of interactions 
with specialized receptors on Ub ligases or associated proteins. With 
the possible exception of MARCH6/TEB4 (the Doa10 ortholog), 
whether such receptors for Nt-Ac-degrons exist in humans is unclear. 
CDC20 is a well-established cell cycle regulator whose N terminus 
emerged from our analysis as being thoroughly N terminally acetyl-
ated (Fig. 1C). CDC20 is a coactivator of the anaphase-promoting 
complex/cyclosome (APC/C), an E3 Ub ligase required for the 
metaphase-anaphase transition (19). CDC20 presents the APC/C 
with two crucial targets, cyclin B and securin, whose degradation is 
required for eliciting this fundamental cell cycle transition. CDC20 
stability is controlled at multiple levels during cell cycle progression 
(19), identifying this protein as a promising entry point in the study 
of the effects of Nt-Ac.

Because Nt-Ac has been previously shown to contribute directly 
to the stabilization of intramolecular interactions (20–23), we rea-
soned that we could use affinity chromatography to identify puta-
tive Nt-Ac-receptor(s) for CDC20. To this end, beads exposing 
acetylated or unacetylated synthetic peptides encompassing the 
N-terminal region of CDC20 were incubated with lysates of cycling 
HeLa cells, followed by MS-based quantification on retained bind-
ers (Fig.  1B). Defying our initial goal, no enrichment was ob-
served with the acetylated version of the CDC20 peptide, with the 
exception of a few nonspecific binders (Fig. 1D and table S2). Con-
versely, the unmodified version of this peptide showed robust inter-
actions with BIRC2, BIRC3, XIAP (X-linked IAP), and BIRC6 (also 
known as APOLLON or BRUCE), four members of an IAP family of 
E3 ubiquitin (Ub)–ligases that are key regulators of programmed cell 
death in development, tissue homeostasis, and tumorigenesis (24, 25). 
Thus, our search for potential binding partners of CDC20’s acetylated 
N-terminal region was inconclusive, but it suggested binding to IAPs 
E3 ligases as a possible outcome of defective acetylation.

To investigate the generality of these observations, we performed 
the same experiment with two additional peptides identified in 
our proteomic analysis as being fully acetylated, COMM domain- 
containing protein 10 (COMMD10) and deaminated glutathione 
amidase (NIT1). As negative controls, we used the N-terminal 
peptides from aspartate aminotransferase, cytoplasmic (GOT1) and 
40S ribolomal protein S3a (RPS3A), whose sequences are related 

to those of COMMD10, NIT1, and CDC20 but that were mea-
sured as dimethylated (i.e., not acetylated; see above) in our screen 
(Fig. 1C). As for CDC20, the same four IAPs were strongly en-
riched in pull-down experiments with the unacetylated versions 
of the COMMD10 and NIT1 peptides, while no IAP enrichment 
was observed with the GOT1 or RPS3A control peptides (Fig. 1, 
E to G, and fig. S2A). Thus, three N-terminal peptides that are 
normally fully acetylated are also cryptic IAP binders whose IAP 
binding potential is unleashed when acetylation is missing, whereas 
the GOT1 and RPS3A peptides, which are not acetylated in vivo, 
are not cryptic IAP binders either. The glucose-induced degradation- 
deficient E3 ligase/C-terminal to LisH (hGID/CTLH) complex, 
a Ub-ligase implicated in the recognition of N-terminal proline 
(26, 27), a residue that is never acetylated (2), was also enriched 
in pull-downs of the unacetylated COMMD10 peptide (table S2). 
The reason for this is unclear, but we speculate that it might reflect 
the unexpected exposure of Pro at position 3 in the COMMD10 
peptide.

IAP family members comprise one to three 70-residue baculovirus 
IAP repeat (BIR) domains, but only BIRC2, BIRC3, and XIAP carry an 
additional RING domain that confers the Ub-ligase activity (24, 28, 29). 
BIRC6 has a Ub-conjugating (UBC) domain rather than a RING but 
has been shown to act as a chimeric E2/E3 Ub-ligase (30). Thus, the 
unacetylated forms of the COMMD10, NIT1, and CDC20 peptides 
pull down IAP family members with a proven activity as E3 ligases, 
whereas they do not pull down IAP family members, such as survivin, 
that are not associated with Ub-ligase activity (31).

The BIR domains of IAP Ub-ligases have been previously impli-
cated in recognition of proteins containing a conserved inhibitor of 
apoptosis binding motif (IBM) in target proteins such as SMAC/
DIABLO, caspase 9 (CASP9), and serine protease HTRA2, mitchon-
drial (HTRA2) considered crucial determinants of death pathway 
activation (32). Pull-down experiments from HeLa lysates with 
DIABLO, CASP9, or HTRA2 peptides identified the same four 
IAPs as preferential binding partners of the unacetylated peptides 
(Fig. 1, H to I, and fig. S2B), drawing a clear parallel with the COMMD10, 
NIT1, and CDC20 peptides.

The cryptic IBMs of COMMD10, NIT1, and CDC20 have sequence 
features that resemble those of the IBMs in SMAC/DIABLO, HTRA2, 
and CASP9 (Fig. 2A), suggesting that they bind the BIR domains. 
To test this, we asked whether unacetylated synthetic peptides en-
compassing the N termini of COMMD10, NIT1, and CDC20 inter-
acted with representative BIR domains (fig. S3A), including the 
BIRC3BIR3 domain and XIAPLinker-BIR2-BIR3, a tandem BIR construct 
of XIAP also encompassing the so-called linker region, in a fluores-
cence polarization assay. The positive controls DIABLO and CASP9 
IBM peptides and the COMMD10, NIT1, or CDC20 peptides bound 
to BIR domains with comparable dissociation constants (Kd), while 
none of the peptides bound to the XIAPBIR1 domain, which does not 
interact with the IBMs of CASP9 and DIABLO (Fig. 2B, fig. S3B, and 
table S3) (24, 33). Increasing amounts of DIABLO or COMMD10 
peptides in solution competed with similar efficiency the pull-down of 
IAPs from cellular lysates by an immobilized biotinylated DIABLO 
peptide (fig. S4 and table S4). As expected on the basis of structural 
work on IBM:BIR complexes (34–36) and on our cell lysate pull-down 
experiments, Nt-Ac abrogated IAP binding by the COMMD10, NIT1, 
and CDC20 peptides (Fig. 2B and fig. S3B). The IAP-binding N termini of 
IBMs are generated posttranslationally by endoproteolysis (CASP9) or 
upon proteolytic processing of signal peptides during mitochondria 
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insertion (SMAC/DIABLO and HTRA2), explaining why these se-
quences are not acetylated (24, 37). Their regulated binding to IAPs 
results in ubiquitylation and degradation of their carriers (24). Col-
lectively, these experiments indicate that IBMs and unacetylated 

cryptic IBM-like sequences of nuclear or cytosolic proteins bind to 
BIR domains with similar affinity.

The IBMs’ first four residues are crucial for BIR domain binding 
(34–36). The first residue is generally alanine (A), but serine (S), 
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valine (V), and threonine (T) are tolerated, and there is relatively mod-
est sequence stringency at subsequent positions, although this may 
vary for different BIRs (33, 38–40). Peptides with sequences retaining 
Meti [such as those of actin, cytoplasmic 1 (ACTB) and actin filament- 
associated protein 1 (AFAP1); Fig. 1C] or encompassing COMMD10 
but with an N-terminal methionine that is normally processed 
did not enrich IAPs when exposed to HeLa lysates (fig. S2, C to 
F), suggesting that removal of the N-terminal methionine is pre-
requisite for IAP binding (albeit not sufficient, as shown by the 
GOT1 and RPS3A peptides). As previously noted (33), the inci-
dence of IBM-like sequences in the human proteome is high 
(4285 sequences of 64,103 complete UniProt annotations were iden-
tified with an in-house developed program using the motif [AS]- 
[EVTQIDSMLFRG]-[PAGVCKMSR]-[VIDEFGLWAY], where square 
parentheses enclose single-letter codes of allowed residues at posi-
tions for residues 2 to 5).

Reduction of Nt-Ac generates new binding partners for IAPs
We asked whether the IAP-binding potential of cryptic IBMs could 
be unleashed by artificially reducing Nt-Ac in HeLa cells. Mammals 
have seven N-terminal acetyl transferases (NATs; designated as A 
to F and H) with different sequence specificities (41). NatA, which 
comprises catalytic NAA10 and regulatory NAA15 subunits, is the 
only NAT that recognizes peptide sequences starting with A, S, T, 
V, C, and G after removal of the initiator methionine (2, 42), with 
the apparent exception of NatD, which is also able to target start-
ing Ser but limited to histone H2A and H4 (43, 44). NatA modifies 
~40% of the proteome and is expected to target the majority if not 
all IBM-like motifs. We therefore targeted NatA by RNA interfer-
ence (RNAi) for 48 hours (Fig. 3A) and additionally added MG132 

for 3 hours before lysis to prevent possible proteasomal degradation 
of unacetylated targets after their ubiquitination by IAPs, a common 
fate of BIR domain binders (28, 29). Lysates from RNAi- and mock- 
treated cells were used for pull-down experiments using His-tagged 
BIRC3BIR3, XIAPLinker-BIR2-BIR3, and XIAPBIR1 as baits, and interaction 
partners were identified and quantified by MS. This analysis showed 
enrichment of several BIRC3BIR3 and XIAPLinker-BIR2-BIR3 binding 
partners from lysates of NatA RNAi–treated cells in comparison to 
lysates of mock-treated control cells. In the majority of cases, the en-
riched targets comprised proteins that (i) are Nt-acetylated under 
unperturbed conditions in our N-terminome dataset (table S1), (ii) 
are mainly annotated in UniProt as acetylated, and (iii) carry a cryptic 
IBM-like motif (fig. S5A and table S5). For a subset of proteins in this 
enriched set [displayed in green in Fig. 3 (B and C) and fig. S5 (B and 
C)], it was possible to sequence and quantify the free (i.e., unmodified) 
N-terminal peptide, thus allowing direct estimation of the enrichment 
of the non–Nt-acetylated form (free Nt--amino) in the BIRC3BIR3 
and XIAPLinker-BIR2-BIR3 pull-downs. The enrichment was not caused by 
major changes in abundance of the target proteins, as no such changes 
were observed in whole-proteome measurements that readily detected 
reduced abundance of the NatA subunits caused by RNAi (fig. S5E 
and table S6). Thus, enrichment of IAP binders upon NatA depletion 
is likely caused by altered Nt-acetylation.

N-terminal peptides of proteins enriched on the XIAPBIR1 pull-
downs after NatA depletion, on the other hand, showed no obvious 
IBM-like motifs (Fig. 3, D and E; fig. S5, D and F to I; and table 
S5). The reason for their enrichment will therefore require fur-
ther investigation, but we surmise that these binders represent 
abundant background proteins [e.g., ACTB/actin, which is known to 
be regulated by Nt-Ac (45–47)] whose unacetylated forms accumulate 

XIAPLinker-BIR2-BIR3 + Nt-free peptide BIRC3BIR3 + Nt-free peptide
BIRC3BIR3 + Nt-Ac peptide

XIAPBIR1 + Nt-free peptide
XIAPLinker-BIR2-BIR3 + Nt-Ac peptide
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Fig. 2. Free Nt--amino peptides of cytosolic proteins bind to IAPs’ BIR domains in vitro. (A) Table with examples of known IAP antagonists [DIABLO, HTRA2, and dr 
Reaper (rpr)], IAP binders (CASP9), and cytosolic proteins with potential N-terminal IBM motifs (COMMD10, NIT1 Isoform1, and CDC20). Gene name, (potential) IBM with 
N-terminal amino acid in processed protein, cellular localization, and function are shown. (B) Fluorescein isothiocyanate (FITC)–labeled peptides (free Nt--amino, indi-
cated as Nt-free, or Nt-Ac, each used at a concentration of 20 nM) of DIABLO (left), CASP9 (middle), and COMMD10 (right) were incubated for 30 min with increasing 
concentrations of His-tag BIR domain constructs (XIAPLinker-BIR2-BIR3, BIRC3BIR3, or XIAPBIR1). Fluorescence polarization (FP) was measured at excitation and emission wave-
length of 470 and 525 nm and data (millipolarization units, mP) were plotted as a function of BIR domain concentration and fitted with a logistic fit using Origin7.0. Kd 
values are summarized in table S3. Measured combinations are shown schematically in the top panel.
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ABSTRACT: Chemical cross-linking combined with mass
spectrometry (MS) is a powerful approach to identify and
map protein−protein interactions. Its applications support
computational modeling of three-dimensional structures and
complement classical structural methodologies such as X-ray
crystallography, NMR spectroscopy, and electron microscopy
(EM). A plethora of cross-linkers, MS methods, and data
analysis programs have been developed, but due to their
methodological complexity application is currently reserved
for specialized mass spectrometry laboratories. Here, we
present a simplified single-step purification protocol that
results in improved identifications of cross-linked peptides.
We describe an easy-to-follow pipeline that combines the MS-
cleavable cross-linker DSBU (disuccinimidyl dibutyric urea), a Q-Exactive mass spectrometer, and the dedicated software
MeroX for data analysis to make cross-linking MS accessible to structural biology and biochemistry laboratories. In experiments
focusing on kinetochore subcomplexes containing 4−10 subunits (so-called KMN network), one-step peptide purification, and
enrichment by size-exclusion chromatography yielded identification of 135−228 non-redundant cross-links (577−820 cross-
linked peptides) from each experiment. Notably, half of the non-redundant cross-links identified were not lysine−lysine cross-
links and involved side chains with hydroxy groups. The new pipeline has a comparable potential toward the identification of
protein−protein interactions as previously used pipelines based on isotope-labeled cross-linkers. A newly identified cross-link
enabled us to improve our 3D-model of the KMN, emphasizing the power of cross-linking data for evaluation of low-resolution
EM maps. In sum, our optimized experimental scheme represents a viable shortcut toward obtaining reliable cross-link data sets.

In the past decade, the development of cross-linking mass
spectrometry (XL-MS) has progressed at tremendous pace

and many ccross-linkers and methods are now available.1−6 By
revealing information on intra- and intermolecular interactions
of protein complexes, cross-linking data can provide valuable
structural restraints for bioinformatic modeling of 3D-
structures or for evaluation and refinement of models obtained
through various techniques, including X-ray crystallography,
NMR spectroscopy, and single particle cryo-electron micros-
copy analyses.6−11

The very high complexity of the peptide mixtures, which
grows with the size of the complexes being studied, represents
a major challenge of the XL-MS approach. Many strategies
have been developed to facilitate identification of cross-linked
peptides.6,12 The fractionation of digested peptides and the use
of mixtures of noncleavable isotope-labeled cross-linkers have

emerged as most successful strategies.2,13 Many noncleavable
cross-linkers with and without isotope label have been
successfully used, but the identification process using dedicated
software for noncleavable cross-linkers is not straightforward
for beginners and requires evaluation by XL-MS experts. More
recently developed strategies using MS-cleavable cross-linkers
made the MS-data analysis more intuitive and automated.6,14

MS-cleavable cross-linkers can be cleaved in the mass
spectrometer, which causes cross-linked peptides to be
separated into two linear peptides with easily identifiable
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signature fragments, reducing the search space from n2 to 2n
for cross-link identification.15,16

The cross-linking reaction and the enrichment of cross-
linked peptides are the critical steps of sample prepara-
tion.17−21 Protein concentration should be adjusted so that the
reaction mixture contains homogeneous species. The concen-
tration of cross-linkers, reaction temperature, and reaction time
should be optimized to obtain sufficient cross-linked products.
Peptide enrichment after proteolysis aims to exclude non-
cross-linked peptides so to increase the signal of cross-linked
products for MS analysis. Size-exclusion chromatography
(SEC)18,20 and strong cation exchange chromatography
(SCX)19,22 have been used after desalting of the digested
peptide mixture with C18 columns and shown to improve the
final yield of identified cross-links.
Here, we present a simplified protocol of XL-MS for fast and

efficient identification of cross-linked peptides (Figure 1A).

The protocol combines existing techniques and has been
optimized for researchers with access to high-grade samples for
interaction analysis but unfamiliar with XL-MS. Our pipeline
uses DSBU (disuccinimidyl dibutyric urea, originally named
BuUrBu, for 4-{3-[3-(2,5-dioxo-pyrrolidine-1-yloxycarbonyl)-
propyl]ureido}butyric acid 2,5-dioxo-pyrrolidine-1-yl ester) as
cross-linking reagent (Figure 1B). DSBU (i) is one of the best
characterized MS-cleavable cross-linkers;14,16,23,24 (ii) can be

cleaved with the same energies used for cleaving peptide
backbones, avoiding the necessity of using mass spectrometers
with MS3 options; and (iii) has a spacer arm with a length that
makes it useful for probing protein interaction interfaces and
their boundaries.
DSBU contains N-hydroxysuccinimide (NHS) esters at both

ends of an 11-atom spacer arm. The central urea moiety in
DSBU can be cleaved in the gas phase during tandem mass
spectrometry (MS/MS) using various fragmentation methods,
such as collision-induced dissociation (CID) and higher-
energy collision-induced dissociation (HCD).16 MS data
acquisition was performed with a Q-Exactive Plus, a benchtop
quadrupole orbitrap mass spectrometer, because (i) it has a
HCD unit for MS/MS allowing DSBU-cleavage; (ii) it can
record high resolution MS/MS spectra; and (iii) it is easy to
use and maintain for routine assays. For data analysis of MS
data obtained using DSBU, we chose MeroX, a multiplatform
freeware designed for the identification of cross-linked
products.16,24 MeroX provides an intuitive tool to search and
confirm the results by checking the characteristic fragment ion
patterns in the MS/MS spectra.
The kinetochore is a large multisubunit protein complex

consisting of more than 100 proteins. It mediates physical
interaction of chromosomes with the mitotic spindle and
ensures faithful chromosome segregation during cell divi-
sion.25,26 The KMN network forms the outer layer of the
kinetochore and connects its chromosome-proximal part with
microtubules. In humans, the KMN consists of 10 subunits:
KNL1, ZWINT, the MIS12 complex (MIS12C, containing the
four subunits MIS12, PMF1, NSL1, and DSN1), and the
NDC80 complex (NDC80C, containing the four subunits
NDC80/HEC1, NUF2, SPC24, and SPC25). Previous
biochemical, structural, and XL-MS analyses have shed light
on many details of the organization of the KMN complex
(Figure 2A,B),27−35 making it an ideal benchmark for our new
approach.
Here, we present XL-MS results of three kinetochore protein

complexes. Single-step peptide enrichment by SEC enabled us
to reduce the loss of peptides and to obtain large numbers of
cross-links with high redundancy. We found a large fraction of
nonlysine−lysine cross-links in all our cross-linking experi-
ments, owing to the reactivity of NHS groups in DSBU and the
functionality of MeroX, expanding the detection of reactive
amino-acid residues. A newly identified cross-link enabled us to
improve the structural model of the KMN complex.

■ MATERIALS AND METHODS
Production of Protein Complexes. Protein complexes

used in this study were produced using previously published
protocols31,32,34 with minor modifications. NDC80C, consist-
ing of human NDC80, NUF2, SPC25, and SPC24, was
coexpressed in insect cells. A 6-His tag was placed at the C-
terminus of Spc25 for Ni-affinity chromatography. Insect cells
(Tnao38) expressing NDC80C were disrupted by sonication
and a cleared lysate was obtained by centrifugation. NDC80C
was purified from the lysate by Ni-affinity chromatography
with a HisTrap FF column (GE Healthcare) and ion exchange
chromatography with a Source 15Q column (GE Healthcare)
followed by SEC with a HiPrep 16/60 Sephacryl S-200 HR
column (GE Healthcare). Fractions containing NDC80C were
pooled and concentrated in buffer containing 50 mM HEPES
pH 8.0, 250 mM NaCl, 1 mM TCEP, and 5% glycerol.
MIS12C, consisting of human MIS12, DSN1, NSL1, and

Figure 1. (A) Experimental scheme of the cross-linking MS pipeline
described in this study. (B) Chemical structure of DSBU. Side chains
of two reactive residues or free N-termini react with NHS esters to
obtain the cross-linked state. At least one NHS ester is assumed to
react with primary amines for the analysis using MeroX.
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PMF1, was coexpressed in insect cells and purified in the same
way as NDC80C. A 6-His tag was placed at the C-terminus of
Dsn1. SEC fractions containing MIS12C were pooled and
concentrated in buffer containing 25 mM HEPES pH 8.0, 100
mM NaCl, 2 mM TCEP, and 5% glycerol. Human
KNL11995−2316 and ZWINT were expressed in Escherichia coli
BL21(DE3)Codon+RIL cells using pGEX-6P derived plas-
mids. GST-tagged KNL11995−2316 and ZWINT were purified
from cleared lysate of bacteria cells using a Glutathione
Sepharose 4 Fast Flow column (GE Healthcare). After removal
of the GST-tag by proteolysis with TEV protease for
KNL11995−2316 and PreScission Protease for ZWINT,
KNL11995−2316 and ZWINT were purified using a HiLoad
16/600, Superdex 75 pg column (GE Healthcare) with KMN
buffer containing 25 mM HEPES pH 8.0, 150 mM NaCl, 2

mM TCEP, and 5% glycerol. KMN was obtained by mixing
NDC80C, MIS12C, KNL11995−2316, and ZWINT followed by
SEC using a Superose 6 prep grade, XK 16/70 column (GE
Healthcare) with KMN buffer.

Chemical Cross-linking with DSBU. Protein samples
(222 μg KMN, 107 μg NDC80C, 72 μg Mis12C) were
dissolved at 3 μM (0.36 mg/mL MIS12C, 0.53 mg/mL
NDC80C, 1.11 mg/mL KMN) in 200 μL of buffer (30 mM
HEPES pH 7.5, 300 mM NaCl, 1 mM TCEP). DSBU (200
mM stock solution in DMSO, Alinda Chemical Limited) was
added to the protein solution to a final concentration of 3 mM
(0.3, 0.6, 1.2, 2.4, and 4.8 mM were used for optimization
purposes) and incubated at 25 °C for 1 h. The reaction was
stopped by adding Tris-HCl pH 8.0 to a final concentration of
100 mM and incubated at 25 °C for additional 30 min. A total

Figure 2. Cross-linking reaction and peptide purification. (A) Schematic of the KMN network. CH, calponin-homology domains; R, RWD domain;
N, N-terminus; C, C-terminus. (B) Polypeptides of KMN subunits. The numbers in parentheses indicate the residue ranges of atomic models in
the crystal structures used for mapping cross-links. CC, coiled-coil. (C) Optimization of the DSBU concentration for cross-linking. SDS-PAGE gels
were stained with CBB. (D) Cross-linking of the samples used for MS analysis was confirmed by SDS-PAGE. (E) Representative SEC profiles of
the standard peptides and the KMN complexes. Red lines indicate the borders of the fractions collected for MS analysis.
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of 10 μL of protein solution were taken before and after the
cross-linking reaction and analyzed by SDS-PAGE. SDS-PAGE
gels were stained with Coomassie brilliant blue (CBB). Cross-
linked proteins were precipitated with 4 volumes of cold
acetone (−20 °C). The solution was kept at −20 °C more than
16 h and centrifuged at 15000 rpm for 5 min. The supernatant
was removed completely and the pellet was dried by exposing
the pellet to air at room temperature for a few minutes until it
started to appear transparent. Overdried pellets can be difficult
to dissolve in urea.
Lys-C and Trypsin Digestion. Protein pellets obtained

from acetone precipitation were dissolved and denatured in 25
μL of denaturation−reduction solution (8 M urea, 1 mM
DTT) at 25 °C for 30 min. Alkylation of cysteine residues was
done by adding 2-chloroacetamide to a final concentration of
5.5 mM and incubation at 25 °C for 20 min. ABC buffer (20
mM ammonium bicarbonate, pH 8.0, 25 μL) was added to
reduce the concentration of urea to 4 M. Lys-C (2 μg) was
added to the solution and the mixture was incubated at 25 °C
for 3 h. Trypsin (1 μg in 10 μL, 10 mM HCl) was activated in
40 μL of buffer containing 100 mM Tris-HCl pH 8.5, 1 mM
CaCl2. The 50 μL of trypsin solution was added to the reaction
mixture. Further digestion was done at 25 °C for more than 16
h and stopped by adding TFA to a final concentration of 0.2%.
The final volume of the peptide solution was about 105 μL.
Peptide Purification by Size-Exclusion Chromatog-

raphy (SEC). One third of the peptide solution (35 μL) was
mixed with 15 μL of acetonitrile and applied to a Superdex
Peptide 3.2/300 column (GE Healthcare) connected to an
ÄKTAmicro FPLC system (GE Healthcare). SEC was
performed at 0.1 mL/min flow rate with SEC solution
containing 30% acetonitrile and 0.1% formic acid in water.
Eight fractions (F1−F8, 100 μL each) were collected and the
same fractions of three runs were pooled and dried in tubes.
Peptide Purification with C18 Column Followed by

SEC. A Sep-Pak tC18 cartridge (50 mg, Waters) was activated
with 1 mL of 100% methanol and equilibrated with 1 mL of
2% acetonitrile and 0.1% TFA in water. The solution (105 μL)
of digested peptides was loaded onto the column. The C18
column was washed once with 0.5 mL washing solution (2%
acetonitrile and 0.5% acetic acid) and twice with 1 mL washing
solution. Peptides were eluted from the column with 250 μL
elution solution (60% acetonitrile and 0.1% TFA) and dried in
the tube. The peptides were dissolved in 150 μL of SEC
solution. Three aliquots (50 μL each) of the peptide solution
were fractionated by three SEC runs as described above.
LC-MS/MS Analysis. Peptides were dissolved in 25 μL of

water containing 0.1% TFA. A total of 5 μL of this peptide
solution were separated on an Ultimate 3000 RSLC nano
system (precolumn: C18, Acclaim PepMap, 300 μm × 5 mm, 5
μm, 100 Å, separation column: C18, Acclaim PepMap, 75 μm
× 500 mm, 2 μm, 100 Å, Thermo Fisher Scientific). After
loading the sample on the precolumn, a multistep gradient
from 5−40% B (90 min), 40−60% B (5 min), and 60−95% B
(5 min) was used with a flow rate of 300 nL/min; solvent A:
water + 0.1% formic acid; solvent B: acetonitrile + 0.1% formic
acid. The nano-HPLC-system was coupled to a Q-Exactive
Plus mass spectrometer (Thermo Fisher Scientific). Data were
acquired in data-dependent MS/MS mode. For full scan MS,
we used mass range of m/z 300−1800, resolution of R =
140000 at m/z 200, one microscan using an automated gain
control (AGC) target of 3e6 and a maximum injection time
(IT) of 50 ms. Then, we acquired up to 10 HCD MS/MS

scans of the most intense at least doubly charged ions
(resolution 17500, AGC target 1e5, IT 100 ms, isolation
window 4.0 m/z, normalized collision energy 25.0, intensity
threshold 2e4, dynamic exclusion 20.0 s). All spectra were
recorded in profile mode.

Data Analysis and Cross-link Identification. Raw data
from the Q-Exactive were converted to MGF (Mascot generic
files) format with program msConvert GUI from ProteoWi-
zard Toolkit version 3.36 Program MeroX version 1.6.6.616,24

was used for cross-link identification. MS data in MGF format
and protein sequences in FASTA format were loaded on the
program and the cross-linked residues were searched. In the
settings, the precursor precision and the fragment ion precision
were changed to 10.0 and 20.0 ppm, respectively. RISE mode
was used and the maximum missing ions was set to 1. Cross-
links data were exported in CSV (comma-separated values)
format. An additional python script (Supporting Information)
was used to filter the cross-links with the values of the mass
deviation, the false discovery rate (FDR), and the rank. Only
cross-links of rank 1 were kept if more than one candidate were
found for the same spectrum. Cross-link network maps were
generated using cross-link data files exported by MeroX on the
xVis37 web site (https://xvis.genzentrum.lmu.de). Program
PyMOL was used to visualize cross-links on the crystal
structures (PDB entries: 2VE7, 5LSK, 4NF9) and was used to
draw the electron microscopy density map (EMDB entry
EMD-2549).

■ RESULTS
Optimization of Cross-linking Reaction with DSBU.

We used three different human protein complexes (MIS12C,
NDC80C, and KMN, Figure 2A,B) to establish and evaluate
our protocol. First, we tested different concentrations of DSBU
to optimize the cross-linking reaction. Protein complexes were
diluted in buffer at 3 μM and incubated with different amounts
of DSBU. A 1 h incubation at 25 °C with 2.4 mM DSBU (800-
fold excess of the cross-linker over the molar concentration of
the protein complexes) was sufficient to saturate the reactions
of all three protein complexes (Figure 2C). Importantly, we
did not observe any precipitation or other changes of the
solution after the cross-linking reaction under these conditions.
Complete shifts of cross-linked protein bands of MIS12C were
observed with lower concentrations of DSBU on the SDS-
PAGE gel, reflecting a smaller pool of reactive residues of
MIS12C compared to NDC80C and KMN (Table S1 shows
the numbers of reactive residues). Since we did not observe
significant additional cross-linking of MIS12C and NDC80C at
1600-fold molar concentration of DSBU (Figure 2C), we
decided to use 1000-fold molar concentration (3 mM) of
DSBU for further cross-linking experiments of all three
complexes.

Single-Step SEC Improves Peptide Yield and Sub-
sequent Cross-link Identification. Next, we optimized the
protocol of peptide purification and enrichment after
proteolysis of the cross-linked proteins. Purification using a
C18 reverse phase chromatography column is a common
procedure for desalting and concentrating peptides after their
proteolytic generation, and prior to further purification steps,
most typically SEC or SCX.18−20,22,38 However, we reasoned
that passage on a C18 column might cause a significant loss
and a consequent reduction of the pool of cross-linked
peptides for subsequent analyses. We therefore asked if this
step could be omitted, thus, proceeding directly to SEC. We
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compared the results of cross-link identification of cross-linked
KMN peptides purified with single-step SEC (on a Superdex
Peptide 3.2/300 column on an FPLC system) or with a C18
column followed by SEC. Two pools of KMN (222 μg each)
were dissolved at 3 μM in buffer and cross-linked with DSBU
as described above (Figure 2D). The excess of DSBU was
quenched by Tris-HCl buffer and removed by acetone
precipitation of protein content. Cross-linked samples were
denatured and digested with Lys-C and trypsin. We kept the
final volume of digested peptide solution as low as possible for
the subsequent SEC step (105 μL). For single-step SEC, the
peptide solutions from each sample were divided into three
aliquots for three separate SEC runs to avoid overloading of
the column. For the parallel experiment, digested KMN
peptides were purified using a 50 mg Sep-Pak tC18 cartridge as
reported previously.18,20 Dried peptides were dissolved in 105
μL of SEC solution and also fractionated in three separate SEC
runs. Although the SEC profile of the sample previously
purified by reverse phase chromatography was very similar to
the profile of the sample directly separated by SEC after
proteolytic cleavage (Figure 2E), the number of non-
redundant cross-links identified by MeroX was smaller (181
instead of 228) when an additional C18 step was included
(Figure 3A,B). Thus, omitting a step of purification on a C18

column simplifies the protocol and increases the yield of cross-
linked peptides. We applied the same workflow to the
individual MIS12C and NDC80C complexes and performed
peptide enrichment with SEC only (Figure 2E, lower panel).

More than 135 Non-redundant Cross-links were
Identified from Each Experiment. Peptides in each fraction
(F1−F8) were analyzed separately by LC-MS/MS with a Q-
Exactive Plus mass spectrometer using HCD for MS/MS
acquisition. MeroX was used to identify cross-links and to
perform automatic decoy analyses using shuffled sequence
databases.16,24 The FDR cutoff of MeroX at 5% was used to
obtain initial cross-link data sets. In experiments with KMN,
NDC80C, or MIS12C, most cross-links were found in SEC
fractions F4−F7, although the distribution profiles were
slightly different from each other (Figure 3A and Table S2).
The distributions of non-redundant cross-links found in each
SEC fraction were instead very similar in all experiments.
Fraction F6 contained the highest number of non-redundant
cross-links (Figure 3A). We combined the MS data from the
cross-link-enriched fractions (F4−F7) and performed the
analysis with MeroX to obtain a combined cross-link data set
for each experiment.
We could assign cross-linked peptides to 577−820 spectra in

experiments on KMN, NDC80C, and MIS12C with one-step

Figure 3. Representation of identified cross-links. (A) Bar graphs show the distributions of the cross-links identified from the eight SEC fractions of
each experiment. Counting the numbers of non-redundant cross-links was limited to each fraction, even if the same cross-links exist in other
fractions. (B) The table shows the numbers of cross-link in detailed categories. (C) Bar graphs show the distributions of the redundancy of the non-
redundant cross-links in each experiment. (D) Venn diagrams show the overlaps among the cross-link data sets.
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SEC purification (Figure 3B and Table S3). Lists of non-
redundant cross-links were obtained by removing the
redundant entries from the combined cross-link data set
(Figure 3B and Table S4). The number of non-redundant
cross-links ranged from 135 to 228. About half of the non-
redundant cross-links from all experiments were observed at
least twice or more (Figure 3C), providing further evidence of
their correct identifications. As expected, there were large
overlaps between the data sets of non-redundant cross-links of
KMN and NDC80C, and between the data sets of KMN and
MIS12C, as expected since KMN includes both NDC80C and
MIS12C (Figures 3D and 2A,B). At the same time, our
analysis also suggests that more non-redundant cross-links can
be identified when less complex samples are used (271 in total
for NDC80C and MIS12C against 228 for KMN).
Many Nonlysine−Lysine Cross-links Were Identified.

NHS-ester cross-linkers also react with serine, threonine, and
tyrosine.17,39 MeroX is programmed to detect nonlysine−
lysine cross-links with the default setting, whereas other
programs (e.g., xQuest20 and XlinkX15) search exclusively for
lysine−lysine cross-links in default mode. Rather unexpectedly,
nonlysine−lysine cross-links accounted for 45%, 52%, and 59%
of all non-redundant cross-links in the experiments on KMN,
NDC80C, and MIS12C, respectively (Figure 3B). Among the
nonlysine−lysine cross-links, the number of lysine−serine (K−
S) cross-links was the highest and followed by the numbers of
lysine−threonine (K−T) and lysine−tyrosine (K−Y) cross-
links.

Interaction Networks Among KMN Proteins. In our
experiments, we identified many interactions previously shown
to be important for KMN formation.27,28,31−35 Non-redundant
cross-links of the three data sets (KMN, NDC80C, MIS12C)
obtained in this study were visualized as interaction network
maps using the program xVis37 (Figure 4A,B). Intermolecular
cross-links of known interactions were highlighted with
different colors according to distinct structural domains
(details are described in Figure 4C). In addition, we observed
cross-links between ZWINT and NDC80C and cross-links
between ZWINT and MIS12C (Figure 4A). Although these
interactions have not been identified in previous analytical SEC
experiments,31 we observed cross-links between these
components, which is indicative of spatial proximity between
ZWINT and cross-linked subunits.
Many of the interactions identified by DSBU cross-linking

were observed in previous studies using the noncleavable,
isotope-labeled cross-linker BS3.34,40 For instance, Figure 4B
shows cross-links obtained in an experiment with a 21-subunit
kinetochore protein complex treated with BS3 cross-linker.40

For a clearer comparison between the two data sets, the cross-
links are shown with the same color code as in Figure 4A. The
KMN K−K data set described here and the one described by
Weir and co-workers, share more than one-third of lysine−
lysine cross-links (Figure 4B).

Newly Identified Cross-link Restricts Orientation of
Knl1 RWD Domain. Progress in the determination of the
structure of the human KMN network has benefitted from the
determination of high-resolution crystal structures of (1) an

Figure 4. Identified cross-links confirm known interactions for the assembly of the KMN network. (A) Network maps show the cross-links
obtained in the experiments of KMN, NDC80C, and MIS12C. Important cross-links were highlighted with colors. (B) The network map shows the
previously reported cross-links among KMN subunits obtained with isotope-labeled BS3.40 Color code as in panel A. Venn diagram shows the
overlap between the non-redundant lysine−lysine cross-links of the KMN experiment and the previously reported cross-link data set (lysine−lysine
only).40 (C) Table describes the colored cross-links in (A) and (B) with their corresponding interactions.
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engineered version of the NDC80C (NDC80Bonsai) lacking
most of the coiled-coil region and tetramerization domain and
the flexible N-terminal tail of the NDC80 subunit (PDB entry
2VE7); (2) a version of the MIS12C carrying truncation of
flexible C-terminal tails involved in interactions with the
NDC80C and the KNL1C (PDB entry 5LSK); and (3) the
complex of the KNL1 C-terminal domain with its cognate
binding site on NSL1 (KNL12096−2311/NSL1266−274, PDB entry
4NF9). In a previous study, a composite model of the KMN
(lacking ZWINT) was also assembled by fitting these high-
resolution structures into a 3D reconstruction obtained from
electron micrographs of a negatively stained sample of the
KMN network (EMDB entry EMD-2549)32,34 (Figure 5A).
Since this model of the KMN network was obtained with
truncated constructs, only 38 cross-links obtained with the full
length KMN data set could be mapped onto it. The Cα−Cα
distances of cross-linked residues are presented in Figure 5B.
The mean value of the Cα−Cα distances was 15.6 Å, with
distances distributed in a range of 5−27 Å. The most notable
exception was cross-link M26, with a distance, predicted on the
basis of the structure, of 50.5 Å. Most likely, the considerable
flexibility of the Head2 domain of DSN1, where Ser163 is
positioned, enables this cross-link.34 A total of 13 out of 19

lysine−lysine cross-links were reported in previous stud-
ies31,34,40 (Figure 5B). In many cases, the positions of
lysine−lysine cross-links are very close to those of some
nonlysine−lysine cross-links. For example, cross-link N5 shares
one residue with cross-link N6 and N8. However, we also
observed nonlysine−lysine cross-links having no lysine−lysine
cross-link close to them, such as cross-link N2 and M23
(Figure 5B).
A new cross-link identified in this study between MIS12

Lys187 and KNL1 Lys2298 (cross-link KM1) was observed
twice in the KMN experiment, and the assignment of
theoretical masses of fragment ions to the MS/MS spectrum
was satisfactory (Figure 6). The crystal structure of
KNL12096−2311/NSL1266−274 depicts a roughly ellipsoidal
structure that can be fitted in the 3D EM reconstruction in
two opposite orientations (Figure 5A). In the previous fitting
of this model in the 3D reconstruction,34 the best orientation
of the KNL1/NSL1 complex could not be determined due to
lack of adequate spatial restrains. We now report that the Cα−
Cα distance of the cross-link KM1 in the model positioned in
orientation 1 was ∼20 Å, much shorter than the distance of
∼50 Å observed in the model of orientation 2 (Figure 5A).
Thus, the availability of cross-link KM1 provided us with a

Figure 5. Evaluation and comparison of the cross-links with crystal structures. (A) Assembly model of KMN generated by fitting the crystal
structures into an EM 3D reconstruction of a negatively stained sample.34 Cross-links are shown as blue lines. Rectangles with orange-colored
dashed line indicate the divided regions of mapped cross-links. Rectangles with blue dashed line indicate the two possible orientations of KNL1
RWD domain for fitting the crystal structure. (B) Table shows the details of the cross-links mapped on the crystal structures in (A). Lysine−lysine
cross-links were shaded light blue: dist., distance; obs., observed; ori., orientation.
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spatial restrain to assess the correct orientation of a domain
fitted in a 3D EM reconstruction of the KMN network.

■ DISCUSSION AND CONCLUSIONS
The MS cleavable cross-linker DSBU is currently less widely
used than isotope-labeled noncleavable cross-linkers, but this
study confirms its considerable potential for the analysis of
protein−protein interactions by cross-linking and MS. After
applying DSBU to several multiprotein complexes, we report
that 135−228 non-redundant cross-links can be identified from
one experiment using 72−222 μg protein samples. A single-
step SEC peptide fractionation of the peptide mixture without
a prior C18 desalting step was sufficient for desalting and
peptide enrichment, resulting in a higher yield of identified
cross-links. The high redundancy of cross-links observed in our
experiments may reflect the abundance of each cross-linked
peptide in the digested peptide mixture. Therefore, redun-
dancy might be used as an additional filter to estimate the true
positive cross-links.
Generally, identifying ideal cross-linking conditions requires

optimization for each protein sample. Protein concentration of
0.5−2.0 mg/mL and 1 mM cross-linker were previously
suggested for an initial trial.20 The concentration of 2 mM
disuccinimidyl sulfoxide (DSSO) has already been used for
successful XL-MS analysis of a CRISPR RNA-silencing
complex.9 We used 3 μM protein (0.36−1.1 mg/mL) and 3

mM DSBU and obtained high redundant cross-linking data
sets. Under the conditions of our protocol, we did not observe
any precipitation after the cross-linking reaction. The resulting
network maps of the cross-links are very meaningful (Figure
4A) and are in excellent agreement of the distribution of Cα−
Cα distances of cross-links calculated from high-resolution
structures (Figure 5B). Thus, our protocol provides a
potentially useful starting point for the optimization of cross-
linking conditions.
It has been reported previously that NHS esters react not

only with lysine, but also with serine, threonine, and
tyrosine.17,39 Identification of a large fraction of nonlysine−
lysine cross-links in our experiments (45−59%) is consistent
with these previous results. There are several possible reasons
why we obtained such a high percentage of nonlysine−lysine
cross-links. First, the specificity of NHS esters is pH-
dependent.17,39 We performed the cross-linking reaction at
pH 7.5, allowing the formation of nonlysine−lysine cross-
links.17,39 Second, we used higher concentration of DSBU (3
mM) compared to the concentrations (0.5−1 mM) used in
previous studies,16,24 which might increase the overall cross-
link formation not only between primary amines but also
between primary amines and the hydroxy groups of serine,
threonine, and tyrosine. Third, our purification method
resulted in high yield of cross-linked peptides and con-
sequently enriched not only lysine−lysine cross-links but also
less abundant nonlysine−lysine cross-links.

Figure 6.MS/MS spectrum of cross-link KM1. The spectrum was automatically annotated by MeroX. Yellow signals indicate the characteristic ions
resulting from the fragmentation of DSBU. Signals for b-type ions are colored in red and y-type ions in blue.
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The DSBU cross-linking method we used here is comparable
to the cross-linking methods that make use of isotope-labeled
cross-linkers such as BS3.34,40 The pattern of intermolecular
cross-links of KMN obtained by DSBU cross-linking was
similar to the pattern obtained using isotope-labeled BS340

(Figure 4). Both methods produced patterns of cross-links that
were fully consistent with KMN subunit interactions previously
identified and validated with biochemical and structural
approaches.27,28,31−35,40 Using DSBU we detected a larger set
of cross-links between ZWINT or KNL1 and other KMN
subunits. However, we cannot conclude that DSBU is superior
to isotope-labeled BS3, because the KMN data set obtained
with isotope-labeled cross-linkers is a subset of a larger cross-
linking data set obtained on a protein complex containing 21
proteins,40 that is, it was obtained with a more complex sample
than the one we have used in the present study. A more
systematic comparison goes beyond the scope of the present
work, but our analysis clearly indicates that DSBU, combined
with data analysis with MeroX, allows reaching results that are
at least comparable with those obtained using the isotope-
labeled noncleavable BS3.
The newly identified cross-link between MIS12 Lys187 and

KNL1 Lys2298 (Figure 6) allowed us to restrain the
orientation of the KNL1 C-terminal domain over another
possible orientation in the fitting of its crystal structure into an
EM 3D reconstruction (Figure 5). Refinement of 3D-models
of protein complexes using cross-linking data has been used
previously6,11 and it was recently used to support a 3D-model
of the nuclear pore complex.41 Owing to the rapid develop-
ment of EM single-particle-analysis, the need for reliable and
simple methods to identify protein−protein interactions is
increasing. Our simplified DSBU protocol will allow
researchers in the field of biochemistry and structural biology
to obtain high quality cross-link data sets.
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The activity, localization and fate of many cellular proteins are regulated through ubiquitination, a
process whereby one or more ubiquitin (Ub) monomers or chains are covalently attached to
target proteins. While Ub-conjugated and Ub-associated proteomes have been described, we lack a
high-resolution picture of the dynamics of ubiquitination in response to signaling. In this study,
we describe the epidermal growth factor (EGF)-regulated Ubiproteome, as obtained by two
complementary purification strategies coupled to quantitative proteomics. Our results unveil the
complex impact of growth factor signaling on Ub-based intracellular networks to levels that extend
well beyond what might have been expected. In addition to endocytic proteins, the EGF-regulated
Ubiproteome includes a large number of signaling proteins, ubiquitinating and deubiquitinating
enzymes, transporters and proteins involved in translation and transcription. The Ub-based
signaling network appears to intersect both housekeeping and regulatory circuitries of cellular
physiology. Finally, as proof of principle of the biological relevance of the EGF-Ubiproteome, we
demonstrated that EphA2 is a novel, downstream ubiquitinated target of epidermal growth factor
receptor (EGFR), critically involved in EGFR biological responses.
Molecular Systems Biology 7: 462; published online 18 January 2011; doi:10.1038/msb.2010.118
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Introduction

Post-translational modifications (PTMs) control the function
of many proteins and are crucial to the regulation of many
cellular processes, as exemplified by the role of phosphoryla-
tion in signaling. The reversible addition of a small phosphate
group to protein substrates allows the propagation
of information through multiple mechanisms, including
activation/deactivation of the enzymatic properties of phos-
phorylated substrates, regulation of their subcellular localiza-
tion, and their recognition by specific domains present in
partner proteins (Seet et al, 2006). In another instance of PTM,
a more complex molecule, ubiquitin (Ub), is appended by E3
ligases to a multitude of substrates, thereby modulating their
function, localization and protein/protein interaction abilities
(Mukhopadhyay and Riezman, 2007; Ravid and Hochstrasser,

2008). Deubiquitinating enzymes (DUBs) revert Ub conjuga-
tion, thus ensuring a dynamic equilibrium between pools of
ubiquitinated and deubiquitinated proteins (Amerik and
Hochstrasser, 2004). Particularly relevant to signaling is the
ability of the Ub modification to induce de novo protein/pro-
tein interactions, similarly to phosphorylation, through the
recognition of ubiquitinated proteins by proteins harboring
Ub-binding domains (Hicke et al, 2005; Hurley et al, 2006).
This mechanism sits at the heart of several signaling cascades
(Mukhopadhyay and Riezman, 2007; Woelk et al, 2007; Chen
and Sun, 2009), and is tightly controlled within the cell by
endogenous and exogenous signals, such as DNA damage and
growth factor stimulation, respectively (Chen and Sun, 2009).

In this latter instance, one of the best-characterized model
systems is represented by the epidermal growth factor (EGF)-
induced pathway. Upon EGF stimulation, a variety of proteins
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are subject to Ub modification. These include the EGF receptor
(EGFR), which undergoes both multiple monoubiquitination
(Haglund et al, 2003) and K63-linked polyubiquitination
(Huang et al, 2006), as well as components of the downstream
endocytic machinery, which are modified by monoubiquitina-
tion (Polo et al, 2002; Mukhopadhyay and Riezman, 2007).
The impact of ubiquitination on receptor internalization,
intracellular sorting and ultimate metabolic fate has been
characterized in detail for various receptors, including the
EGFR (Acconcia et al, 2009).

Little is known, however, about the wider impact of EGF-
induced ubiquitination on cellular homeostasis and on the
pleiotropic biological functions of the EGFR. A decisive step
in this direction would be the acquisition of the repertoire of
proteins that are ubiquitinated upon EGF stimulation; i.e., the
EGF-Ubiproteome. This study was undertaken to address this
issue. Recent advances in quantitative mass spectrometry have
allowed the study of PTMs on a global scale (Jensen, 2006;
Choudhary et al, 2009). In this study, we combined two
different purification procedures with high resolution, high
accuracy MS, coupled to an efficient quantitation strategy, to
obtain the first view of the EGF-induced Ubiproteome.

Results

Purification of Ub-conjugated proteins

Owing to the low abundance and labile nature of ubiquitinated
proteins, the most critical step in their identification is the
enrichment and purification procedure. This is particularly
relevant in our case, as we are interested in the EGF-induced
Ubiproteome. Under these conditions, ubiquitination is a rapid,
dynamic process, and ubiquitinated substrates are present in the
cell at low stoichiometries and in a time-limited manner. To
maximize the recovery of ubiquitinated substrates, therefore, we
used an integrated approach based on two different purification
strategies and two cellular model systems (see schematic
representation in Supplementary Figure S1).

In the first purification scheme, a mouse monoclonal antibody
(FK2) that recognizes both mono- and polyubiquitinated
species, but not free Ub, was used to immunopurify ubiquiti-
nated proteins from HeLa cell lysates. This approach (hereafter,
the ‘endogenous’ approach) allows the purification of proteins
modified by endogenous Ub, in the absence of any manipulation
of the cellular system (see Supplementary information and
legend to Supplementary Figure S1 for details).

In an alternative strategy (hereafter, the tandem affinity
purification ‘TAP’ approach), we exploited TAP. We developed
a tandem affinity tag, consisting of a hexahistidine and a FLAG
sequence fused to Ub (FLAG-His-Ub). This construct was
transfected into B82L-EGFR cells, a mouse fibroblast cell line
expressing human EGFR that has been widely used to study
EGF-dependent signaling (Chen et al, 1989). The TAP method
should allow the isolation of highly purified ubiquitinated
proteins, as fully denaturing conditions (8M urea) are used,
which dissolve most weak protein/protein interactions.

To overcome possible non-physiological and/or toxic effects
of the overexpression of Ub (Tagwerker et al, 2006), we chose a
TET-on inducible system (see Supplementary information for
details). The level of expression of tagged Ub at different time

points was assessed by immunofluorescence and immunoblot
analysis (Figure 1A and B). Detection of high-molecular-
weight Ub signals confirmed that the tagged Ub is functional
and is conjugated to proteins (Figure 1B). Tagged Ub was
expressed at one-tenth of the level of endogenous Ub
(Figure 1C), sufficient to maintain the inducibility of the
EGF-mediated process, as monitored by monoubiquitination
of Eps15 (Figure 1D and Supplementary information). Finally,
B82L-EGFR cells overexpressing FLAG-His-Ub displayed the
same growth rate as untransfected cells (data not shown),
indicating that the expression of the tagged Ub had no major
toxic effect. We note that the ‘endogenous’ approach and the
‘TAP’ approach are not directly comparable as they are
performed in different cellular systems. This was due to our
inability to select a stable HeLa cell line expressing this tagged
version of Ub. However, we reasoned that the use of a second
cellular system, which differs both in terms of species and
of tissue origin, might in some respects be advantageous, as it
could lead to the identification of a common repertoire of
ubiquitinated substrates.

For both approaches, the purification procedure was
carefully set up and the yield was calculated to be 8% for
the ‘endogenous’ approach and 20% for the ‘TAP’ approach
(see Supplementary information and legend to Supplementary
Figure S1 for details). Representative quality control experi-
ments are presented in Figure 1E–H.

Of note, we performed a mock purification for the
‘endogenous’ approach by omitting the FK2 Ab in the
purification scheme, and an I-DIRT experiment in the case of
the ‘TAP’ approach (see ‘control endogenous’ and ‘I-DIRT TAP’
sheets in Supplementary Table S1 and Supplementary Figure
S2). These experiments were used to filter out proteins that
were non-specifically recovered during the purification proce-
dures (see Supplementary information for details).

Identification of steady-state Ubiproteomes

Our ultimate goal was the identification of the EGF-induced
Ubiproteome. Thus, we employed high resolution, high
accuracy MS (Olsen et al, 2005) combined with stable isotope
labeling with amino acids in cell culture (SILAC) (Ong and
Mann, 2006) to distinguish the EGF-dependent ubiquitination
events from the high background of steady-state ubiquitinated
proteins. This strategy allowed the identification and quantita-
tion of the steady-state HeLa and B82L-EGFR Ubiproteomes
and the specific EGF-Ubiproteomes in a single experiment. We
chose a single time point of EGF stimulation (10 min), and
performed three biological replicates of both the ‘endogenous’
and the ‘TAP’ purifications. Remarkably, 73.2% (endogenous)
and 85.2% (TAP) of proteins were identified in at least two
experiments, indicating a high level of reproducibility. Experi-
ment size and features are reported in Supplementary Table S1
and in Supplementary Figure S2.

As an initial step in our analysis, we employed a multi-
layered strategy to define the size and specificity of the
identified Ubiproteomes (Figure 2A). To obtain ‘high-con-
fidence data sets’ of quantified proteins, we adopted four
filtering criteria described in detail in the Experimental
Procedures. By these criteria, from 11 722 non-redundant
(NR) peptide sequences (corresponding to 1765 proteins)
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identified in the endogenous approach, we assembled a SILAC-
based proteome comprising 1175 unambiguously identified
and quantified proteins (Figure 2A and Supplementary Table
S1). In the case of the TAP approach, we unambiguously

identified 582 proteins (from 3173 NR peptides, corresponding
to 744 proteins; Figure 2A and Supplementary Table S1).
In both cases, the identification of short-lived proteins
and monoubiquitinated proteins demonstrates that the two
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strategies are effective. In addition, the retrieval of nuclear
proteins together with histones argues for the efficiency of the
solubilization procedure. This said, we acknowledge that the
identified Ubiproteomes are unlikely to represent the full
repertoire of ubiquitinated proteins found in mammalian cell,
although they are the most complete set of ubiquitinated
proteins identified so far (Supplementary Figure S3).

To validate our Ubiproteomes, we tested several candidates by
direct immunoprecipitation (IP; Figure 2B and Supplementary
Figure S3). On the basis of these results, we estimated a false-
positive rate of B5% for the ‘endogenous’ approach (2 out of 38
tested candidates were not validated by IP) and B3% for the TAP
approach (1 out of 30 candidates was not validated, see legend to
Supplementary Figure S3 for details). The non-validated proteins
possibly represent the fraction of Ub-interacting proteins co-
purified during the procedure, as they were absent in the control
purifications (Supplementary Table S1).

We also analyzed the overlap between the endogenous and
the TAP Ubiproteomes. One limitation of our study is that
the two approaches were optimized in two different cell
types. Nevertheless, 284 proteins were identified in common
between the two approaches (P¼2.22#10$176, Figure 2A and
Supplementary Table S1). This high degree of overlap is
remarkable given that the two cellular settings are very
different (a human cervical cancer cell line versus a mouse
fibroblast cell line).

Of note, we identified 31 ubiquitination sites in 21 target
proteins, some of which were previously unknown. The
complete list of identified sites is shown in Supplementary
Table S1. A representative instance of these findings is the
E2-conjugating enzyme Ubc13, for which the same modified
K was found in both the human and the mouse cell line
(Figure 2C and D, see also legend to Supplementary Table S1
for details).

The EGF-Ubiproteome

We next exploited the quantitative information embedded in
the SILAC data to identify the EGF-regulated Ubiproteome.
Protein quantitation was performed automatically using
MaxQuant, as described previously (Cox and Mann, 2008).
Ratios for proteins were determined as the median of all
measured peptide ratios for a given protein, to minimize the
effect of outliers (Supplementary Figure S4). To identify
proteins that were most significantly regulated by EGF, we
employed a stringent three-tiered selection process. Starting
from the two steady-state Ubiproteomes, we discarded
proteins with a P-value 40.1 (Significance B, see Cox and
Mann, 2008) and a coefficient of variability 410 (filter A in
Figure 3A, see Supplementary information for details). Finally,
we applied a manual curation step selecting only those
proteins displaying the same trend of regulation in the
experimental replicates (filter B, Figure 3A). Additionally, we
verified that protein levels did not change upon EGF
stimulation in the whole proteomes (Supplementary Figure
S5). By these stringent criteria, we concluded that B15% of
the steady-state Ubiproteome was EGF regulated at 10 min
after stimulation; 176 of 1175 proteins in the endogenous
approach and 105 of 582 proteins in the TAP approach
(Figure 3A and Supplementary Table S2). Interestingly,

both hyper- and hypoubiquitinated proteins were detected
(134 hyper- and 42 hypoubiquitinated in the endogenous
approach, 58 hyper- and 47 hypoubiquitinated in the TAP
approach; Figure 3B and C and Supplementary Table S2),
indicating that EGFR-mediated signaling can modulate the Ub
network in both directions. This finding is supported by the
presence of both ubiquitinating and deubiquitinating enzymes
in the EGF-Ubiproteome (see below).

The major limitation of our study is that our EGF-
Ubiproteomes were not time resolved. Indeed, while we
identified virtually all proteins known to be ubiquitinated
upon EGF stimulation in both Ubiproteomes, only 16 out of
92 proteins were commonly classified as regulated at 10 min of
EGF stimulation (when the proteomic analysis was per-
formed). Of these, 14 proteins (10 hyperubiquitinated and 4
hypoubiquitinated) were regulated in the same direction in
both approaches (Supplementary Table S1). Twenty-seven
additional proteins were found to be regulated only in the
endogenous approach (24 hyperubiquitinated and 3 hypoubi-
quitinated), while 49 additional proteins were identified only
in the TAP approach (23 hyperubiquitinated and 26 hypoubi-
quitinated; see Supplementary Table S1). While cellular
specificity may account for some of these variations
(Figure 3A), different kinetics of ubiquitination in the two
cellular systems might also affect the extent of the overlap. As
a case in point, the endocytic adaptor protein Eps15 is
ubiquitinated following EGF stimulation (Polo et al, 2002).
Eps15 was present in the B82L-EGFR (TAP) but not in the HeLa
(endogenous) EGF-Ubiproteome (Supplementary Table S2).
Immunoblot analysis revealed that the kinetics of Eps15
ubiquitination upon EGF stimulation differed in the two
cellular systems: at 10 min Eps15 was ubiquitinated in B82L-
EGFR, but not in HeLa, cells (Figure 3D). Similar results were
obtained for Rabex-5 and Hgs (data not shown).

The concept that the two EGF-Ubiproteomes might repre-
sent different time-resolved snapshots of the same network in
two cellular systems is further supported by results derived
from protein ontology analysis. We classified the EGF-
regulated Ubiproteomes by PANTHER (Protein ANalysis
THrough Evolutionary Relationships; Wiesner et al, 2007),
and analyzed the enrichment of ontology terms. We identified
29 biological process (BP) terms as enriched (P-value o0.05)
in the endogenous data set and 17 BP terms in the TAP data set
(Figure 3E and F). Nine identical and three closely related BP
terms were found in both EGF-Ubiproteomes: 41 and 70% of
BP terms in the endogenous and TAP Ubiproteomes, respec-
tively (reported in bold in Figure 3E and F). Therefore,
regardless of the different experimental strategies employed
and, more importantly, of the different experimental models,
the two EGF-regulated Ubiproteomes show a high level of
conservation in the cellular mechanisms that they represent.

Chain topology of the EGF-regulated Ubiproteome

To evaluate possible changes in the relative abundance of the
different chains upon EGF stimulation, we quantified the Ub
‘signature’ peptides by SILAC (see Meierhofer et al, 2008 and
Supplementary Table S3). With the TAP approach, MS analysis
revealed an increase in the K63-, K11- and K6-chain modifica-
tions after EGF stimulation (Supplementary Table S3 and
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Supplementary Figure S6), whereas with the endogenous
approach only K63 linkages accumulated, although to a lesser
degree (Supplementary Table S3, see its legend for details).
A possible explanation for this discrepancy is that the tagged
Ub could affect the activity of specific E3s or DUBs, due to the
extra N terminus present in the molecule. This would
cause indirect changes in the level of specific chain linkages.
To evaluate this possibility, we quantified the Ub ‘signature’
peptides before and after FLAG-His-Ub induction. No

significant changes were evident when comparing the two
conditions, indicating that, at least in our controlled settings,
the expression of tagged Ub per se does not change the level of
specific Ub chains (Supplementary Figure S7).

These initial, yet not conclusive, results prompted us to
validate the MS analysis using the recently developed K48 and
K63 linkage-specific antibodies (Newton et al, 2008). A strong
colocalization of EGFR-containing vesicles and the anti-K63
antibody was observed upon EGF stimulation, whereas no

A
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(overlap) 

Ubiproteome None 1175 582 1472 284 2.22×10–176

A 216 115 315 16 1.81×10–12EGF-
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Figure 3 The EGF-regulated Ubiproteome. (A) Determination of EGF-regulated ubiquitinated proteins. We discarded from the steady-state Ubiproteomes, proteins with a
significance B40.1 and a coefficient of variability across replicates 410 (Filter A), and proteins showing a different trend of regulation in replicate experiments (Filter B).
NR, number of non-redundant proteins from the two approaches. Overlap End/TAP, number of proteins identified in common between the two approaches.
P, significance P-value of the overlap (Fisher’s exact test). Hyper- and hypoubiquitinated proteins in the EGF-Ubiproteomes. (B, C) The 176 human (B) and the 105 mouse (C)
EGF-regulated proteins were clustered across the three experimental replicates (FW1, FW2, REV). Side color bar represents the log2 of the normalized protein ratio (H, EGF
treated versus L, untreated). Red, positive ratio (hyperubiquitinated); blue, negative ratio (hypoubiquitinated); and Black, missing data. (D) Kinetics of Eps15
monoubiquitination in HeLa and B82L-EGFR cells. Serum-starved HeLa (left panel) or B82L-EGFR (right panel) cells were stimulated with EGF (100 ng/ml) for the indicated
time points or left untreated. Lysates (1 mg) were IP and IB with the indicated antibodies. Arrows on the lower panels indicate the ubiquitinated form of Eps15. (E, F)
PANTHER analysis of the human (E) and the mouse (F) EGF-Ubiproteomes. Enrichment plots of ontology terms (Biological process, x axis) built on the list of EGF-
Ubiproteome proteins. The percentage enrichment, based on the ratio between the number of SILAC proteins and the total number of proteins grouped in each term, is plotted
on the right y axis (red histograms). The expected enrichment (gray histograms) is obtained from the ratio between the total number of genes in the term and the total number of
genes in the genome. The statistical significance between observed and expected enrichments (scattered line) was determined by Fisher’s exact test and is plotted on the left y
axis as$log10 of P-values; the higher the value, the more significant the enrichment ($log10 of P¼0.05 is 1.30). In bold, the 12 pathways found in both EGF-Ubiproteomes
(three are closely related: protein/amino-acid biosynthesis; intracellular/other intracellular protein traffic; fatty acid biosynthesis/fatty acid and steroid metabolism).

Figure 4 EGF induces K63-specific ubiquitination. (A) HeLa cells grown on coverslips were serum-starved for 4 h and treated for 10 min at 371C with rhodamine-EGF
(0.5mg/ml, red) or left untreated (left panels). Ub (green) was detected with the FK2 antibody that recognizes both mono- and poly-Ub (upper panel) or antibodies that
specifically recognize K63- or K48-linked Ub chains (middle and lower panels, respectively). Confocal images are shown. Blue, DAPI staining. Bar, 18 mm. (B) Lysates
(1 mg) from HeLa cells stimulated with EGF (100 ng/ml) for the indicated times were subjected to IP with K63-Ub or K48-Ub-chain-specific antibodies or the FK2
antibody. IPs and lysates (50 mg/lane) were IB with the indicated antibodies. P4D1 antibody was used for the anti-Ub IB. Asterisk, unspecific band. Note that both spliced
forms of Nedd4L appear to be ubiquitinated.
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colocalization was visible with the K48-specific antibody
(Figure 4A). The FK2 antibody, which recognizes all types of
poly-Ub chains equally well (Supplementary Figure S8),
displayed an intermediate phenotype (Figure 4A).

We then assessed some validated hits from our EGF-
Ubiproteome by IP with linkage-specific antibodies and
immunoblot analysis. Upon EGF stimulation, EGFR is almost
exclusively modified by K63-linked chains (Figure 4B), in
agreement with previous findings (Huang et al, 2006). Cbl,
which is degraded upon EGF stimulation (Magnifico et al,
2003), is also strongly modified by K63 chains (Figure 4B).
Notably, we also validated two novel EGF-induced ubiquiti-
nated targets, namely, Nedd4L and SLC3A2, and showed that
they carry almost exclusively K63-linked chains (Figure 4B).
These results strengthen the idea that K63 might not only be
the preferred signal for receptor internalization as previously
suggested (Lauwers et al, 2010), but also be the major Ub-
based signal transmitted by the active EGFR.

Network analysis of the EGF-regulated
Ubiproteome

To obtain a higher-resolution molecular picture of the EGF-
regulated Ub network, we analyzed the NR-EGF-Ubiproteome
(265 proteins, Supplementary Table S2) through the Ingenuity
Pathways Knowledge Software (Ingenuitys Systems,
http://www.ingenuity.com) and looked for enrichment of
canonical pathways. We identified 85 proteins that were
significantly enriched in 39 pathways (P-value o0.05, Fisher’s
exact test), of which 13 pathways (67 proteins) remained
significant after multiple test correction (P-value o0.05,
Benjamini and Hochberg False Discovery Rate; Figure 5A). In
addition to well-established liaisons (such as those with clathrin
and caveolar endocytosis, or virus entry pathways), the EGF-
Ubiproteome intersects many circuitries of intracellular signal-
ing, suggesting crosstalk between EGFR-activated pathways and
other signaling pathways through the Ub network.

We further organized the EGF-Ubiproteome into distinct
interaction networks through the Ingenuity Pathways Knowl-
edge Software to predict how the Ub modification might
influence the molecular crosstalk between proteins that
interact biochemically and/or genetically. The proteins of the
EGF-Ubiproteome are grouped into 30 networks, of which 11
reached statistical significance (Po0.0001, random permuta-
tion test, Figure 5B). Interestingly, unsupervised clustering of
these 11 networks, based on the number of common proteins,
revealed two main clusters (C1 and C2, Figure 5B). Functional

annotation of molecules in these networks through the
Molecular Signature Database (MSigDB) (Subramanian et al,
2007) revealed that cluster C1 is enriched in proliferation
and inflammation signatures, whereas cluster C2 contains
networks enriched in apoptosis, adhesion and cell cycle
signatures. Interestingly, network 1 does not belong to any
cluster (i.e., no proteins are shared with other networks) and is
specifically enriched in ribosomal proteins (see Figure 5B and
Supplementary information for details).

The ability of EGF-Ubiproteome proteins to nucleate clusters
of interactions involved in diverse functions suggests that
these proteins might act as organizational ‘hubs’, proteins that
can establish multiple protein/protein interactions and there-
by regulate the organization of networks. This is indeed
the case, as proteins of the EGF-Ubiproteome displayed
significantly higher connectivity than randomly generated
lists of proteins (5000 lists were tested; Figure 5C and
Supplementary Table S3). In total, 65 hubs (defined as proteins
with X5 interactors) were identified in the EGF-Ubiproteome
(Supplementary Table S3). Among them, Hgs and Cbl,
which have already been demonstrated to be critical for
many intracellular signaling networks (Schmidt and Dikic,
2005; Zwang and Yarden, 2009), displayed the highest
connectivity.

Intersection of the EGF-induced Ubi- and
phosphotyrosine proteomes

EGF binding to its receptor triggers a series of phosphorylation
events that culminates in transcriptional activation and the
mitogenic response. Proteins that undergo EGF-triggered
phosphorylation have recently been described in three EGF-
induced phosphotyrosine (pY) proteomes (Blagoev et al, 2004;
Oyama et al, 2009; Hammond et al, 2010). A comparison of our
EGF-Ubiproteome with these EGF-pY proteomes, as well as
with the phospho.ELM database (Diella et al, 2008) that
contains experimentally validated pY-containing proteins,
revealed a significant overlap between ubiquitinated and pY
proteins (Figure 6A, Supplementary Table S3). In total, 23%
(61 of 265) of the EGF-Ubiproteome proteins are also tyrosine
phosphorylated (Figure 6A, Supplementary Table S3).

Pathway analysis of these 61 Ub/pY-containing proteins
revealed a significant enrichment in endocytic and signal-
transduction pathways (Figure 6B). Finally, ‘hub analysis’
revealed that Ub/pY-containing proteins are enriched in highly
connected proteins to an even greater extent than Ub-contain-
ing proteins alone (Figure 6C). These data point to a complex

Figure 5 Pathway analysis of the EGF-Ubiproteome. (A) Ingenuity pathway analysis. Enrichment plots of canonical pathways (x axis) built on the list of 265 EGF-
regulated proteins Ubiproteome (sum of the endogenous and the TAP approaches). The percentage enrichment, based on the ratio between the number of SILAC
regulated proteins and the total number of proteins annotated in each pathway, is plotted on the right y axis (black line). The significance of the enrichment (gray bars)
was calculated using the Benjiamini Hochberg multiple testing correction and is plotted on the left y axis as$log10 of P-values; the higher the value, the more significant
the enrichment ($log10 of P¼0.05 is 1.30). (B) Network analysis of the EGF-Ubiproteome. Left panel, list of the 11 networks that reach high statistical significance
(Po0.0001, see Supplementary information). Network, network ID number. Molecules, number of EGF-Ubiproteome proteins/total number of network proteins.
Description, functional category based on MSigDB analysis. Relevance, percentage of proteins in functional categories relative to total proteins in the network. Right
panel, unsupervised hierarchical clustering of the identified networks. Clusters were generated based on the number of proteins in common between networks divided by
the total number of proteins present in each network (Supplementary Table S3). The percentage of shared proteins is indicated by color code (white, 0%; red, X50%).
(C) Hub analysis. The number of random sets of proteins containing hubs (proteins with more X5, 10 interactors as annotated in the BioGRID human interaction
database (Stark et al, 2006)) is displayed. The red dashed line indicates the position in the distribution of the EGF-Ubiproteome (265 proteins). y axis, number of random
sets containing hubs (defined as above), x axis number of proteins defined as hubs. P-values indicate significance of the enrichment of hubs in the EGF-Ubiproteome
based on this ‘null’ distribution.
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interplay between the Ub and pY networks and suggest that
the flow of information from the receptor to downstream
signaling molecules is driven by two complementary and
interlinked enzymatic cascades: kinases/phosphatases and
E3 ligases/DUBs.

Crosstalk between the EGFR and EphA2
signaling receptors

To provide a proof of principle of the biological relevance of
our findings, we focused on EphA2, a receptor tyrosine kinase
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involved in development and often overexpressed in cancer
(Pasquale, 2008). We started from the observation that
proteins of the EGF-Ubiproteome are indeed enriched in the
Ephrin receptor signaling pathway(s) (Figure 5A) and that
EphA2 displayed a ratio of 2.67 (Supplementary Table S2).

As an initial step, we validated the MS data. Upon EGF
stimulation, we observed an increase in both the tyrosine
phosphorylation and ubiquitination of EphA2, indicating a
crosstalk between the two receptors (Figure 7A and Supple-
mentary Figure S9A). Interestingly, the crosstalk was unidir-

A EGF-Ubiproteome
(265 proteins)  

Overlap (N) P

EGF-pY Blagoev (N= 81) 18 4.6 x 10–16 

EGF-pY Oyama (N= 136) 25 1.0 x 10–19

EGF-pY Hammond (N= 93) 18  6.2 x 10–15

Phospho.ELM (N=687) 38 1.9 x 10–11

All (N= 900) 61 1.5 x 10–22
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Figure 6 EGF-Ubiproteome and EGF-pYproteome. Comparison of the EGF-Ubiproteome (265 proteins) with two EGF-induced phosphotyrosine (pY) proteomes
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ectional, as stimulation with ephrin-A1 or -A5/Fc did not lead
to EGFR activation (Figure 7A).

We then assessed how the signal is transmitted from EGFR
to EphA2. The two receptors do not appear to stably physically
interact, as determined by co-IP (data not shown). However,
the kinase activity, but not the cytoplasmic tail of the EGFR, is
required for both modifications of EphA2 (Supplementary
Figure S9A). One possibility is that EphA2 phosphorylation
might be a prerequisite for Cbl recruitment, as this E3 ligase
has previously been shown to be involved in ligand-mediated
EphA2 degradation (Walker-Daniels et al, 2002; Wang et al,
2002). While this hypothesis deserves further investigation,
we observed that prolonged EGF stimulation did not result in
EphA2 degradation, indicating that EGF-induced EphA2
ubiquitination does not signal for degradation (Supplementary
Figure S9C and data not shown).

What is then the functional consequence of EphA2
ubiquitination? One obvious possibility is internalization.
Thus, we investigated the effect of EGF stimulation on
the localization of EphA2 by confocal microscopy. No strong
changes were visible on the total level or distribution
of EphA2, although a partial co-internalization with EGFR
upon EGF activation was clearly detectable (Supplementary
Figure S9B).

While these data clearly demonstrate that EphA2 is a novel,
downstream ubiquitinated target of EGFR, the role exerted
by EphA2 ubiquitination on EGF signaling remains to be
established. To start to assess the relevance of EphA2 to EGFR
biology, we turned to the normal human breast epithelial cell
line MCF10A that expresses both EphA2 and EGFR at
significant levels (Supplementary Figure S9C). siRNA knock-
down (KD) of EphA2 resulted in reduced EGF-induced
proliferation (Figure 7B) and migration (Figure 7C), indicating
that this receptor is critically involved in these EGFR biological
readout. These results, although preliminary, set the stage for
future ‘in depth’ molecular studies and highlight the ‘resource’
feature of our EGF-Ubiproteome.

Discussion

Although the Ub system has been intensively investigated in
the past two decades, its impact on cellular homeostasis

remains largely unexplored. This is particularly true for the
signaling functions of ubiquitination, which have emerged as a
major regulatory mechanism of signal transduction (Chen
and Sun, 2009). Here, we report the first analysis of the
EGF-Ubiproteome, which reveals an unexpected degree of
pervasiveness of growth factor-induced ubiquitination across
several signaling pathways, and a similarly unanticipated level
of integration between two distinct types of PTM-based
signaling.

The steady-state Ubiproteome

We initially defined the steady-state Ubiproteomes in HeLa and
B82-EGFR cells. By combining the two, we defined a list
of 1472 NR proteins, which constitutes the largest collection of
ubiquitinated proteins reported so far in mammals (Figure 2A
and Supplementary Figure S3). The comparison with pre-
viously published Ubiproteomes shows a significant overlap,
ranging from B60% for data sets obtained in non-stringent
conditions to B75% for those obtained under stringent
denaturing conditions (Supplementary Figure S3). A distinct
feature of our Ubiproteome is that it has been extensively
validated. The effectiveness of our strategy is underscored
by the fact that 495% of the tested candidates were shown to
be bona fide ubiquitinated proteins (see Supplementary Figure
S3 and its legend). In addition, there is a substantial overlap
between the HeLa (endogenous) and B83L-EGFR (TAP)
Ubiproteomes, with B50% of ‘mouse proteins’ being present
in the list of ‘human proteins’.

The EGF-Ubiproteome

We used a stringent statistical analysis to identify 265 proteins,
whose ubiquitination was regulated by activated EGFR. Thus,
B18% of the steady-state Ubiproteome (265 of 1472) is
modulated by an exogenous signal. As a kinetic analysis of the
EGF-Ubiproteome was not performed, the above percentage
likely underestimates the impact of EGFR on the Ub network.

A first obvious question is how EGFR, a receptor tyrosine
kinase, transmits signals to the ubiquitination machinery to
execute the modification of such a vast number of proteins.
There is scarce literature on this topic. One known circuitry
involves the E3 ligase Cbl, which binds to pY-sites on the EGFR
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(Levkowitz et al, 1999) and is then phosphorylated and
activated (Kassenbrock and Anderson, 2004). This leads to
EGFR ubiquitination and might also facilitate ubiquitination
of other receptor-associated molecules, among which Cbl
itself (Magnifico et al, 2003). Of note, the presence of non-
proteolytic Ub chains on this E3 ligase (Figure 4B) suggests the
existence of additional modes of regulation for this key Ub
network player. Other effector enzymes (E2s, E3s, DUBs)
might also be regulated though EGFR-mediated tyrosine
phosphorylation. However, only three E3s (Cbl, Cbl-b and
Huwe-1) and no E2s or DUBs have been identified in EGFR
pY proteomes (Blagoev et al, 2004; Oyama et al, 2009).
Conversely, we identified scores of Ub machinery enzymes in
the EGF-Ubiproteome. These include E3s (Cbl, Cbl-b, Nedd4-2,
RNF149, Rnf25, Huwe1, ZNF207, Znf319, Hectd1 and HERC4),
E2s (Ube2O, UBE2Z, UBA2) and DUBs (JOSD1, USP15,
ATXN3, USP11, USP5, USP34). The involvement of such a
large number of effectors was unexpected. It appears,
therefore, that regardless of the initial triggering mechanism
(which must necessarily involve the kinase activity of the
EGFR), the Ub signal is rapidly transmitted to, and amplified
through, the Ub machinery. Similar to the phosphorylation
cascade, in which critical enzymes such as kinases and
phosphatases are often activated by phosphorylation, Ub
enzymes may be regulated by ubiquitination (see for example
Woelk et al, 2006; Ring1B (Ben-Saadon et al, 2006)). The
impact of EGFR-mediated ubiquitination on the activity of E3s,
E2s and DUBs warrants further investigation.

A second line of EGF-regulated ubiquitination events
impinges on endocytic and signaling proteins. While these
pathways are known factors in the Ub network, the magnitude
of their involvement is somewhat surprising. EGF-regulated
ubiquitination is involved in both clathrin-dependent and
-independent endocytosis, in dozens of intracellular signaling
circuitries, in cell-to-cell and cell-to-substrate adhesion
mechanisms, and in actin remodeling. It seems, therefore,
that EGFR-dependent ubiquitination intersects all aspects of
signaling; the biochemical circuitries (such as PI3K-, 14-3-3-,
JAK/STAT- and PTEN-related); the components that confer
spatial and temporal dimensions to signaling (endocytosis);
the coordinated modifications in cyto-architecture and rela-
tionships with the external milieu (actin, integrins, ephrins)
that are necessary for the execution of complex signaling
programs. As a proof of principle we investigated the
functional link between EGFR and EphA2 and we demon-
strated that activation of this signaling receptor is indeed
required for EGF-mediated proliferation and migration
(Figure 7). This result is particularly relevant considering that
downregulation of EphA2 has been shown to decrease
malignant phenotypes of cancer cells in vitro and to inhibit
tumor growth in several mouse cancer models (Pasquale, 2008
and references therein). How this and other crosstalk are
achieved, in mechanistic terms, remains to be elucidated. The
emerging picture, however, is that the impact of ubiquitination
on receptor-activated pathways might be as profound and as
vast as the canonical pY-based network.

Finally, a third line of ubiquitinated proteins connects EGFR
activity to many other aspects of cellular physiology, including
DNA repair, nuclear transport, mRNA processing, various
metabolic pathways and ribosome biogenesis. In the latter

case, recent literature suggests that ubiquitination and
degradation of ribosomal proteins might be a general
mechanism adopted by mammalian cells to control ribosome
production that can be adjusted according to cellular needs
(Caldarola et al, 2009 and references therein). It remains to
be established whether the EGFR-dependent ubiquitination of
ribosomal proteins, uncovered herein, serves to regulate their
degradation or has other, yet to be discovered, non-proteolytic
functions.

One intriguing connection concerns EGF regulation of the
solute carriers (SLCs)/transporters (validation of SLC3A2
is reported in Figure 4). These molecules are gatekeepers for
cells and organelles, and control the uptake and efflux of
important metabolites such as sugars, amino acids, nucleo-
tides and inorganic ions. Almost all categories of SLCs are
represented in our EGF-induced Ubiproteome, and all are
hyperubiquitinated upon EGF stimulation (Supplementary
Table S2). A growing body of biochemical and biophysical
evidence suggests that these transporters are modulated by
trafficking, and that the Ub modification is the signal for their
internalization and/or lysosomal degradation (Miranda and
Sorkin, 2007). Moreover, while transactivation of EGFR
elicited by activation of the Na(þ )/K(þ )-ATPase has been
described (Xie, 2003), our data demonstrate, for the first time,
the EGF-induced regulation of SLC proteins. In this context, it
is worth mentioning that EGFR is able to interact directly with
SLC5A1/SGLT1, stabilizing the sodium/glucose cotransporter
and facilitating glucose transport into cells (Weihua et al,
2008). The mechanisms through which EGFR can trigger the
ubiquitination of SLCs, and the ultimate functional signifi-
cance of the modification remain to be elucidated: a line of
investigation that may have important implications also for
neurological diseases (Tzingounis and Wadiche, 2007) and
cancer (Engelman and Cantley, 2008; Nicklin et al, 2009),
where alterations of SLCs have an important pathogenetic role.

Connectivity of the EGF-Ubiproteome

The EGF-Ubiproteome displayed remarkable connectivity—a
possible indication of a wide pervasiveness of this network in
cell regulation—organized into three levels. The first level is
represented by intra-network connectivity. Indeed, the pro-
teins of the EGF-Ubiproteome grouped into two major clusters,
enriched in proliferation/inflammation and apoptosis/adhe-
sion/cell cycle signatures (Figure 5). This result suggests that
the EGF-regulated Ub network is a rather compact infrastruc-
ture, which allows coordinated control by EGFR of a multi-
plicity of signaling mechanisms. This ‘core’ regulatory
network then reaches out to intersect (level 2 of connectivity)
virtually every aspect of intracellular signaling, as discussed in
the previous section.

Finally, a third level of connectivity is represented by the
considerable overlap between the EGF-induced Ubiproteome
and pY proteome. These two PTM-based networks can be
conceptualized as two overlapping, diffusely interconnected,
matrices through which the EGFR transduces signals to
make them readable to the cell. How this is achieved remains
to be established and will require high-resolution studies,
probably on a protein-by-protein basis. In principle, ubiquiti-
nation might control the stability and/or degradation of
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pY-containing proteins (Hunter, 2007). In this context, the
EGFR might exert dual control on the activation (through pY)
and deactivation (through Ub) of signaling pathways. We note,
however, that the EGFR mostly induces K63-linked ubiquitina-
tion (Figure 4). This modification has been linked to the
signaling ability of Ub, rather than to its degradation properties
(Woelk et al, 2007). It is thus possible that EGFR-induced
ubiquitination adds a layer of signaling complexity to the
canonical pY-based circuitry of EGFR signaling.

The ability of the proteins of the EGF-Ubiproteome to
nucleate clusters of interactions was mirrored by their
enrichment in ‘hubs’, which became even more evident
when dually modified (pY and Ub) proteins were considered.
Hubs are proteins that form critical interconnections between
signaling pathways and are points of fragility of signaling
networks (Amit et al, 2007). As such, they represent ideal
targets for pharmacological intervention. However, detailed
molecular knowledge of the mechanisms of interconnectivity
of hubs is indispensable to predict the results of ‘hub
interference’. Our results might thus be relevant for the
identification of therapeutic targets, and to determine appro-
priate strategies of intervention in pathological conditions in
which subversion of signaling by EGFR (and other receptor
tyrosine kinases) is relevant, such as cancer.

Materials and methods

Reagents, constructs and cell culture
EGF was purchased from Intergen (Oxford, UK), rhodamine-EGF was
from Molecular Probes. Puromycin, doxycyline, FLAG peptide, trypsin
(proteomic grade), DTT, iodacetamide, chloroacetamide and
N-ethylmaleimide, ephrinA1/A5 extracellular domain/Fc chimera,
L-Arg 12C6,

14N4-HCl, L-Arg 13C6,
15N4-HCl, L-Lys 12C6,

14N2-HCl and
L-Lys 13C6,

15N2-HCl were from Sigma. Imidazole and urea were from
Carlo Erba. EDTA-free protease inhibitor cocktail tablets were from
Roche. Ni-NTA agarose beads were from Qiagen. (K specific only)Ubn

chains were from ENZO Life Sciences. Antibodies used were as
follows: monoclonal anti-FLAG (M2, Sigma), M2-agarose affinity gel
(Sigma), monoclonal anti-HA (clone 16B12, Babco), anti-vinculin
(Sigma), monoclonal anti-Ub (P4D1, Santa Cruz and FK2, ENZO Life
Sciences), anti-K63 and K48 Ub-chain-specific antibodies (Genen-
tech), polyclonal anti-EGFR (directed against aa 1172–1186 of human
EGFR, produced in-house), anti-eps15 (monoclonal, produced
in-house), monoclonal anti-EphA2 (clone D7, Upstate) polyclonal
anti-EphA2 (clone C-20, Santa Cruz), polyclonal anti-SLC3A2 (H-300,
Santa Cruz), monoclonal anti-Cbl (BD), anti-phospho-ERK (Cell
Signaling), anti-phospho-AKT (Cell Signaling) and anti-pY (Clone
4G10, Upstate Biotechnology).

The engineering of FLAG-6His-Ub and GST-S5a is reported in
Supplementary information.

GST–S5a fusion protein and FK2 antibody were crosslinked using
AminoLinks and CarboLinkt Coupling Gel (Pierce Biotechnology),
respectively, according to the manufacturer’s instructions. Avidin-
agarose beads used in the control purification were from Pierce
Biotechnology.

B82L fibroblasts expressing the human wild-type EGFR (B82L-wt),
kinase-defective EGFR (B82L-Kin$) and the COOH terminally trun-
cated EGFR at Tyr-958 (B82L-958) have been described previously
(Welsh et al, 1994). B82L-EGFR cells stably expressing FLAG-6His-Ub
were obtained by transfecting pSG213-FLAG-6His-Ub using LipofectA-
MINEt (Invitrogen). Cells were selected in medium containing
5mg/ml puromycine. Expression of FLAG-6His-Ub was induced by
adding doxycycline to the culture medium at a final concentration of
4mg/ml. MCF10A cells were cultured in Dulbecco’s modified Eagle’s
medium and F12 medium (DMEM-F12) supplemented with 5% horse
serum, hydrocortisone (0.5mg/ml), insulin (10mg/ml), cholera toxin

(50 ng/ml), EGF (20 ng/ml) and penicillin-streptomycin (100mg/ml
each). When serum-starved, cells were cultured in the same medium
devoid of serum and EGF.

Cell lysis and IP were performed as previously described (Penengo
et al, 2006). For the IPs with the anti-Ub antibodies, 500 mg of HeLa
lysate was subjected to IP either with 20mg of FK2 antibody or 5mg of
K63 Ub-chain-specific antibody for 2 h at 41C, followed by 1 h
incubation with Protein G-conjugated sepharose beads (Zymed).
Soluble EphrinA1 and A5 fusion proteins (EphrinA1-, EphrinA5–Fc)
were obtained by mixing EphrinA1/5 with the Fc portion of human IgG
in a molar ratio 1:10. Preclustering was performed on ice for 1 h.
Immunofluorescence procedures, ablation of EphA2, BrdU incorpora-
tion and migration assays are in the Supplementary information.

The procedures for SILAC labeling and for the TAP and endogenous
(FK2) purifications are described in the Supplementary information.

LC-MS/MS analysis
Peptides were separated on a 15 cm C18-reversed phase column
(75 mm inner diameter) packed in-house with Reprosil (ReproSil-Pur
C18-AQ 3-mm resin, Dr Maisch), using a nanoflow HPLC system
(Agilent Technologies, Waldbronn, Germany or Proxeon, Proxeon
Biosystems, Odense, Denmark). The HPLC was coupled online via a
nanoelectrospray ion source (Proxeon Biosystems) to an LTQ-Orbitrap
mass spectrometer (Thermo Scientific). We used a 140 min gradient
from 2 to 60% acetonitrile in 0.5% acetic acid at a flow of 250 nl/min.
The LTQ-Orbitrap was operated in the positive ion mode, with the
following acquisition cycle: a full scan (from m/z 300–2000) recorded
in the orbitrap analyzer at resolution R¼60 000 followed by sequential
isolation and fragmentation of the five most-intense peptide ions in the
LTQ analyzer by collisionally induced dissociation. The ‘lock mass’
option was enabled in all full scans to improve mass accuracy of
precursor ions (Olsen et al, 2005). Up to 500 sequenced ions were
dynamically excluded for 60 s after sequencing. The maximum
allowed fill time for an Orbitrap survey scan (ion target 1000 000)
was 1 s, and for an LTQ MS/MS scan (ion target 5000), 150 ms.

Data analysis
The raw data files were analyzed with the in-house developed
quantitative proteomics software MaxQuant, version 1.0.11.5
(see Cox and Mann (2008) for details), which was used for peak list
generation, identification and quantitation of SILAC pairs, and
filtering. The software is supported by Mascot (version 2.2, Matrix
Science) as the database search engine for peptide identification
(Perkins et al, 1999). MS/MS spectra were searched against the human
(endogenous Ub, HeLa cells) or mouse (FLAG-6His-Ub, B82L-EGFR
cells) International Protein Index (IPI) databases (versions 3.37). False
discovery rates (FDR) were controlled by searching in a concatenated
database consisting of the original protein sequences plus their
reversed versions, in which all Ks and Rs have been exchanged with
each other. Protein sequences of common contaminants, e.g., human
keratins and proteases used, were added to the database. Proteins and
peptides with an FDR41% were discarded. Posterior error probability
for peptides were calculated as described previously (Cox and Mann,
2008) and set to 1%. The initial mass tolerance in MS mode was set to
7 p.p.m. and MS/MS mass tolerance was 0.5 Da. For the Mascot search,
cysteine carbamidomethylation was searched as a fixed modification,
whereas N-acetyl (Protein), Oxidation (M) and GlyGly (K) were
searched as variable modifications. Labeled arginine (13C6,

15N4) and
lysine (13C6,

15N2) were specified as fixed or variable modifications,
depending on prior knowledge of the parent ion for the Mascot
searches. Full tryptic specificity with up to two missed cleavages was
required and only peptides of at least six amino acids were considered.
By default, it was required that each protein group was identified by at
least one peptide unique to the assigned protein group.

Three independent biological replicates were measured for the
endogenous Ub and the overexpressed FLAG-6His-Ub experiments.
Two experiments were identical (forward: FW1, FW2) and one was
with swapped labels (reverse: REV). Raw files of technical and
biological replicates were analyzed together, whereas the ratios of the
REV experiments were inverted (1/ratio) in order to have a median
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ratio over all three experiments. To obtain ‘high-confidence data sets’
of quantified proteins, we adopted four filtering criteria, according to
which proteins should (i) be represented by at least two peptides, one
of which should be unique for the protein sequence; (ii) be identified in
at least two of the three biological replicates; (iii) be quantified on at
least three peptide pairs (heavy and light versions of the same peptide),
referred to as ratio counts; (iv) not be present to a similar degree in the
control purification (see Supplementary Table S1 and its legend for list
of contaminants present in the control purification).

The filtering procedure to define potential regulated proteins,
the identification of ubiquitination sites and the quantitation of the
‘signature peptides’ are described in the Supplementary information.

Clustering and functional analysis
Bioinformatics analyses were performed with online tools or tools
available in-house, as described in the Supplementary information.

Supplementary information
Supplementary information is available at the Molecular Systems
Biology website (www.nature.com/msb).
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Molecular mechanisms of coupled monoubiquitination
Tanja Woelk1, Barbara Oldrini1,4, Elena Maspero1,4, Stefano Confalonieri1, Elena Cavallaro1, 
Pier Paolo Di Fiore1,2,3,5 and Simona Polo1,2,5

Many proteins contain ubiquitin-binding domains or motifs 
(UBDs), such as the UIM (ubiquitin-interacting motif) and 
are referred to as ubiquitin  receptors. Ubiquitin receptors 
themselves are frequently monoubiquitinated by a process that 
requires the presence of a UBD and is referred to as coupled 
monoubiquitination. Using a UIM-containing protein, eps15, as 
a model, we show here that coupled monoubiquitination strictly 
depends on the ability of the UIM to bind to monoubiquitin 
(mUb). We found that the underlying molecular mechanism 
is based on interaction between the UIM and a ubiquitin 
ligase (E3), which has itself been modified by ubiquitination. 
Furthermore, we demonstrate that the in vivo ubiquitination 
of members of the Nedd4 family of E3 ligases correlates 
with their ability to monoubiquitinate eps15. Thus, our 
results clarify the mechanism of coupled monoubiquitination 
and identify the ubiquitination of E3 ligases as a critical 
determinant in this process.

Ubiquitination is a versatile posttranslational modification involved in 
various cellular functions, including endocytic trafficking1, NF-κB sig-
nalling2, histone activity3, DNA repair4 and virus budding5, in addition 
to its established role in protein degradation6. Ubiquitination is executed 
by a hierarchical cascade of three types of enzymes: ubiquitin-activating 
(E1), ubiquitin-conjugating (E2) and ubiquitin ligase (E3) enzymes6. 
E3 ligases, the final effectors of the cascade, can append ubiquitin to 
intracellular targets either as a single moiety (monoubiquitination), or as 
chains of ubiquitin (polyubiquitination) branching from various lysines 
within the ubiqutin moiety7.

Recent studies have begun to determine how the cell interprets ubiqui-
tin modification. Several families of UBDs have been identified that con-
fer the ability to bind molecules modified by mUb or by ubiquitin chains 
(polyubiquitin, pUb) to ubiquitin receptors8. There is evidence that different 
UBDs display a range of mUb or pUb binding abilities. In general, although 
most UBDs seem to bind to pUb, only a subset display detectable binding to 
mUb8. The structural basis for this specificity remains unclear. Also, it is not 
clear whether and how UBD-mediated differential recognition of mUb, with 
respect to pUb, impacts on ubiquitin-dependent signalling within the cell.

Another feature of ubiquitin receptors is their ability to undergo 
monoubiquitination by a process that requires the integrity of the UBD 
(referred to as coupled monoubiquitination)8. Seven classes of UBDs 
(UIM, UBA, CUE, MIU, GAT, UBM and UBZ) are known to sustain 
this process8–10. Importantly, in those cases analysed, the UBDs do 
not contain lysine residues that function as acceptors of ubiquitin, 
therefore their requirement for monoubiquitination must relate to 
different aspects of the process — most probably the recognition of 
ubiquitin ligases11,12.

A number of endocytic proteins, including eps15, epsin and Hrs, rep-
resent well-characterised examples of ubiquitin receptors that undergo 
coupled monoubiquitination11–14. There is evidence that members of the 
Rsp5p–Nedd4 HECT-family are the E3s responsible, at least in part, 
for this event11,14–16. Rsp5p is the sole member of this family in yeast, 
whereas in mammals, the family has expanded to at least nine mem-
bers displaying both redundant and specialised functions17. In mam-
mals, proteins ubiquitinated by this family of E3s usually contain a 
conserved PPxY motif, which interacts with trypthophan–tryptophan 
(WW) domains17. The observation that members of the Rsp5p–Nedd4 
HECT-family of E3s contain WW domains suggests an immediate 
mechanism for enzyme–substrate recognition17. However, endocytic 
proteins seemingly do not bind to Rsp5p–Nedd4 HECT-family mem-
bers through WW-mediated interaction11,18. In particular, no stable 
interaction could be detected between Nedd4 and the UIM-containing 
protein eps15 (ref. 11, suggesting a new mode of interaction between 
this E3 and its substrate(s) that may lie at the heart of the process of 
coupled monoubiquitination.

Here, using eps15 as a model, we demonstrate that selective bind-
ing to mUb, but not to pUb, is responsible for its coupled monou-
biquitination and provide initial insights into how the differential 
recognition of mUb may participate in biochemical pathways in 
vivo. In addition, we show that monoubiquitination of E3s of the 
Rsp5p–Nedd4 HECT-family renders them competent to ubiquitinate 
eps15 in vitro and in vivo. Our results, therefore, establish that, at least 
in the cases analysed, coupled monoubiquitination is caused by the 
interaction between a ubiquitinated E3 enzyme and a mUb-binding 
ubiquitin receptor.
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RESULTS
Coupled monoubiquitination of eps15 is a function of binding 
of its UIM to monoubiquitin.
The endocytic protein eps15 contains two copies of a ubiquitin-bind-
ing motif, the UIM, in its carboxy terminus. However, functional stud-
ies revealed that only the second UIM (henceforth referred to simply 
as UIM) determines coupled ubiquitination11. Thus, we focused on 
the properties of this UIM, with the goal of elucidating the molecular 
mechanisms leading to coupled monoubiquitination. Initially, scanning 
mutagenesis of the eps15-UIM (amino acids 878–897) was performed 
by mutating each residue individually to alanine, or to glycine if alanine 
was already present (Fig. 1a).

The ubiquitin binding properties of the various UIM mutants were 
tested by pulldown assays, using MG132-treated cellular lysates as a 
source of ubiquitinated proteins. The mutants fell into two classes: 
those showing binding that was either comparable to wild type (≥70% 
of wild type), or considerably impaired (≤30% of wid type, mutants 
882, 883, 887, 889 and 890; Fig. 1a, b). Next, the mutations were intro-
duced in the context of full-length eps15, to analyse epidermal growth 
factor (EGF)-induced monoubiquitination11. B82L or COS7 (data not 
shown) cells were transiently transfected with Flag-tagged eps15, or its 
mutants, and stimulated for 10 min with EGF (Fig. 1c). Again, mutants 
behaved either comparably with wild type (≥70% of wild type), or 
were significantly impaired (≤30% of wild type, mutants 882, 883, 
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Figure 1 Analysis of eps15-UIM mutants. (a) The engineered mutations are 
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(amino acids 842–897) and the mutations indicated were used in pulldown 
experiments with lysates from MG132-treated B82L cells. Detection was 
by immunoblotting with anti-ubiquitin (anti-Ub). Comparable loading of 
the GST proteins is indicated by Ponceau staining. (c) B82L cells were 
transfected with the indicated constructs (all engineered in Flag-tagged full-
length eps15), serum-starved and treated with EGF. Immunoprecipitation 
(1.5 mg of lysates) and immunoblotting were as indicated. (d) The GST 
fusions described in b were used to pulldown monomeric ubiquitin and 
detection was by immunoblotting as indicated.
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885-890 and 893; Fig. 1a, c). All mutants that retained the ability to be 
monoubiquitinated were also able to bind to ubiquitinated proteins; 
however, mutants 885, 886, 888 and 893 displayed an impairment in 
coupled monoubiquitination, although they retained unaltered bind-
ing to ubiquitinated proteins (Fig. 1a, d).

These data indicate that the ability of eps15-UIM to cause eps15 
monoubiquitination is not a function of its ‘general’ ubiquitin bind-
ing properties. However, different forms of ubiquitin modification 
exist in the cell. In addition, recent studies revealed that ubiquitin 
chains, linked through different lysines, can adopt different conforma-
tions19,20. For instance, although Lys 48-linked chains are in a closed 
conformation due to stable inter-unit interactions, the Lys 63-linked 
structure is characterised by an extended conformation, where the 
ubiquitin subunits are arranged like “beads on a string”. These find-
ings led to the hypothesis that there are specific modes of interaction 
between different ubiquitin-binding modules and different forms 
of ubiquitin8,21. Therefore, we tested the ability of our UIM mutants 
to bind to different ubiquitin isoforms — Lys 48- or Lys 63-linked 
chains and mUb. The mutants showed various degrees of interaction 
with Lys 48- or Lys 63-linked chains (Fig. 1a and see Supplementary 
Information, Fig. S1); however, no straightforward correlation with 
monoubiquitination was found. Conversely, binding to mUb, albeit at 
low affinity as previously reported11, correlated perfectly with coupled 
monoubiquitination (Fig. 1a, d).

Taken together, these results indicate that the presence of a func-
tional UIM, capable of binding to mUb, is required for ubiquitination 
of eps15. We went on to examine this observation further. For a sub-
set of UIM-containing proteins, such as the endocytic proteins eps15, 
Hrs or epsin11–14, the phenomenon of coupled ubiquitination has pre-
viously been described. In other cases, UIM-containing proteins, are 
not monoubiquitinated, as in the case of the proteasome subunit S5a22. 
Using pulldown assays, we found that the UIMs of eps15 and Hrs were 
considerably more efficient than the S5a-UIMs at interacting with mUb 
(Fig. 2a), whereas all UIMs could bind to polyubiquitinated proteins 
(Fig. 2b). Therefore, chimeric molecules were engineered in which the 
eps15-UIM was substituted by either one of the S5a-UIMs, or by the UIM 
of Hrs (Fig. 2c). The eps15-based chimerae did not show grossly altered 
biochemical properties in vivo, as evident from their ability to coim-
munoprecipitate polyubiquitinated proteins (Fig. 2d), and to undergo 
EGF-stimulated tyrosine phosphorylation — a hallmark of wild-type 
eps15 (ref. 23; Fig. 2e). However, eps15Hrs-UIM was monoubiquitinated as 
efficiently as wild-type eps15, whereas eps15S5a-UIM was not (Fig. 2f).

Monoubiquitination of the E3 ligase is responsible for coupled 
monoubiquitination of eps15 in vitro.
Although our results indicate that monoubiquitination of eps15 
is a function of the ability of its UIM to bind to mUb, the molecular 
mechanisms through which this happens are not immediately obvious. 
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Figure 2 Analysis of chimeric eps15-UIM proteins. (a, b) GST-fusion 
proteins containing the indicated UIMs were used in pulldown assays with 
monomeric ubiquitin (a), or with lysates from MG132-treated B82L cells 
(b). (c) Schematic representation of the eps15 chimerae used in this study. 
Replaced UIMs are numbered according to the amino acid position in the 
protein of origin. (d) HeLa cells were transfected with the chimeric proteins 
shown in c (all Flag-tagged) and treated with MG132. Total cellular proteins 

(800 µg) were immunoprecipitated and immunoblotted as indicated. 
(e, f) HeLa cells (e) or B82L cells (f) were transfected with the chimeric 
proteins shown in c and treated or not (+ or –) with EGF. Total cellular 
proteins: 0.8 mg in e; 2.5 mg in f. A second chimeric eps15-S5a molecule 
containing the first UIM of S5a (amino acids 211–230) was also used (in 
experiments as in e and f) with results comparable to those shown for the 
eps15-UIM2-S5a (data not shown).
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Several models have been put forward to explain the phenomenon of 
coupled monoubiquitination8 (Fig. 3a). These models are variously sup-
ported and/or argued against by published evidence8 (mostly obtained 
in living cells), but their formal verification is difficult because of the 
complexity of the molecular pathways involved in vivo. We reasoned that 
a highly controlled in vitro system may be adequate to compare these 
models to each other. It is worth noting that all models contain precise 
predictions that can be verified in an in vitro ubiquitination assay (see 

below). To set up such a system, we started from the observation that 
Nedd4 is an E3 ligase capable of ubiquitinating eps15 in vivo and in vitro11. 
Therefore, an in vitro system containing solely the enzymatic machinery 
(E1 + E2 + E3–Nedd4), plus ubiquitin and substrates, was used.

Initially, wild-type eps15 and two mutants, eps15L883A and eps15L885A, 
were selected as substrates. These mutants do not bind to mUb and are 
not ubiquitinated in vivo, but they display different binding properties 
to polyUb. Neither eps15L883A nor eps15L885A (nor a UIM-deleted eps15) 

E1

Nedd4
E2

GST−eps15 WT 2-874 L883A L885A
IB:

anti-GST

anti-Ub

c

Input

W
T

F4
A

I4
4A

anti-Ub

N4WBP5A
anti-Ub

anti-GST

anti-Ub

anti-GST

γ-ENAC

    WT F4AI44A −Ubiquitin

E1

Nedd4
E2

IB:

a

anti-GST

anti-Ub

e

WT F4AI44A −Ubiquitin

E1

Nedd4
E2

IB:

b

anti-Ub

IB:

Ub6-n

Ub2

Ub3

Ub4

Ub5

Nedd4

d

E3
Conventional

interface

E3

UIM scaffold UIM

UIM

UIM

UIM

DUB

E3

E3−isopeptide

E3

E3−thiolester

+
+

−
+
+

+
+
+

−
+
+

+

+
+

−
+
+

+
+
+

−
+
+

+
+
+

−
+
+

+
+
+

−
+
+

+ +
+

−
+
+

+
+
+

−
+
+

+
+
+

−
+
+

+
+
+

−
+
+

+

+
+

−
+
+

+
+
+

−
+
+

+

− +

Figure 3 Coupled monoubiquitination in an in vitro ubiquitination 
assay. (a) Schematic representation of models to explain coupled 
monoubiquitination: UIM scaffold, the UIM recruits free polyUb chains, 
thus facilitating their ligation en bloc, followed by trimming of the chain 
by deubiquitinating enzymes22; Conventional interface, the UIM serves 
as a conventional protein–protein interaction surface to contact an E3; 
E3–thiol ester, the UIM binds to the thiol ester-conjugated ubiquitin in 
the E3 (ref. 40) and the ubiquitin is then transferred to the substrate; 
E3–isopeptide, the E3 modified by ubiquitin–isopeptide conjugation, or 
by other ubiquitin-like modifiers (such as Nedd8), interacts with the UIM 

and transfers the thiol ester-conjugated ubiquitin to the ubiquitin receptor. 
Isopeptide-ubiquitin, red. Thiol ester–ubiquitin, yellow. (b) GST-fusions 
containing full-length eps15 or the indicated mutants were subjected to 
in vitro ubiquitination assays. (c) Free polyubiquitin chains are produced 
in the in vitro ubiquitination assays. One tenth of the supernatants from 
reactions with wild-type eps15 were loaded onto the Tricine–PAGE (11%) 
gel. (d, e) GST-fusions containing full-length γ-ENAC or N4WBP5A (d) or 
full-length eps15 (e) were subjected to in vitro ubiquitination assays using 
various wild-type ubiquitin, UBI44A or UbF4A, as indicated. 0.1% of the 
ubiquitin input is shown at the bottom of e. 
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could be monoubiquitinated (Fig. 3b). This result argues against the 
“UIM scaffold” model (Fig. 3a) given that pUb chains can form in the 
reaction (Fig. 3c), as this model would predict polyubiquitination of 
wild-type eps15 and of the L885A mutant.

A modified ubiquitin that cannot bind to UBDs (UbI44A) was then 
used, with another ubiquitin mutant UbF4A, which is capable of inter-
action with UBDs, as a control. Nedd4 was able to use either wild-
type ubiquitin, UbF4A or UbI44A to polyubiquitinate γ-ENAC (epithelial 
sodium channel) and N4WBP5A (Nedd4 WW-domain-binding pro-
tein 5a); the ubiquitination of these two substrates depends on the 
interaction between the WW domain of Nedd4 and a conserved PPxY 
motif on the substrate24–26, and does not require the presence in cis of a 
UBD (Fig. 3d). Although UbI44A was attached less efficiently than wild-
type ubiquitin to γ-ENAC and N4WBP5A (approximately threefold; 
see Supplementary Information, Fig. S2), its incorporation into these 
substrates was readily detectable (Fig. 3d). Conversely, UbI44A could not 
be incorporated into eps15 in the in vitro assay (Fig. 3e), even if the 
reaction was carried out for longer times and detected with maximal 
exposure of the film (data not shown). These results formally negate 
the “conventional interface” model (Fig. 3a), which does not predict 
any relevance for the binding surface of ubiquitin.

The models compatible with the data are, therefore, those relying on 
ubiquitin modification of the E3 ligase, that is, the “E3–thiol ester model” 
and the “E3–isopeptide model” (Fig. 3a). Both models are compatible 
with present knowledge, in that E3 ligases form thiol ester bonds with 
ubiquitin, but they can also be ubiquitinated8. In vitro, Nedd4 is capable of 

self-ubiquitination, thus fulfilling the requirements of the E3–isopeptide 
model. According to this, increasing the amount of covalently ubiquiti-
nated Nedd4 in the reaction should lead to increased monoubiquitination 
of eps15. Conversely, in the E3–thiol ester model, the reaction should be 
indifferent to the state of ubiquitin–isopeptide modification of Nedd4. 
Therefore, we pretreated Nedd4 with ubiquitin for 20 min in a ubiquitina-
tion reaction without the eps15 substrate. This resulted in an increase in 
ubiquitin–isopeptide–Nedd4, with respect to a control reaction (Fig. 4a) 
and in a dramatic increase in eps15 monoubiquitination (Fig. 4b). This 
was not due to an enhancement of the intrinsic catalytic activity of Nedd4, 
as both pretreated and non-pretreated Nedd4 were able to polyubiquiti-
nate N4WBP5A with comparable efficiency and time kinetics (Fig. 4c).

To exclude the possibility that the observed effects depended on the 
accumulation of thiol-ester bound Nedd4, the ubiquitinated Nedd4 was 
treated with the reducing agent, DTT — a condition that reduces thiol 
esters, but not isopeptide, bonds and that has been already used to reduce 
thiol ester bound ubiquitin in other HECT-E3 ligases, such as E6-AP27. 
No difference in the ability of Nedd4 to monoubiquitinate eps15 was 
detected between the reduced and non-reduced conditions (Fig. 4d). 
Notably, in reducing conditions most of Nedd4 seemed to be covalently 
linked to ubiquitin through an isopeptide bond (DTT resistant; Fig. 4e), 
whereas thiol ester bonds were efficiently reduced, as evident by the 
disappearance of ubiquitin–thiol ester–E1 (Fig. 4f).

As monoubiquitination of eps15 correlates exclusively with the abil-
ity to bind to mUb, we examined whether a monoubiquitinated Nedd4 
was sufficient to exert its function. The pretreatment experiment was 

a

anti-streptavidin

anti-GST

Eps15

5 10 15 30 5 10 15 30Time (min):
Not treated TreatedNedd4:

IB:

b

N4WBP5A

anti-GST

anti-streptavidin

5 10 15 30 5 10 15 30Time (min):
Not treated TreatedNedd4:

IB:

c

d

Time (min):

Not treated TreatedNedd4:

anti-Nedd4

IP:
anti-eps15

15

anti-eps15

anti-streptavidin

IB:

−
DTT:

5 15 5 15
− + + + − −

−
+
−

−
+

−
−− + −

5 15 5 15
− +

e

anti-Nedd4

IB:

DTT (treatment):
DTT (Laemmli):

Nedd4: Treated

anti-Ub

− f

anti-E1

IB:
anti-Ub

DTT (treatment):

DTT (Laemmli):

IP: anti-E1

anti-Ub

anti-Nedd4

IB:

IP: anti-Nedd4

Not tr
eated

Tre
ated

100

100

Mr(K)

Figure 4 In vitro ubiquitination assays with pretreated Nedd4. (a–c) Nedd4 
was pretreated or not with ubiquitin as described in the Methods. Nedd4 
was immunoprecipitated from aliquots (0.5 µg) of the reactions to control its 
ubiquitination state (a). The arrow indicates the monoubiquitinated form of 
Nedd4. After pretreatment, biotinylated ubiquitin and either GST–eps15 
(b), or GST–N4WBP5A (c) were added for the indicated times. (d) GST–
Nedd4 attached to GSH-beads was pretreated or not with ubiquitin. Beads 
were then incubated  (+) or not (–) with 100 mM DTT in ubiquitin buffer 
for 15 min at room temperature and extensively washed in YY buffer. Next, 
biotinylated ubiquitin and recombinantly produced and purified eps15 

were added for the indicated times. To assess eps15 ubiquitination, the 
supernatant of the reactions (containing eps15) was immunoprecipiated and 
immunoblotted as indicated. Nedd4 was eluted from the beads (in Laemmli 
buffer) and analysed to show equal amounts of Nedd4. (e, f) GST–Nedd4 
was pretreated as in d, then reactions were treated or not with DTT. Beads 
were recovered and washed in YY buffer and finally eluted in Laemmli buffer 
with or without DTT (e). The supernatant of the reactions (containing E1) 
was diluted 20 times in ubiquitin buffer and immunoprecipitated with an 
anti-E1 antibody (f) before immunoblotting. An uncropped image of d is 
shown in the Supplementary Information, Fig. S4.
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performed using a lysine-less ubiquitin (KO), which cannot form ubiq-
uitin chains. The use of this mutant led to an overall decrease in the 
efficiency of the in vitro reaction (Fig. 5a), most likely because the lysine-
less ubiquitin is used less efficiently by the enzymes (E1, E2 and E3) of 
the ubiquitination cascade28. However, the pretreatment of Nedd4 led 
to a substantial increase in its ability to monoubiquitinate eps15, even 
when the E3 is modified with a lysine-less ubiquitin (Fig. 5a, b). Thus, 
monoubiquitination, as opposed to polyubiquitination, of Nedd4 is suf-
ficient to ubiquitinate eps15.

In the E3–isopeptide model, substrate recognition is mediated by the 
interaction between the UIM and the isopeptide–ubiquitin attached to 
the E3. The model predicts that, once modified with wild-type ubiqui-
tin, Nedd4 should be able to transfer UbI44A to eps15. This prediction 
was confirmed by experiments illustrated in Fig. 6: when pretreated 
with wild-type ubiquitin, Nedd4 could transfer UbI44A or wild-type 
ubiquitin to eps15 with comparable efficiency (Fig. 6a). Conversely, 
modification with UbI44A essentially abolished the differences in effi-
ciency and time kinetics observed between pretreated and not pre-
treated enzymes (Fig. 6b).

Taken together, our results clearly show that the E3–isopeptide model 
is the only one that withstands experimental scrutiny, at least under our 
experimental conditions.

In vivo ubiquitination of Nedd4-family members correlates with 
their ability to monoubiquitinate eps15.
Nedd4 is a prototypical member of a large HECT family with a common 
modular architecture and possible redundant functions17. Prompted by 
our findings, we analysed a subset of these HECT ligases in vivo. In 
agreement with in vitro results, monoubiquitinated and, possibly multi- 
or polyubiquitined forms of Nedd4 family members were easily detect-
able, the sole exception being WWP2 (Fig. 7a). The same E3 ligases were 
tested for their ability to induce monoubiquitination of eps15. Although 
overexpression of Nedd4, Nedd4L, AIP4–ITCH and WWP1 promoted 
eps15 monoubiquitination, even in the absence of EGF stimulation, 
WWP2 was not able to do so (Fig. 7b).

These results indicate that there is a correlation between the ubiqui-
tination of Nedd4-family ligases and their capacity to execute ubiquiti-
nation of eps15 in vivo, strongly arguing in favour of the physiological 
relevance of E3 ubiquitination in the process of coupled monoubiquiti-
nation. In addition, they provided us with the opportunity of compar-
ing the efficiency of WWP2 and Nedd4 in the in vitro ubiquitination 
assay. In agreement with the in vivo studies, WWP2 could not undergo 
ubiquitination (Fig. 7c) or monoubiquitinate eps15 (Fig. 7d). However, 
WWP2 was competent as an E3, as shown by ubiquitination of its bona 
fide substrate, Oct-4 (ref. 29; Fig. 7d).

Altogether, these data provide a strong argument for an in vivo require-
ment for E3 ubiquitination to perform coupled monoubiquitination of 
UIM-containing substrates, at least in the context of the Nedd4-family 
and eps15 system.

DISCUSSION
UBDs vary wildly in their affinity for ubiquitin, in the type of ubiqui-
tin modification that they preferentially recognise and in their ability 
to sustain coupled monoubiquitination. Here, we provide insights into 
how this surprising variety of biochemical properties contributes to the 
cellular interpretation of ubiquitin-dependent signals, with particular 
regard to monoubiquitination and coupled monobiquitination.

First, we showed that monoubiquitination of eps15 depends on the 
intrinsic property of its UIM (or of surrogate UIMs) to interact with 
monomeric ubiquitin. It will be interesting to observe whether these con-
clusions can be extended to other ubiquitin receptors, carrying different 
UIMs or UBDs. In this regard we would caution that coupled ubiquitina-
tion may not be the sole mechanism leading to monoubiquitination, as 
monoubiquitinated proteins are known that seemingly do not contain 
UBDs30. At the biological level, however, our results present a number 
of interesting implications. In cellular processes relying on mUb-based 
transfer of information (such as internalisation and trafficking1,31), the 
presence of UIMs, and possibly of other UBDs that are capable of binding 
mUb, may enable ubiquitin receptors to recognise monoubiquitinated 
cargoes and to further transmit the signal through their own monou-
biquitination. This, in turn, may help to distinguish particular pathways 
among the plethora of ubiquitin-based signals, to maintain the ‘purity’ 
of the signal in the signalling route.

Second, we uncovered an unexpected function for ubiquitin in 
the regulation of substrate recognition by E3 ligases, by showing that 
ubiquitination of an E3 ligase confers the ability to the enzyme to 
execute coupled monoubiquitination. E3 ligases are responsible for 
the spatial and temporal selection of substrates, providing specificity 
to the ubiquitination process32. In addition, several ubiquitination 
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events are induced by signalling cascades2,4,33, therefore, the regula-
tion of E3 enzymes is an important issue. Recent findings indicated 
that protein phosphorylation can directly regulate the activity of E3 
ligases (reviewed in ref. 32). The regulation of E3s by ubiquitination 
reported here, unveils another mechanism for “regulating the regula-
tors”, allowing a greater degree of selectivity in substrate recognition. 
Whether the ubiquitination of E3 ligases is regulated in vivo and in 
what manner, has yet to be established. Our findings may help to 
rationalise why, in some cases, different E3 ligases are found in com-
plexes (such as Cbl with Nedd4 or with AIP4; refs 34, 35), as one ligase 
may ubiquitinate the other.

Finally, among the many outstanding questions, one begs to be 
addressed: what regulates mono- versus polyubiquitination in E3 
ligases that are equally competent for both types of reaction? As we 
have shown, Nedd4 is capable of catalysing both monoubiquitina-
tion of eps15 and polyubiquitination of γ-ENAC and N4WBP5A (see 
also refs 24, 25). Our in vitro data were obtained under conditions 
in which only E1, E2, Nedd4, ubiquitin and substrates were present, 
thus excluding the contribution of other cellular components (for 
example, deubiquitinating enzymes or putative E4-type molecules). 
Hence, the decision to mono- or polyubiquitinate must depend solely 
on the components present in the reaction mixture. One possible 
explanation is that when the E3 ubiquitinates a ubiquitin receptor, the 
UBD may fold back on the ubiquitin attached in cis, thus preventing 
elongation of the ubiquitin chain36 (see Supplementary Information, 
Fig. S3). However, this model is not completely compatible with the 
data showing that, when it is conjugated with wild-type ubiquitin, 
Nedd4 can efficiently monoubiquitinate eps15 with UbI44A (Fig. 6a). 
Under these conditions, the “fold back” model would more readily 
predict polyubiquitination of eps15, as UbI44A would not be expected 
to efficiently bind the folded back UIM.

Alternative explanations are possible (see Supplementary Information, 
Fig. S3) that would be more directly compatible with our results. 
In particular, we note that the UIM–ubiquitin interaction is of low 

affinity and that, therefore, a stable ubiquitinated E3–substrate complex 
is not predicted to form, and it is not detected11. Therefore, after catalysis, 
the contact between enzyme and substrate is rapidly lost. In subsequent 
cycles, a monoubiquitinated or a naïve substrate moiety would have equal 
probabilities of undergoing modification. Under rate-limiting conditions 
this should result almost exclusively in monoubiquitination. Clearly, the 
question of what directs the catalytic activity of an E3 ligase towards 
mono- or polyubiquitination warrants further investigation. 

METHODS
Reagents, constructs and cellular biochemical studies. EGF was purchased 
from Intergen (Oxford, UK). Lys 48- and Lys 63-linked pUb chains (2–7 ubiq-
uitin moieties), ubiquitin, ubiquitin-KO, biotinylated ubiquitin and E1, and 
UbcH6 were from BostonBiochem (Cambridge, MA). ATP and DTT were 
from Sigma (St Louis, MO); MG132 was from Affiniti Research Products 
(Exeter, UK). Antibodies and their suppliers were: anti-Ub (P4G7, Babco; 
Covance Research Products (Berkeley, CA ): anti-Flag (M2, Sigma); anti-
Flagaffinity gel (M2, Sigma); anti-GFP agarose beads (RQ2; MBL, Woburn, 
MA); streptavidin–HRP (Pierce, Rockford, IL); anti-phospho-Tyr (4G10, 
Upstate Biotechnology, Lake Placid, NY); anti-HA (16B12, Babco); anti-
Nedd4 (BD Transduction Laboratories, San Diego, CA); and anti-E1 (05-624, 
Upstate Biotechnlogy).

Point mutations and deletions in all eps15-based constructs were gener-
ated by site-directed mutagenesis. Constructs containing the UIMs of S5a 
(amino acids 196–306) were engineered by PCR. GST–Oct4 was generated 
by PCR starting from clone IRAKp961K04111Q (RZPD, Berlin, Germany). 
YFP–Nedd4L was purchased from RZPD (NM_015277). All constructs were 
sequence verified and details are available on request. All other constructs 
were previously described11,37–39.

Transfections were performed using Lipofectamine (Invitrogen). Cells 
were serum starved for 24 h and then stimulated with EGF (100 ng ml–1) 
at 37 oC for 10 min, where indicated. Lysis was performed in JS buffer 
(50 mM HEPES at pH 7.5, 1% glycerol, 50 mM NaCl, 1% Triton X-100, 
1.5 mM MgCl2, 5 mM EGTA) plus protease inhibitors. Immunoprecipitation 
and immunoblotting were performed as p reviously described10,11,23. In the 
experiment in Fig. 2d, immunoprecipitation was performed using fresh 
(non-frozen) lysates to maximise detection of polyUb-containing proteins 
with the various eps15-based constructs. In the experiment in Fig. 7a, lysis 
was performed in JS buffer plus 0.2% SDS, then lysates were frozen and 

UbI44A

WT

Eps15

anti-Ub

anti-GST

IB:

5 15 5 15 5 15

−    WT I44A

    WT

WT
a b

Eps15

anti-Ub

anti-GST

IB:
 5   15    5   15 Time (min):  5  15

    WT I44AUbiquitin:

Treated:

Time (min):

Ubiquitin:

Treated:WT

−

Nedd4
Nedd4

UbI44A

UIMUIM

Figure 6 Challenging the E3–isopeptide model. (a) Nedd4 was pretreated 
using limiting doses of wild-type ubiquitin (200 ng). After preloading, GST–
eps15 (2.5 µg) and wild-type ubiquitin or UbI44A (2.5 µg) or no ubiquitin 
were added for the indicated times. Detection was as indicated. (b) Nedd4 
was pretreated with the indicated ubiquitin (200 ng) and then GST–eps15 

(2.5 µg) and wild-type ubiquitin (2.5 µg) were added for the indicated 
times. Detection was as indicated. Note that the last sample is underloaded. 
Densitometric scans and normalisation for loaded proteins revealed 
comparable levels of eps15 monoubiquitination in the reactions performed 
with non-pretreated Nedd4 and Nedd4 pretreated with UbI44A.
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diluted four times in JS buffer before immunoprecipitation. Washes were 
performed in the presence of 0.1% SDS to avoid detection of ubiquitinated 
interacting proteins.

Ubiquitin-binding assays. For assays with cellular lysates, B82L or HeLa cells 
were treated for 6 h with MG132 (5 µm) and lysed in JS buffer. Total cellular 
protein (500 µg) was then incubated with GST fusion proteins (15 µg) at 4 °C for 
2 h, washed four times with JS buffer and analysed by immunoblot.

For assays with synthetic ubiquitins, Lys 48- or Lys 63-linked polyUb chains 
(400 ng) or ubiquitin (4 µg) were incubated at 4 °C for 2 h with 15 µg of GST-
fusion proteins in 100 µl of YY buffer (50 mM HEPES at pH 7.5, 10% glycerol, 
150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA), followed by four 
washes with YY buffer and analysis by immunoblot.

Ubiquitination assays. Nedd4, WWP2, wild-type ubiquitin, UbI44A and UbF4A 
were produced as GST-fusion proteins, cleaved and purified with the thrombin 
cleavage capture kit (Novagen, Darmstadt, Germany). Reaction mixtures con-
tained purified enzymes (100 ng E1, 100 ng purified His-tagged UbcH5B or 
UbcH6, 0.5 µg of Nedd4 or WWP2), 2.5 µg of the substrate (either full-length 
eps15 or mutants, or γ-ENAC, N4WBP5A or Oct-4, all produced as GST fusion 
proteins) and 2.5 µg of either wild-type ubiquitin, UbI44A or UbF4A or lysine-less 
ubiquitn in ubiquitination buffer (25 mM Tris–HCl at pH 7.6, 5 mM MgCl2, 
100 mM NaCl, 1 µm DTT, 2 mM ATP). Reactions were incubated at 30 °C for 
1 h, followed by four washes in YY buffer and detection by immunoblotting.

For assays with pretreated E3, 0.5 µg of Nedd4 was incubated with 100 ng E1, 
100 ng UbcH5B and 200 ng wild-type ubiquitin or various mutant at 30 °C for 

20 min. Subsequently, 2.5 µg of the substrate (either full-length GST–eps15 or 
GST–N4WBP5A) and 2.5 µg biotinylated ubiquitin were added. Reactions were 
incubated for different time periods, washed four times in YY buffer and detected 
using streptavidin–HRP.

For self-ubiquitination assays using GST–Nedd4 or WWP2, reaction mixtures 
contained 100 ng E1, 0.5 µg Nedd4 or WWP2, 250 ng biotinylated ubiquitin and 
100 ng His-tagged UbcH5B as E2 for Nedd4, or His-tagged UbcH6 as E2 for 
WWP2. Reactions were incubated at 30 °C for 30 min, followed by four washes 
in YY buffer and detection by immunoblotting.

Note: Supplementary Information is available on the Nature Cell Biology website.
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Figure 7 In vivo ubiquitination assays with Nedd4-family members. (a) HeLa 
cells were transfected with the indicated YFP-based constructs together with 
HA–Ub or empty vector. Immunoprecipitation (from 300 µg of lysates) and 
immunoblotting were as indicated. Arrows indicate the monoubiquitinated 
form of the E3 ligases. (b) HeLa cells were transfected with Flag-tagged 
eps15 and the indicated constructs Immunoprecipitation (from 750 µg of 
lysates) and immunoblotting were as indicated. Nedd4CA is the catalytically 

inactive mutant C867A. (c) GST-fusions containing full-length Nedd4 or 
WWP2 were subjected to in vitro self-ubiquitination assays using wild-type 
ubiquitin. The E2’s used were His-tagged UbcH5B for Nedd4 and Ubc6 for 
WWP2. Detection was as indicated. (d) GST-fusions containing full-length 
eps15 or Oct-4 were subjected to in vitro ubiquitination assays using either 
Nedd4 or WWP2, as indicated. Detection was as indicated. An uncropped 
image of a is shown in the Supplementary Information, Fig. S4.
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Figure S1 Binding of UIM mutants to synthetic polyUb K48- or K63-linked 
chains. The indicated GST-eps15 fusion proteins (aa 842-897) were 
incubated with polyUb chains (2 to 7 ubiquitin moieties) linked by K48 
(a) or K63 (b). Binding was assessed in IB with anti-Ub. The same blot 
was redecorated with an anti-GST antibody to show comparable loading. 
As evidenced, the various mutations had different impacts on binding to 
individual forms of polyUb (Ub2 , Ub3 , Ub4 etc.), which also varied for 
K48- or K63-linked chains. While the molecular bases for this phenomenon 
are unclear, we never detected 100% correlation between coupled 
monoubiquitination and ability to bind to a particular isoform of polyUb (not 

shown). Quantitation of binding to different forms of Ub (as summarized in 
Fig. 1a) was obtained by scanning/densitometry of the blots at two different 
exposures, followed by normalization for loaded proteins. In the case of 
data in Fig. 1b (reported in Fig. 1a as “bind. to lysate”), the intensity of the 
top band of the GST-fusion proteins (as obtained by Ponceau staining, and 
representing the not degraded full length GST fusion, in each case) was used 
for normalization. Absolute data were then converted to% of wt, for each 
individual protein. Experiments were repeated three times, and the final 
values (average of 3 independent experiments) were expressed as indicated 
in the legend to Fig. 1a.

Ub
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N4WBP5A

    WT I44Aubiquitin
Nedd4   -        +       +      +       -       +

IB:
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Figure S2 In vitro ubiquitination of N4WBP5A with Ub-wt or Ub-I44A. A 
GST-fusion protein, encoding full-length N4WBP5A was subjected to in vitro 
ubiquitination using Ub-wt or Ub-I44A (as in Fig. 3d of the main text). To 
better appreciate differences in the incorporation of Ub, 1/10 , 1/5 and 1/3 
of the reaction performed with Ub-wt was loaded on the gel, as indicated 

at the bottom. The reaction performed with Ub-I44A was loaded entirely 
(indicated at bottom as “1”). Detection was as indicated. Quantitation 
of the signals revealed a three-fold reduction in the polyubiquitination of 
N4WBP5A when the reaction was performed in the presence of Ub-I44A, 
with respect to Ub-wt.

© 2006 Nature Publishing Group 



S U P P L E M E N T A R Y  I N F O R M AT I O N

2  WWW.NATURE.COM/NATURECELLBIOLOGY

Properties of the 
substrates
(Fold back model)

Characteristics of the 
substrate:E3 interaction 
(weak vs. strong interaction)

Properties of the
E3-modified ligase

E3

UIM

UIM

E3

E3

UIM UIM

E3

UIM

E3

E3 E3

E3

UIM

E3 E3

UIM

UIM

UIM

UIM

a

b

c

Figure S3 Models for mono- vs. poly-ubiquitination by the same E3 ligase. 
An E3 ligase, such as Nedd4 , capable of catalysing polyubiquitination, 
might in some cases catalyse monoubiquitination, due to several possible 
molecular mechanisms, that are not necessarily mutually exclusive. Here, 
some possibilities are depicted. (a) Properties of the substrates (fold-back 
model). As proposed1 , the UIM might fold back on the Ub appended in 
cis, preventing elongation of the Ub chain (interactions in trans are also 
possible). (b) Properties of the Ub-modified E3 ligase. The Ub-modified 
E3 ligase might not be “processive” , thus leading to monoubiquitination. 
This might happen, for instance, because the E3 bound to a UIM-protein 
(shown in green) cannot be properly re-loaded by the E2 enzyme; or 
because, after the first cycle of catalysis, the substrate:E3 complex is in a 
conformation that prevents access of the thiol-ester Ub to the “branching” 
lysines on the Ub that is already appended to the substrate. When the E3 

binds to a substrate (shown in white) with modalities different from a Ub:
UIM interaction, the described constraints would not apply, thus leading to 
polyubiquitination. (c) Characteristics of the substrate:E3 interaction (weak 
vs. strong interaction model). The interaction between the UIM-protein 
(shown in green) and the Ub(isopeptide)-E3 is of low affinity, and a stable 
enzyme:substrate complex is not predicted to form (and indeed it is not 
detectable2). Thus, after the first cycle of catalysis, contact between enzyme 
and substrate is rapidly lost. In subsequent cycles, a monoubiquitinated 
or a unmodified substrate will have the same probability of undergoing 
modification. This should result, under rate-limiting conditions, almost 
exclusively in monoubiquitination. Conversely, if a stable enzyme:substrate 
complex forms (as in the case of the Nedd4:γ-ENAC or Nedd4:N4WBP5A 
complexes, which are mediated by WW domains, shown here in white), 
processive catalysis, leading to polyubiquitination can take place.
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Figure S4 Original scans. a full scan of Fig. 4d, upper panel. b full scan of 
Fig. 4d, middle panel. c full scan of Fig. 7a, upper panel. d full scan of 
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SUMMARY

Reflecting its pleiotropic functions, Polo-like kinase 1 (PLK1) localizes to various sub-cellular structures dur-
ing mitosis. At kinetochores, PLK1 contributes to microtubule attachments andmitotic checkpoint signaling.
Previous studies identified a wealth of potential PLK1 receptors at kinetochores, as well as requirements for
various mitotic kinases, including BUB1, Aurora B, and PLK1 itself. Here, we combine ectopic localization,
in vitro reconstitution, and kinetochore localization studies to demonstrate that most and likely all of the
PLK1 is recruited through BUB1 in the outer kinetochore and centromeric protein U (CENP-U) in the inner
kinetochore. BUB1 and CENP-U share a constellation of sequence motifs consisting of a putative PP2A-
dockingmotif and two neighboring PLK1-docking sites, which, contingent on priming phosphorylation by cy-
clin-dependent kinase 1 and PLK1 itself, bind PLK1 and promote its dimerization. Our results rationalize pre-
vious observations and describe a unifying mechanism for recruitment of PLK1 to human kinetochores.

INTRODUCTION

By catalyzing the post-translation phosphorylation of consensus
motifs on their targets, protein kinases regulate, in space and
time, countless biological processes (Ubersax and Ferrell,
2007). In the cell division cycle of eukaryotes, which ultimately re-
sults in cell duplication, several protein kinases have essential
regulatory roles (Novak et al., 2010). In single-celled eukaryotes,
including for Saccharomyces cerevisiae and Schizosaccharomy-
ces pombe, a single member of the cyclin-dependent kinase
family (CDK) is the ‘‘engine’’ of cell division. Progressive,
controlled activation of this CDK orders in time the duplication
of chromosomes during the S phase and their segregation during
mitosis (Novak et al., 2010). This general scheme is conserved in
multicellular eukaryotes, where additional CDKs with partly
redundant functions exist (Novak et al., 2010).
Although CDK activity directs the cell cycle, it also regulates

the activation of various other protein kinases that execute the
multitude of events required for cell division (Saurin, 2018).

Among them, Polo-like kinases represent a conserved family of
effector kinases that orchestrate key functions in mitosis and
cytokinesis (Archambault and Glover, 2009; Combes et al.,
2017; Zitouni et al., 2014). Genes encoding members of this ki-
nase family, cdc5 and polo, were first identified in genetic
screens in S. cerevisiae and Drosophila melanogaster, respec-
tively (Hartwell et al., 1973; Llamazares et al., 1991; Sunkel and
Glover, 1988). Polo orthologs were later identified in S. pombe,
Xenopus laevis, andmammals, where they were named, respec-
tively, Plo1, Plx1, and PLK1 (Clay et al., 1993; Golsteyn et al.,
1994; Holtrich et al., 1994; Kumagai and Dunphy, 1996; Mulvihill
et al., 1999; Ohkura et al., 1995). A requirement for Polo in mitotic
progression and bipolar spindle formation was first identified in
flies (Llamazares et al., 1991; Sunkel and Glover, 1988). In hu-
mans, PLK1 peaks between the G2 and M phases of the cell cy-
cle, when PLK1 occupies sub-cellular locations that include cen-
trosomes, kinetochores, microtubules, the central spindle, and
the midbody (Ahonen et al., 2005; Arnaud et al., 1998; De Luca
et al., 2006; Golsteyn et al., 1994, 1995; Goto et al., 2006; Lane

Molecular Cell 81, 67–87, January 7, 2021 ª 2020 The Author(s). Published by Elsevier Inc. 67
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

ll
OPEN ACCESS

mailto:andrea.musacchio@mpi-dortmund.mpg.de
https://doi.org/10.1016/j.molcel.2020.10.040
http://crossmark.crossref.org/dialog/?doi=10.1016/j.molcel.2020.10.040&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


D
M

SO
R

O
33

06

DAPI H3pS10 PLK1 CREST

D
M

SO
BI

25
36

DAPI CEP135 PLK1 CREST

DAPI BUB1 PLK1 CREST

M
oc

k
BU

B1
R

N
Ai
500 600

603
1000 200 300 400

PLK1 Kinase domain PB1 PB2

500 600
603

400
Polo Box Domain (PBD) PB1 PB2345

A

B

C

D

MBP-PLK
1P

BD

BUB1:B
UB3

BUBR1:B
UB3

MBP-PLK
1P

BD + B
UBR1:B

UB3

MBP-PLK
1P

BD  + B
UB1:B

UB3

No kinase
CDK1
PLK1

Mg2+

ATP

MBP-PLK1PBD

BUBR1

BUB3

BUB1

75

50

37

100

150

No kinase
CDK1
PLK1

Mg2+

ATP

MBP-PLK
1P

BD  + B
UB1:B

UB3

MBP-PLK
1P

BD + B
UBR1:B

UB3

MBP-PLK
1P

BD  + B
UB1:B

UB3

MBP-PLK
1P

BD

BUB1:B
UB3

BUBR1:B
UB3

MBP-PLK
1P

BD + B
UBR1:B

UB3

MBP-PLK
1P

BD  + B
UB1:B

UB3

MBP-PLK
1P

BD  + B
UB1:B

UB3

MBP-PLK
1P

BD + B
UBR1:B

UB3

MBP-PLK
1P

BD  + B
UB1:B

UB3

75

50

37

25

100
150

75

75

50

37

25

100
150

75

50

37

25

100
150

75

50

37

25

100
150

 MBP-PLK1PBD

BUB1

BUB3

BUB1

BUB3

 MBP-PLK1PBD

 MBP-PLK1PBD

BUB1

BUB3

 MBP-PLK1PBD

BUB1

BUB3

MBP-PLK1PBD

 MBP-PLK1PBD

 BUB1:BUB3

 MBP-PLK1PBD + BUB1:BUB3

 MBP-PLK1PBD + BUB1:BUB3 + CDK1 + PLK1

 MBP-PLK1PBD + BUB1:BUB3 + Mg2+-ATP

Elution volume (ml)

0

30

20

10

Ab
so

rb
an

ce
 a

t 2
80

 n
m

 (A
U

)

1.0 1.5 2.0

40

S6 5/150
MBP-PLK1PBD

BUB1:BUB3
MBP-PLK1PBD + BUB1:BUB3
MBP-PLK1PBD + BUB1:BUB3 + CDK1 + PLK1
MBP-PLK1PBD + BUB1:BUB3 + Mg2+-ATP

MBP-PLK1PBD

MBP-PLK1PBD

MBP-PLK1PBD

E

G

H

Coomassie Pro-QTM Diamond

********
DMSO RO3306

-0.2

0.0

0.2

0.4

0.6

0.8

PL
K1

/C
R

ES
T 

ra
tio

 (A
U

)

-0.2

0.0

0.2

0.4

0.6

0.8

DMSO BI2536

PL
K1

/C
R

ES
T 

ra
tio

 (A
U

)

BUB1/CREST
ratio (AU)

PLK1/CREST
ratio (AU)

-0.25

0.00

0.25

0.50

0.75

1.00

1.25

Mock BUB1 siRNA
****

****F

(legend on next page)

ll
OPEN ACCESS Article

68 Molecular Cell 81, 67–87, January 7, 2021



and Nigg, 1996; Lénárt et al., 2007; Liu et al., 2004; Neef et al.,
2003). At these locations, PLK1 participates in functions that
include mitotic entry, centrosome separation and maturation,
chromosome alignment, spindle checkpoint signaling, and cyto-
kinesis (Combes et al., 2017; Saurin, 2018).
PLK1 has an N-terminal catalytic Ser/Thr kinase domain and a

C-terminal Polo-box domain (PBD; Figure 1A). The kinase
domain phosphorylates target proteins on Ser or Thr within the
consensus motif [D/N/E/Y]-X-S/T-[F/F; no P]-[F/X], where F
and X indicate hydrophobic and any amino acid, respectively,
and residues in bold indicate strong preference (Alexander
et al., 2011; Dou et al., 2011; Hegemann et al., 2011; Heinrich
et al., 2013; Kettenbach et al., 2011; Nakajima et al., 2003).
The PBD (comprising residues 345–603 in human PLK1) includes
two polo box (PB) motifs (residues 411–489 and 511–592), inter-
vening residues, and part of the linker between the kinase
domain and PB1 (residues 373–410) (Cheng et al., 2003; Elia
et al., 2003b). The PBD mediates PLK1 localization and activa-
tion (Elia et al., 2003b; Hanisch et al., 2006; Jang et al., 2002a;
Lee et al., 1998; Lowery et al., 2007; Seong et al., 2002). It docks
onto a motif of binding partners characterized by the sequence
Ser-[pSer/pThr]-[Pro/X], where pSer and pThr indicate phos-
phorylated serine and threonine, respectively, and X can be
any residue (Elia et al., 2003a, 2003b). When X is proline (Pro),
the PBD-binding motif embeds the core phosphorylation target
of proline-directed kinases, such as CDK1, the main mitotic ki-
nase, which target Ser/Thr-Promotifs. Thus, CDK1 phosphoryla-
tion of these motifs generates binding sites for PLK1 (Elowe
et al., 2007; Lowery et al., 2007; Moshe et al., 2004; Watanabe
et al., 2004; Wong and Fang, 2007; Xu et al., 2013; Yamaguchi
et al., 2005; Yamashiro et al., 2008; Yoo et al., 2004). In addition,
the PBD may interact with non-phosphorylated motifs or with
motifs phosphorylated by PLK1 itself (self-priming). Self-priming
may become especially relevant after the decline of CDK activity
at anaphase (Burkard et al., 2009; Garcı́a-Alvarez et al., 2007;
Kang et al., 2006; Lee et al., 2014; McKinley and Cheeseman,
2014; Neef et al., 2003, 2007; Park et al., 2010; Wolfe et al.,
2009). Collectively, these interactions mediate the recruitment

of PLK1 to various subcellular locations (Archambault and
Glover, 2009; Combes et al., 2017; Zitouni et al., 2014) and, in
addition, contribute to stimulate its kinase activity by relieving
an intra-molecular interaction of the PBD and kinase domain
that stabilizes an inactive conformation of PLK1 (Mundt et al.,
1997; Xu et al., 2013). Activation of PLK1 also requires phosphor-
ylation by Aurora A or Aurora B, related kinases localizing,
respectively, at spindle poles and centromeres-kinetochores
on Thr210 of the PLK1 activation loop (Carmena et al., 2012;
Jang et al., 2002b; Johnson et al., 2008; Kelm et al., 2002; Kothe
et al., 2007; Mac"urek et al., 2008; Seki et al., 2008; Xu
et al., 2013).
Centromeres are chromosome loci that provide a foundation

for the kinetochore, a multi-subunit complex whose primary
function is the capture, through specialized machinery that in-
cludes the NDC80 complex (Cheeseman et al., 2006; DeLuca
et al., 2006; Pesenti et al., 2018). Microtubule binding to kineto-
chores is necessary but not sufficient for chromosome bi-orien-
tation and segregation. The latter requires a local, kinetochore-
and centromere-confined regulatory network of several mitotic
kinases, including CDK1, Aurora B, BUB1, MPS1, PLK1, their
many substrates, and counteracting protein phosphatases,
including PP1 and PP2A (Saurin, 2018). Treatments that interfere
with these regulators expose dramatic defects in chromosome
alignment. The network modulates the stability of kinetochore-
microtubule attachments, most notably, but not exclusively,
through multisite phosphorylation of NDC80 (Monda and
Cheeseman, 2018; Musacchio and Desai, 2017) and is thought
to respond to different levels of microtubule-generated forces
on mono-oriented (and incorrectly oriented) or bi-oriented chro-
mosomes, respectively (Nezi and Musacchio, 2009; Rago and
Cheeseman, 2013). How the force-sensing mechanism operates
is obscure, but Aurora B and PLK1 appear to oppose each other,
acting, respectively, to destabilize and stabilize the kinetochore-
microtubule interface (Foley et al., 2011; Liu et al., 2012).
Studying bi-orientation and its feedback control is enormously

challenging, not least because it is accomplished within the very
restricted volume of the kinetochore-centromere region, whose

Figure 1. BUB1 Is a Prominent Kinetochore Receptor of PLK1
(A) Scheme of human PLK1.

(B) HeLa cells were released from double-thymidine block into nocodazole (3.3 mM) to synchronize in prometaphase. Cells were exposed to DMSO or RO3306 for

10 min in the presence of MG132 before fixation. Representative cells for DMSO and RO3306 were immunostained for DAPI (DNA marker), H3pS10 (Aurora B

activity marker), PLK1, and CREST (kinetochore marker). Intensities from 436 kinetochores for DMSO-treated cells and 289 for RO3306 in five to six cells were

scored. Scale bar, 5 mm.

(C) HeLa cells, synchronized as in (B), were exposed to DMSO or BI2536 for 90min in the presence of MG132 before fixation. Cells were immunostained for DAPI,

CEP135 (centrosome marker), PLK1, and CREST. Yellow arrowheads highlight centrosomes. Intensities from 143 kinetochore for DMSO-treated and 291 for BI-

2536 treatment in four to five cells were scored.

(D) Dot plots representing PLK1/CREST intensity ratios for individual kinetochores. Statistical significance in all figures reflects Mann-Whitney test (see Method

Details). Error bars represent means ± standard errors of the mean.

(E) Representative images showing mock and BUB1-depleted HeLa cell immunostained for DAPI, BUB1, PLK1, and CREST.

(F) Dot plots representing PLK1/CREST kinetochore intensity ratio (black bars) and mean BUB1/CREST kinetochore ratio (gray bars) in the case of BUB1 RNAi.

Error bars represent means ± standard errors of the mean; 303 kinetochores for mock and 232 kinetochores for BUB1 RNAi in four to five different cells were

scored.

(G) Phosphorylation of input proteins of SEC experiment in (H) and Figure S3Bwere assessed by SDS-PAGE, followed by Coomassie or Pro-Q Diamond staining.

The same gels are also displayed in Figure S2A.

(H) Elution profile and SDS-PAGE analysis of an SEC run on a Superose6 5/150 column (S6 5/150) of the interaction of Alexa-488-labeled MBP-PLK1PBD with the

BUB1:BUB3 complex (5 mM each) in the presence of the indicated priming kinases (marked in red; used at 1/20 ratio). In-gel fluorescence of Alexa-488-labeled

MBP-PLK1PBD in the SEC fractions analyzed by SDS-PAGE is also shown. The orange arrows highlight MBP-PLK1PBD in each gel. The MBP-PLK1PDB control

elution profile and SDS-PAGE are also displayed in Figure S3A.
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nanoscale organization is incompletely understood. Specific
sub-localizations of the regulators within this restricted volume
establish short-range (tens or hundreds of nanometer) and dy-
namic spatial activity gradients that are likely to be crucial for
the tension-sensing mechanism (Krenn and Musacchio, 2015;
Lampson and Grishchuk, 2017). Before mechanistic insight
into these dynamics can be gained, how and where, in kineto-
chores, the different mitotic kinases and phosphatases are re-
cruited must be understood. Here, we elucidate kinetochore
recruitment of PLK1 in mitotic human cells. Previous work sug-
gested that this recruitment depends on a remarkably long list
of docking partners, including BUB1 and its paralog BUBR1,
CLASP2, INCENP, and survivin (subunits of the Aurora-B-con-
taining chromosome passenger complex [CPC]), SGO1 (a
CPC-, PP2A-, and cohesin-associated protein), dynactin,
NUDC (a regulator of dynein and LIS1), CLIP 170 (a microtu-
bule-binding protein), NCAPG2 (a condensin subunit), Meikin
(a meiotic protein), RSF1 (a chromatin remodeler), CENP-U
(also named CENP-50 or PBIP1, an inner kinetochore protein),
and USP16 (a deubiquitinase) (Amin et al., 2014; Goto et al.,
2006; Ikeda and Tanaka, 2017; Kang et al., 2006, 2011; Kim
et al., 2014, 2015; Lee et al., 2015; Maia et al., 2012; Matsumura
et al., 2007; Nishino et al., 2006; Pouwels et al., 2007; Qi et al.,
2006; Sun et al., 2012; Yeh et al., 2013; Zhuo et al., 2015). It is
unclear whether these proteins, individually, are bona fide recep-
tors of PLK1 or are, rather, part of a hierarchical regulatory
network that eventually converges on PLK1 recruitment to only
one or a few of them. In favor of the latter, although the receptors
listed above are scattered through the entire centromere and
kinetochore, PLK1 occupies a smaller, focused region of the
kinetochore (Lénárt et al., 2007; Lera et al., 2016), suggesting a
specific interaction with one or a few confined receptors. Even
within this confined localization, regulation of PLK1 binding
may be complex. For instance, although a role of CDK1 in the
recruitment of PLK1 to BUB1 and BUBR1 is well established,
PLK1 has also been proposed to bind CENP-U in mitosis simply
through self-priming (Kang et al., 2006, 2011).

Here, we demonstrate physical interactions of PLK1 with
BUB1, BUBR1, and CENP-U and show that CENP-U may be
the sole, prominent PLK1 receptor within the kinetochore core.
Aurora B and BUB1 promote PLK1 binding to CENP-U, but their
requirement is indirect and can be bypassed. Importantly, bind-
ing of PLK1 to CENP-U is strictly dependent on priming CDK1
activity, which promotes robust PLK1 docking through PLK1
dimerization on Thr78 (T78), previously identified as the PLK1
self-priming site (Kang et al., 2006, 2011), and Thr98. A
conserved and unique constellation of binding motifs in BUB1,
BUBR1, andCENP-U suggests a unifying view of the PLK1 kinet-
ochore recruitment mechanism.

RESULTS

Role of PLK1, CDK1, and BUB1 in Kinetochore
Recruitment of PLK1
PLK1 interacts with binding partners through self-priming or
through CDK1 priming activity (Lowery et al., 2005). To test
whether PLK1 or CDK1 promote kinetochore recruitment of
PLK1 in HeLa cells, we individually inhibited them in mitotically

arrested cells (nocodazole, 3.3 mM) with highly selective small-
molecule inhibitors of PLK1 (BI2536, used at 100 nM) or CDK1
(RO3306, 9 mM) (Lénárt et al., 2007; Vassilev et al., 2006) and
analyzed kinetochore localization at 10, 30, and 90 min in the
presence of the proteasome inhibitor MG132 (10 mM) to prevent
mitotic exit (Figures S1A–S1G). Both inhibitors caused a very
prominent reduction of kinetochore PLK1, as assessed by
immunofluorescence (Figures 1B–1D). BI2536 depleted PLK1
not only from kinetochores but also from mitotic centrosomes,
as described (Lénárt et al., 2007).
Kinetochore recruitment of PLK1 requires at least two addi-

tional kinases, BUB1 and Aurora B (subunit of the CPC) (Goto
et al., 2006; Qi et al., 2006; Sun et al., 2012). Indeed, depletion
of BUB1 by small interfering RNA (siRNA) interference (Fig-
ure S1H; validated by disappearance of the H2A-pT120 mark
in Figure S1I) largely depleted PLK1 from kinetochores (Figures
1E and 1F). Thus, recruitment of PLK1 to kinetochores requires
the kinase activity of CDK1 and PLK1 and at least the presence
of BUB1. Phosphorylation of BUB1 and BUBR1 by CDK1 kinase,
respectively, on Thr609 and Thr620, which lie within Ser-Thr-Pro
(STP) motifs, preludes PLK1 recruitment (Elowe et al., 2007;
Huang et al., 2008; Qi et al., 2006; Wong and Fang, 2007). In ki-
nase assays in vitro, recombinant BUB1:BUB3 incubated with
Mg2+-ATP only strongly auto-phosphorylated, as revealed by
shifts in the electrophoretic mobility in SDS-PAGE and staining
of phosphorylated proteins with Pro-Q Diamond (Figures 1G
and S2A). BUB1 became even more strongly phosphorylated
in the presence of sub-stoichiometric concentrations of priming
CDK1 and PLK1 (in this and other experiments, priming kinases
were used at 1/10 to 1/30 ratio to their substrate; in figures, prim-
ing kinases are marked in red). BUBR1:BUB3, which does not
auto-phosphorylate (unpublished data; Breit et al., 2015; Suijker-
buijk et al., 2012a), also became phosphorylated with priming
CDK1 and PLK1, albeit less than BUB1:BUB3 (Figures 1G
and S2A).
Next, we combined primed BUB1:BUB3 or BUBR1:BUB3with

a fluorescently labeled fusion of maltose-binding protein (MBP)
and the PLK1 Polo-box domain (MBP-PLK1PBD; Figure 1A),
which is sufficient for kinetochore targeting. To detect binding,
the mix was analyzed by size-exclusion chromatography
(SEC). Both BUB1:BUB3 and BUBR1:BUB3 formed stoichio-
metric complexes with Alexa-488-labeled MBP-PLK1PBD, but
only after treatment with priming CDK1 and PLK1 (Figures 1H
and S3A). Without priming kinases, addition of Mg2+-ATP did
not promote binding to MBP-PLK1PBD, indicating that despite
considerable auto-phosphorylation BUB1 kinase activity is not
required for binding to MBP-PLK1PBD. These observations are
in line with previous work on the role of BUB1 and BUBR1 as
PLK1 receptors (Cordeiro et al., 2020; Elowe et al., 2007; Qi
et al., 2006) and show that CDK1 and PLK1 prime BUB1 and
BUBR1 to become direct binding partners of PLK1PBD.

Aurora B and BUB1 Contribute Indirectly to PLK1
Recruitment
MPS1 phosphorylates KNL1 to generate binding sites for BUB1
(and, indirectly, through the latter for BUBR1) (Krenn et al., 2014;
Overlack et al., 2015; Vleugel et al., 2013). In agreement with
those previous studies, inhibition of MPS1 with Reversine
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(Santaguida et al., 2010) led to a strong decrease of BUB1 kinet-
ochore levels (Figures S4A and S4B), concomitant with the pre-
viously reported increase of MPS1 kinetochore levels (Santa-
guida et al., 2010) (Figures S4C and S4D). The kinetochore
levels of PLK1 correlated with those of BUB1, with reduced
but residual kinetochore localization (Figures S4E and S4F).

Next, we tested a requirement for Aurora B in PLK1 kineto-
chore recruitment. The selective Aurora B inhibitor hesperadin
(500 nM) (Hauf et al., 2003) ablated H3-pS10 (phosphorylated
Ser10 of Histone H3, a mitotic substrate of Aurora B [Hsu
et al., 2000]). PLK1 levels were significantly reduced in compar-
ison to DMSO-treated control cells, indicating that Aurora B is
also required for kinetochore recruitment of PLK1 (Figures S2B
and S2C). Aurora B may control PLK1 recruitment in various
ways. First, Aurora B is required for kinetochore recruitment of
BUB1 (Morrow et al., 2005), which, in turn, recruits PLK1. Sec-
ond, Aurora B exercises homeostatic control of the levels of
kinetochore phosphorylation by controlling the major human
mitotic phosphatases PP1 and PP2A (reviewed in Joukov and
De Nicolo, 2018, and Saurin, 2018). Interference with Aurora B
activity might, therefore, cause ectopic activation of phospha-
tases that counteract PLK1 kinetochore recruitment through hy-
drolysis of phosphosites required for PLK1 docking. Third,
Aurora B phosphorylates the activation loop of PLK1, activating
it (Carmena et al., 2012; Shao et al., 2015).

To dissect these complex interdependencies, we focused on
PP1 and PP2A, both of which are inhibited by okadaic acid
(OA) (Bialojan and Takai, 1988). We treated mitotic HeLa cells
with hesperadin, OA (100 nM), or their combination in nocoda-
zole and MG132. After 90 min, cells were fixed and processed
for immunofluorescence. In isolation, OA caused a marked in-
crease of kinetochore PLK1 and AurB-pT232 (an Aurora B
auto-phosphorylation site (Sessa et al., 2005)). OA also rescued
the detrimental effects of Aurora B inhibition, allowing kineto-
chore accumulation of PLK1 in hesperadin-treated cells to levels
almost comparable to those in DMSO-treated cells (Figures 2A
and 2B). This was not due to re-activation of Aurora B because
the levels of AurB-pT232 remained low (Figures 2A and 2B).
Similarly, and in agreement with previous studies (De Antoni
et al., 2012), Aurora B kinetochore levels were not affected by
hesperadin, OA, or their combination (Figures S4G and S4H).
Thus, PLK1 can be recruited to kinetochores when Aurora B is
inhibited, if the phosphatase activity is also suppressed. This

suggests that Aurora B is not directly required for PLK1 kineto-
chore recruitment. Rather, its requirement may reflect regulation
of phosphatases that control the abundance of phospho-epi-
topes directly or indirectly involved in PLK1 recruitment.
We addressed the role of CDK1 and PLK1 using the same

assay. As already shown (Figures 1B–1D), BI2536 or RO3306
strongly counteracted kinetochore recruitment of PLK1 (Figures
2C, 2D, and S1A–S1F). In addition, RO3306 strongly inhibited the
accumulation of AurB-pT232, probably because CDK1 activity is
required for efficient CPC recruitment to centromeres and kinet-
ochores (Krenn and Musacchio, 2015). Importantly, OA did not
promote re-accumulation of PLK1 at kinetochores in the pres-
ence of BI2536 or RO3306, suggesting that the activity of both
CDK1 and PLK1 is directly required for PLK1 kinetochore recruit-
ment (Figures 2C, 2D, and S1J). Indeed, PLK1 almost disap-
peared from mitotic kinetochores in HeLa cells co-treated with
BI2536 or RO3306 (Figures 2E and 2F).

Another Kinetochore Binding Site for PLK1
BUB1 is required for kinetochore localization of BUBR1 (Over-
lack et al., 2015), possibly explaining why BUBR1 depletion
has no major consequences on kinetochore PLK1 (Cordeiro
et al., 2020; Elowe et al., 2007). BUB1 also contributes to a pos-
itive feedback loop that promotes localized accumulation and
activation of Aurora B (Baron et al., 2016; Caldas et al., 2013;
Hindriksen et al., 2017; Liu et al., 2013; van der Waal et al.,
2012; Wang et al., 2011). Indeed, depletion of BUB1 by RNAi
prevented accumulation of the active form of Aurora B (Fig-
ure 2G, middle). This raises a conundrum because it implies
that depletion of BUB1, in addition to removing binding sites
for PLK1 on BUB1 and BUBR1, may also interfere with other
Aurora-B-dependent interactions of PLK1, even if only indirectly
through control of protein phosphatases. To test that, we re-
sorted to a CENP-B-INCENP-EGFP chimera (CB-INCENP-
EGFP; Figure S2D) (Liu et al., 2009), in which the centromere-tar-
geting domain of CB is fused to INCENP, a CPC subunit required
for Aurora B localization and activation (Adams et al., 2000;
Kaitna et al., 2000). Expression of CB-INCENP-EGFP in BUB1-
depleted cells largely restored the levels of AurB-pT232 (Figures
S2E–S2G). Remarkably, it also promoted kinetochore localiza-
tion of PLK1 to levels almost comparable to control cells (Figures
2G, bottom, S2F, and S2G), revealing that another kinetochore
receptor for PLK1 must exist, in addition to BUB1 and BUBR1.

Figure 2. PLK1 and CDK1 Activity Is Required for Kinetochore Recruitment of PLK1
(A) Representative images of pro-metaphase-synchronized HeLa cells treated with DMSO, hesperadin (500 nM, here and elsewhere), okadaic acid (100 nM, here

and elsewhere), or hesperadin plus okadaic acid for 90 min with MG132. Cells were immunostained for DAPI, Aur-pT232, PLK1, and CREST.

(B) Dot plots of PLK1/CREST (left) or AurB-pT232/CREST (right) intensity ratio for individual kinetochores; 734 kinetochores for DMSO, 689 for hesperadin, 684 for

okadaic acid and 650 for hesperadin + okadaic acid-treated cells in eight to 12 different cells were scored. Error bars, means ± standard errors of the mean.

(C) Representative pro-metaphase-synchronized HeLa cells treated with DMSO, BI 2536, RO3306, okadaic acid, and RO3306 or BI 2536 plus okadaic acid for

90 min (10 min in the case of RO3306) in the presence of MG132. Cells were immunostained for DAPI, AurB-pT232, PLK1, and CREST. Scale bar, 5 mm.

(D) Dot plots representing PLK1/CREST (left) and AurB-pT232 over CREST (right) intensity ratios for individual kinetochores; 382 to 1,298 individual kinetochores

in seven to 17 different cells were scored. The red line indicates means ± standard deviation. Additional controls in Figure S1J.

(E) Representative images of prometaphase synchronized HeLa cells treated with DMSO (control), RO3306, BI2536, or RO3306 + BI2536, stained with DAPI,

AurB-pT232, PLK1, and CREST. Scale bar, 5 mm.

(F) Dot plots of AurB-pT232/CREST (left) or PLK1/CREST (right) intensity ratios for individual kinetochores. Error bars represent means ± standard errors of the

mean; 426–541 individual kinetochores in seven to 11 different cells were scored.

(G) Representative images showing mock, BUB1-RNAi alone, or concomitantly expressing doxycycline-inducible CB-INCENP-EGFP in HeLa cells. Cells were

immunostained for DAPI, PLK1, and phosphorylated T232 residue of Aurora B (AurB-pT232). EGFP reflects CB-INCENP expression. Scale bar, 5 mm.
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PLK1 recruitment to this additional receptor(s) was strictly
dependent on Aurora B activity because it was strongly inhibited
by hesperadin (Figure S2H).

PLK1 Binds to the Core Kinetochore
To identify the additional PLK1 receptor(s), we reconstituted re-
combinant kinetochore particles (rKTs) containing 22 subunits,
most of inner and outer kinetochore proteins (Figure S5A; note
that, for these reconstitutions, we used a C-terminal fragment
of KNL1 devoid of BUB1 or BUBR1 binding sites) (Pesenti
et al., 2018; Weir et al., 2016). We combined the rKT with
MBP-PLK1T210A, a recombinant fusion of MBP with an inactive
(or very poorly active) mutant of PLK1 (Jang et al., 2002b; Kelm
et al., 2002). Aurora B, BUB1, PLK1, and CDK1 were then incu-
bated with rKTs as putative priming kinases, and the resulting
mixes were analyzed by SEC. When MBP-PLK1T210A was com-
bined with rKTs without priming kinases, its elution volume did
not shift (Figure 3A). Conversely, a complete shift in elution vol-
ume was observed with priming kinases, indicating that they
generate binding sites for MBP-PLK1T210A on the rKT. Pro-Q
Diamond staining revealed background levels of phosphoryla-
tion on some rKT subunits, which are generated in insect cells
(Figure 3B). Priming kinases caused prominent increases in
phosphorylation on only a few rKT subunits, most notably
CENP-C (represented by its first 544 residues, CENP-C1–544),
CENP-U, and the MBP-PLK1T210A fusion itself (Figures 3B
and S5B).

With the exception of BUB1:BUB3, the other kinases phos-
phorylated the rKT individually (Figure S5B). To bypass the con-
founding factor that PLK1T210A may deliver residual kinase activ-
ity at stoichiometric concentrations, we repeated the binding
experiments with fluorescent MBP-PLK1PBD, testing its interac-
tion with rKT in the presence of individual priming kinases (Fig-
ure S3B). Occasionally, the CENP-OPQUR sub-complex de-
taches from the rKTs in SEC runs and elutes in a separate
peak of larger elution volume. Remarkably, priming phosphory-
lation by PLK1 or CDK1, but not by Aurora B or BUB1:BUB3, pro-
moted co-elution of MBP-PLK1PBD with this CENP-OPQUR
peak (Figure S3B). Thus, we asked whether PLK1 also interacts
with the CENP-OPQUR complex in the absence of other rKT
subunits. At equimolar concentrations (5 mM), theMBP-PLK1PBD

and the 5-subunit CENP-OPQUR complex (Pesenti et al., 2018)
did not co-elute from a SEC column, whereas a stoichiometric
complex was assembled after pre-incubation with priming ki-
nases (Figure S3C). Further SEC analyses demonstrated that
the CENP-QU sub-complex was sufficient for a phosphoryla-

tion-dependent interaction with MBP-PLK1PBD (Figure 3C),
whereasMBP-PLK1PBD did not bind the CENP-OP sub-complex
(Figure S3D). Individual CENP-OPQUR subunits are unstable
and could not be tested (Pesenti et al., 2018).
Within CENP-OPQUR, CENP-U is a target of priming PLK1,

CDK1, or Aurora B (but not BUB1) and is even more pervasively
phosphorylated after their combination (Figures 3B, S5B, and
S5C). When we pre-incubated the CENP-OPQUR complex
with individual priming kinases, only PLK1 (mildly) or CDK1
(strongly) stimulated binding of MBP-PLK1PBD to CENP-OP-
QUR, whereas Aurora B and BUB1 did not (Figure S5D). Thus,
CDK1, and to a lesser extent PLK1, create binding sites for the
MBP-PLK1PBD on CENP-QU in vitro.
RNAi-based depletion of CENP-Q prevents kinetochore

recruitment of the entire CENP-OPQUR without affecting other
kinetochore subunits (Pesenti et al., 2018). It also caused a
strong reduction of PLK1 kinetochore levels (Figures 3D and
3E). RNAi-based depletion of CENP-Q was not uniform in the
cell population, but there was good correlation between residual
CENP-Q andPLK1 levels at kinetochores (Figures S6A and S6B).
We surmise, however, that in addition to possible variations in in-
dividual cells, residual kinetochore PLK1 under these conditions
is recruited by BUB1 (and BUBR1), whose levels are unaffected
by CENP-OPQUR depletion (Figures S2I–S2L).

Recruitment of PLK1 to CENP-U at an Ectopic Site
Thr78 of CENP-UPBIP1 has been previously identified as a PLK1
target and docking site (Kang et al., 2011; Kang et al., 2006; Ket-
tenbach et al., 2011). Thus, we initially focused on CENP-U to
investigate the molecular basis of PLK1 docking. Human
CENP-U consists of 418 residues (Figure S6C). Its N-terminal
!115 residues, which have a high-disorder probability and
may be unstructured, are not required for kinetochore localiza-
tion, because a chimeric CENP-U construct encompassing res-
idues 115–418 fused to eGFP was sufficient for kinetochore
recruitment. Conversely, a GFP chimera encompassing CENP-
U1–114 failed to reach kinetochores (Figure 4A).
We asked whether chimeric constructs containing CENP-U or

its fragments fusedwith the LacI repressor were sufficient for tar-
geting PLK1 to an ectopic array of LacO operator sites in an en-
gineered U2OS cell line (Janicki et al., 2004). Full-length (FL)
CENP-U or deletion constructs of CENP-U tagged with LacI-
EGFPwere transiently expressed in these cells for 48 h. Nocoda-
zole (330 nM) was then added for 15–16 h to synchronize cells in
mitosis. All LacI-EGFP-CENP-U constructs localized to the
ectopic LacO array (Figure 4B). LacI-EGFP-CENP-U1–418

Figure 3. PLK1 Binds CENP-U in the Core Kinetochore
(A) Elution profile and SDS-PAGE analysis of analytical SEC runs on a Superose 6 increase 5/150 (S6 5/150) column. A mixture of rKT (5 mM) andMBP-PLK1T210A

(5 mM) was treated without or without CDK1:cyclin-B, PLK1, Aurora B, and BUB1 (used at 1/20 ratio to target proteins). The orange arrows indicate MBP-

PLK1T210A.

(B) Phosphorylation of input proteins of the SEC experiment in (A) was assessed by SDS-PAGE, followed by Coomassie or Pro-Q Diamond staining.

(C) Elution profile and SDS-PAGE analysis of analytical SEC runs on a Superdex 200 increase 5/150 (S200 5/150) column of a mixture of CENP-QU subcomplex

(5 mM) and MBP-PLK1PBD (5 mM) with or without the same kinases used in (B). Orange arrows highlight MBP-PLK1PBD. The MBP-PLK1PDB control is also dis-

played in Figure S3C.

(D) Representative cells ofmock andCENP-Qdepleted (using RNAi) HeLa cells immunostained for DAPI, CENP-QUcomplex, PLK1, andCREST. Scale bar, 5 mm.

Small insets frame kinetochores in individual channels.

(E) Dot plots representing PLK1/CREST (black bars) or CENP-QU/CREST (gray bars) kinetochore intensity ratios. Error bars represent means ± standard errors of

the mean. A total of 377 kinetochores for mock and 257 kinetochores for CENP-QU-depleted cells in five to six cells were scored.

ll
OPEN ACCESS Article

74 Molecular Cell 81, 67–87, January 7, 2021



DAPI EGFP PLK1 CREST
DAPI/EGFP/
PLK1/CREST

1-
41

8 
(F

L)
1-

11
4

11
5-

41
8

1-
57

58
-1

14
La

c-
I-

EG
FP

La
cI

-E
G

FP
-C

EN
P-

U

A

0 

0.2 

0.4 

0.6 

0.8 

1.0 

PLK1/EGFP
(Normalized to FL) 

La
cI

-E
G

FP
-C

EN
P-

U

D

EG
FP

-C
EN

P-
U 1-

41
8 

(F
L)

1-
11

4
11

5-
41

8

DAPI EGFP

B

 rKT + MBP-PLK1210A + CDK1 + PLK1

 rKT-U∆1-114 + MBP-PLK1210A + CDK1 + PLK1

 MBP-PLK1210A

100
75

100
75

50

25

20
15

37

MBP-PLK1T210A

CENP-C1-544

NDC80/CENP-I57-C

CENP-U

CENP-M
CENP-R

KNL11995-2316/ZWINT
CENP-N/NSL1
CENP-H/L/K/O

CENP-P
CENP-Q

NUF2

MIS12
PMF1

SPC24
SPC25

DSN1

100
75

50

25

20
15

37

MBP-PLK1T210A

CENP-M
CENP-R

CENP-N/NSL1
CENP-H/L/K/O/U∆114-C

CENP-P
CENP-Q

NUF2

MIS12
PMF1

SPC24
SPC25

DSN1

Ab
so

rb
an

ce
 a

t 2
80

 n
m

 (A
U

)

S6 5/150
 MBP-PLK1210A

 rKT-U∆1-114 + MBP-PLK1210A + CDK1 + PLK1

Elution volume (ml)
1.0 1.5 2.0

20

40

60

80

 rKT + MBP-PLK1210A + CDK1 + PLK1

CENP-C1-544

NDC80/CENP-I57-C

C

E

Alexa/CREST ratio (AU)

58
-11

4
1-5

711
5-4

18
1-1

141-4
18

 (F
L)

LacI
EGFP

Alexa 488
CREST

DNA

PLK1
CREST

DNACRESTPLK1Alexa 488

O
Q

U
R

N
A

i

El
ec

tro
po

ra
te

d 
sa

m
pl

es
O

PQ
U∆

1-
11

4 R
Al

ex
a4

88
Al

ex
a4

88
+

+
+

-

Electroporated 
samples

Alexa 488

Alexa 488

CENP-OPQUR

CENP-OPQU∆1-114R

-

+

+

+

O
Q

U
si

R
N

A

PLK1/CREST ratio (AU)
F

-2
.5 0.0 2.5 5.0 7.5

-2
.5 0.0 2.5 5.0 7.5

Electroporated 
samples

Alexa 488

Alexa 488

CENP-OPQUR

CENP-OPQU∆1-114R

-

+

+

+

O
PQ

UR

MBP-PLK1T210A

**
**

**
**

*

KNL11995-2316/ZWINT

(legend on next page)

ll
OPEN ACCESSArticle

Molecular Cell 81, 67–87, January 7, 2021 75



promoted effective recruitment of PLK1 to the ectopic site,
whereas LacI-EGFP-CENP-U115–418 did not (Figures 4B, 4C,
and S6D). Conversely, LacI-EGFP-CENP-U1–114 was sufficient
for ectopic localization of PLK1 (Figures 4B and 4C). To map
the PLK1 binding site even more precisely, we trimmed CENP-
U1–114 into two segments, CENP-U1–57 and CENP-U58–114.
CENP-U58–114 was sufficient to recruit PLK1 to the ectopic
LacO array (Figures 4B, 4C, and S6E). Further trimming resulted
in two segments, CENP-U58–85 and CENP-U86–114, which were
unable to recruit PLK1 (Figure S6F). Thus, CENP-U58–114 is
necessary and sufficient for the interaction of PLK1 to an ectopic
chromosome site (Figure S6G).

CENP-U Is the Sole PLK1 Receptor of Reconstituted
Kinetochores
In SEC experiments, recombinant CENP-OPQUR lacking the
CENP-U N-terminal region (CENP-OPQUD1–114R) did not co-
elute withMBP-PLK1PBD in the presence of priming kinases (Fig-
ure S7A). As in Figure 3A, MBP-PLK1T210A co-eluted with rKTs
phosphorylated by mitotic kinases but failed to co-elute with
rKTs reconstituted with CENP-OPQUD1–114R (Figure 4D). Thus,
the N-terminal region of CENP-U contains the only prominent
binding site for PLK1 within rKTs. The phosphorylation pattern
of wild-type (WT) and mutant rKTs showed that wild-type
CENP-U was effectively phosphorylated, whereas CENP-
UD1–114 was not (Figure S7B), suggesting that MBP-PLK1T210A

interacts directly with the N-terminal fragment of CENP-U after
its phosphorylation by CDK1 and PLK1. Thus, we depleted the
CENP-OPQUR complex by RNAi (Method Details; Figures
S6H–S6J) and replaced it with electroporated recombinant
Alexa-488-labeled CENP-OPQUR complexes containing
CENP-UWT or CENP-UD1–114 (Figures 4E and 4F). As expected,
the CENP-UWT-containing complex, but not the CENP-UD1–114-
containing complex, restored high PLK1 kinetochore levels.

BUB1, BUBR1, and CENP-U as the Only PLK1 Receptors
in the Core Kinetochore
Forced kinetochore localization of the CPC restores high kineto-
chore levels of PLK1 in the absence of BUB1 (Figure 2). A rescue
of PLK1 levels in BUB1-depleted cells was also observed upon
addition of OA (Figures 5A and 5B), linking PLK1 depletion to

dysregulation of phosphatase activity when the BUB1-Aurora
B axis is perturbed. Thus, BUB1 has a dual role as a direct
PLK1 receptor and as a fulcrum of a confined, but poorly under-
stood, homeostatic phosphorylation network whose abrogation
enhances phosphatase activity. Counteracting the latter with OA
exposes additional kinetochore receptors of PLK1, at least one
of which is CENP-U (Figures 3D, 3E, 5A, and 5B). If CENP-U
were the only remaining PLK1 receptor at kinetochores, then,
its depletion when the BUB1 axis is disrupted in the presence
of OA ought to ablate PLK1 recruitment entirely. In agreement
with that, double-depletion of BUB1 and of the CENP-OPQUR
complex resulted in complete loss of the kinetochore PLK1.
The kinetochore levels of PLK1 under those conditions were
comparable to those observed when only BUB1 had been
depleted. In contrast with the latter condition, however, no
rescue of PLK1 was observed in the double depletion of BUB1
and CENP-OPQUR after addition of OA, indicating that there
are no additional major PLK1 receptors (Figures 5A, 5B, and
S6K). Conversely, depletion of BUBR1 led to an only marginal
co-depletion of kinetochore PLK1, in agreement with previous
studies (Cordeiro et al., 2020; Elowe et al., 2007; Ikeda and Ta-
naka, 2017). We conclude that BUB1 and CENP-U represent
the two main kinetochore recruitment axes for PLK1 in nocoda-
zole-arrested cells.

Role of Thr78 and Thr98 in Kinetochore Recruitment
of PLK1
No binding of MBP-CENP-U58-114 to PLK1PBD was observed in
SEC experiments in the absence of priming kinases (Figure S7C),
but pre-phosphorylation of MBP-CENP-U58-114 with CDK1 led to
complex assembly. Addition of PLK1 promoted a more modest
shift in the elution profile of MBP-CENP-U58-114 and PLK1PBD,
suggesting a weak interaction, whereas combination of priming
PLK1 and CDK1 caused a robust shift (Figure S7C). Thus, resi-
dues 58–114 of CENP-U are sufficient to bind the PBD of PLK1
through CDK1 priming. Although MPS1 and PLK1 share similar
target sequences (Dou et al., 2011), MPS1 did not phosphorylate
MBP-CENP-U58–114 (Figure S4I) and did not promote binding of
PLK1PBD to MBP-CENP-U58–114 (Figure S4J).
We phosphorylated MBP-CENP-U58–114 with PLK1 or CDK1

and analyzed the products by mass spectrometry. CDK1 and

Figure 4. The CENP-U N Terminus Recruits PLK1
(A) Representative images of HeLa cells stably expressing doxycycline-inducible constructs of EGFP-CENP-U. Cells were stained with DAPI. EGFP signal is

also shown.

(B) Representative images showing U2OS-LacO cells, transiently expressing LacI-EGFP or LacI-EGFP-CENP-U (full-length or deletions). Cells were immuno-

stained for DAPI, PLK1, and CREST. EGFP represent ectopic chromatin location of LacI-EGFP-CENP-U (white circles). Scale bar, 5 mm.

(C) Bar graph shows mean PLK1/CREST intensity at an ectopic location after background subtraction. Each condition was normalized to the signal of the full-

length construct. Error bars represent means ± standard errors of the mean. Six to 17 cells were used for quantification, and the experiment was repeated at least

three times.

(D) Elution profile and SDS-PAGE analysis of SEC runs of a mixture of rKT and MBP-PLK1T210A (both at 5 mM, red curve) or rKT containing N-terminally deleted

CENP-U (rKT-UD1"114) and MBP-PLK1T210A (both at 5 mM, gray curve) in the presence of the priming kinases CDK1:cyclin-B and PLK1. Orange arrows highlight

MBP-PLK1T210A in each gel.

(E) Representative images of HeLa cells electroporated with CENP-OPQRUWT or CENP-OPQRUD1"114 and depleted of endogenous CENP-OPQRU complex by

RNAi depletion of CENP-Q, O, U (see Method Details). After siRNA transfection, cells were electroporated with recombinant Alexa-488-labeled CENP-OPQUR

complexes, arrested in mitosis with nocodazole and prepared for immunofluorescence. Scale bar, 5 mm.

(F) Dot plots of control normalized PLK1/CREST (top) or Alexa/CREST kinetochore intensity ratio (bottom). Red lines indicate median with interquartile range; 961

kinetochores were scored for mock cells. For CENP-OQU-depleted cells, 782 kinetochores were scored for control Alexa 488 electroporation, 972 for OPQRUWT

and 806 for CENP-OPQRUD1"114 in 11 to 12 cells per condition.
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PLK1 phosphorylated Thr98 and Thr78, respectively (Figure 6A).
Thr98 sits within a classic Ser-Thr-Pro CDK1 consensus site
and an ideal recognition motif for the PBD (Elia et al., 2003a)
and has been previously identified in a large-scale proteomic
analysis (Zhou et al., 2013). Co-incubation with CDK1 and
PLK1 did not alter the intensity of the pThr98 signal but
led to a significant increase in the stoichiometry of the
previously identified PLK1 site Thr78 (Kang et al., 2011;
Kang et al., 2006), suggesting that Thr98, after CDK1 phos-
phorylation, promotes PLK1 binding and, in turn, enhances
phosphorylation of Thr78 (Figure 6A). Alanine mutants at
Thr78 or Thr98 within MBP-CENP-U58–114 demonstrated
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Figure 5. BUB1/BUBR1 and CENP-U Are
the Main PLK1 Kinetochore Recruitment
Axes
(A) Representative images of mitotic HeLa cells

depleted for the indicated endogenous proteins

and treated with okadaic acid (OA) are indicated.

Scale bar, 5 mm.

(B) Dot plots show individual kinetochore quanti-

fication of control-normalized PLK1/CREST in-

tensity ratios for cells in (A). Red lines represent

median and interquartile range, respectively. Be-

tween 233 and 482 kinetochores in 5 to 15 cells

were scored for each condition.

exquisite specificity of PLK1 and CDK1
for Thr78 and Thr98, respectively
(Figure 6B).
To investigate how Thr78 and Thr98 in-

fluence PLK1 binding to CENP-U, we
phosphorylated MBP-CENP-U58"114-
S77A/T78A or MBP-CENP-U58"114-
T98A in subsequent steps with priming
CDK1 and PLK1. Pre-treated with CDK1
and PLK1, MBP-CENP-U58"114 co-
eluted in a stoichiometric complex with
MBP-PLK1PBD from a SEC column (Fig-
ure 6C). MBP-CENP-U58"114-T98A or
MBP-CENP-U58"114-S77A/T78A, simi-
larly pre-treated, also interacted with
MBP-PLK1PBD but eluted with greater
elution volume, indicative of a weaker,
rapidly dissociating interaction and/or of
a different complex stoichiometry. We
expressed wild-type EGFP-CENP-U,
EGFP-CENP-U-T98A, or EGFP-CENP-
U-S77A/T78A in HeLa cells and
measured the kinetochore levels of
PLK1 (Figures 6D, 6E, and S6L). Bothmu-
tants caused a significant reduction in
kinetochore PLK1 levels in comparison
to wild-type CENP-U, providing evidence
for a cellular role of Thr78 and Thr98 in
PLK1 recruitment. Thus, CDK1 primes
binding of PLK1 to CENP-U through
phosphorylation of Thr98, which PLK1
may then use as an initial binding platform

to create a stable docking configuration. As a side note, PLK1
recruitment to the ectopic LacO site was independent of cell-cy-
cle stage (Figures S6D–S6F). This may seem inconsistent with a
crucial role of CDK1, but we note that this assaymay not faithfully
recapitulate the conditions of kinetochores in which counteract-
ing phosphatases are enriched.

PLK1 Dimerization on CENP-U
Finally, we investigated whether the requirement for PLK1 and
CDK1 for robust recruitment of PLK1 to T78 and T98 reflected
binding of distinct PLK1 molecules to the two sites. To assess
that, we incubated, in 3-fold excess to saturate binding sites,
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fluorescently labeled MBP-PLK1T210A and CENP-OPQUR in the
presence of CDK1 and PLK1 as priming kinases. We then iso-
lated the resulting complex by SEC and estimated its mass by
sedimentation velocity analytical ultracentrifugation (AUC; Fig-
ures 7A and S7D). The MBP-PLK1210A:CENP-OPQUR complex
had a sedimentation coefficient of 7.6 S and an apparent molec-
ular mass of 387.6 kDa, in excellent agreement with the pre-
dictedmolecular mass for a complex of twoMBP-PLK1210A mol-
ecules and one CENP-OPQUR (385.1 kDa). These results
indicate that two molecules of PLK1 bind phosphorylated
CENP-U.

DISCUSSION

Here, we answer a long-standing question on the molecular
mechanism of PLK1 recruitment to kinetochores. Through a
combination of in vitro reconstitution and cellular work, we
corroborate previous evidence that PLK1 interacts with BUB1
and BUBR1 and demonstrate that the N-terminal region of
CENP-U is the sole robust binding site for PLK1 within the core
kinetochore (Figure 7B). The reconstituted kinetochores used
in our studies incorporate most kinetochore subunits, generally
in full-length form. Some segments, however, have been
removed because of poor expression or instability of the full-
length proteins. The largest single missing segment is the N-ter-
minal region of KNL1, a protein that is only represented in our re-
constitutions by the C-terminal 1995 to 2316 residues. Residues
1–56 of CENP-I and 545–943 of CENP-C are also missing (Pe-
senti et al., 2018; Weir et al., 2016). Because depletion of the
CENP-OPQUR complex in human cells does not affect the local-
ization of CENP-C and CENP-I (Pesenti et al., 2018), whereas it
leads to complete disappearance of PLK1 from kinetochores
when BUB1 is co-depleted (this study), we conclude that most
PLK1 in the core kinetochore is recruited to CENP-U. The pro-
posed localization of PLK1 at a defined location internal (i.e.,
more chromatin proximal) to CENP-I (Lera et al., 2016) is indeed
consistent with the expected position of the CENP-QU subcom-
plex revealed by recent structural work (Hinshaw and Harrison,
2019; Pesenti et al., 2018; Yan et al., 2019). We cannot exclude
the possibility that PLK1 recruitment to BUB1 and CENP-U acti-
vates downstream phosphorylation events that promote hierar-
chical recruitment of PLK1 to additional receptors, thus explain-
ing the plethora of different potential PLK1 kinetochore receptors
previously identified (see Introduction). Because our PLK1 local-
ization experiments were performed in nocodazole, i.e., in the

absence of microtubules, they do not exclude recruitment of
PLK1 to additional receptors generated after recruitment of
‘‘late’’ kinetochore residents, such as the SKA and SKAP com-
plexes (Wimbish and DeLuca, 2020).
We show that CDK activity is required for PLK1 recruitment to

mitotic kinetochores, extending a previous proposal that PLK1’s
binding to CENP-U is exclusively primed by PLK1 itself (Kang
et al., 2006, 2011). The self-priming model proposed that PLK1
phosphorylates Thr78 of CENP-U and subsequently docks
onto that site (Kang et al., 2011; Kang et al., 2006). Importantly,
our observations are not inconsistent with self-priming because
we confirm that PLK1 phosphorylates, and docks onto, Thr78.
However, we show that kinetochore recruitment of PLK1 is, in
addition, also CDK1 dependent. Combining PLK1 and CDK1 in-
hibitors essentially eliminated kinetochore PLK1 (Figures 2E
and 2F).
As already observed, self-priming may be the prevalent mech-

anism of PLK1 interaction with its targets in anaphase, such as
PRC1, a key regulator of cytokinesis that cross-links anti-parallel
microtubules. Dissection of the mechanism of PLK1 binding to
PRC1 in anaphase has focused on two closely spaced Ser-
Thr-X (with X s proline) PLK1 target motifs on PRC1 (Neef
et al., 2007) (Figure 7C). Lacking negative charges at position
"2 relative to the phosphorylated Thr, these sites are non-ideal
PLK1 substrates (Alexander et al., 2011; Hegemann et al.,
2011; Kettenbach et al., 2011; Nakajima et al., 2003). However,
they are predicted to be good PBD docking sites in view of the
hydrophobic residue (F) at position "3 (in magenta in Figures
7C and 7D), which has been shown to increase binding affinity
for the PBD (Zhu et al., 2016). After recruitment of the first
PLK1molecule (arbitrarily depicted at thePLK12 site in Figure 7D,
top), stable binding may be achieved after local phosphorylation
of the neighboring PLK11 site, recruitment there of the second
PLK1 molecule, and dimerization. There is evidence that the hy-
drophobic residue at "3 facilitates PBD domain dimerization,
further leading to activation of PLK1 kinase activity (Zhu et al.,
2016). Similarly spaced, tandem Ser-Thr-X strings are also pre-
sent in MKLP2, another self-primed anaphase binding partner
of PLK1 (Neef et al., 2003), but it is unclear whether this constel-
lation is required for PLK1 localization. Nothing prevents this
mechanism from working during mitosis as well. Indeed, pre-
anaphase binding of PLK1 to PRC1 is only hindered by CDK1 it-
self through inhibitory phosphorylation (Neef et al., 2007).
The interdependence of CDK1 and PLK1 kinase activity for

PLK1 kinetochore recruitment to its mitotic receptors needs to

Figure 6. CDK1 and PLK1 Prime PLK1 Interaction with the CENP-U N-Terminal Region
(A) Profiles of consecutive MS runs of the pT98 and pT78 containing CENP-U peptides. The relative abundance (RA, y axis) was set for all runs to 13 10E9 (top).

Isotopic pattern of the MS1 spectra of the pT78 containing peptide incubated only with PLK1 (upper spectrum) and incubated with PLK1 and CDK1 (lower

spectrum). MS1 spectra were taken from eluted peaks. The highest peak from both spectra was set to 100%. Data were directly extracted from Xcalibur (bottom).

(B) Phosphorylation state of CENP-U58"114 wild-type, S77A/T78A, or T98A upon phosphorylation by CDK1:cyclin B and/or PLK1 kinases was assessed using

SDS-PAGE followed by Pro-Q Diamond and Coomassie staining.

(C) Elution profile and SDS-PAGE of analytical SEC runs of MBP-PLK1PBD alone (orange) and of mixtures of CENP-U58"114 wild-type, S77A/T78A, or T98A (5 mM)

with MBP-PLK1PBD (5 mM) in the presence of PLK1 and/or CDK1:cyclinB (blue, green, and red curves, respectively). The SDS-PAGE and elution profile for the

CDK1+PLK1 condition are also displayed in Figure S7C.

(D) Representative images of HeLa cells stably expressing doxycycline-inducible wild-type, S77/T78A, or T98A EGFP-CENP-U, immunostained for DAPI, PLK1,

and CREST. Scale bar, 5 mm.

(E) Dot plot of PLK1/CREST (black dots) or EGFP-CENP-U (WT or mutant, gray dots) kinetochore intensity ratios. Error bars represent means ± standard errors of

the mean; 910 kinetochores for WT, 791 for S77/T78A, and 797 for T98A mutant, belonging to 14–17 different cells, were scored.
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A Figure 7. Docking and Dimerization of PLK1 on Target
Proteins
(A) Sedimentation velocity AUC monitoring absorbance of fluo-

rescent MBP-PLK1T210A. MBP-PLK1T210A bound to CENP-OP-

QUR complex in 2:1 ratio in the presence of catalytic amounts of

PLK1, CDK1, and ATP-Mg2+.

(B) Scheme of main findings on the mechanism of kinetochore

recruitment of PLK1.

(C) Sequence alignment of various mitotic and post-anaphase

receptors of PLK1. PLK1 substrate sites or motifs are in yellow;

CDK target sites in red within a blue motif; a hydrophobic residue

enhancing target binding and dimerization is in magenta; PP2A-

B56 docking motif is in green. Numbers in parentheses indicate

residues in sequence gaps.

(D) Models for kinetochore recruitment of PLK1 at anaphase and

mitosis.
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explain (1) the requirement for CDK1, and (2) why PLK1 is insuf-
ficient to self-prime its own recruitment to these proteins. The
PLK1 recruitment sites on BUB1 and CENP-U resemble the
PRC1 constellation (Figure 7B), suggesting that the CDK1-
PLK1 interdependence may be achieved through a variation on
the theme of the PRC1 recruitment model. The most notable dif-
ference is that, in BUB1 and CENP-U, there are Ser-Thr-Pro sites
at the PLK12 position, whereas a Ser-Thr-X sequence remains at
the PLK11 site (not in BUBR1, however). Because proline versus
non-proline specificity in the P+1 position of protein kinases are
mutually exclusive properties (Canagarajah et al., 1997; Son-
gyang et al., 1996), initial docking of PLK1 to the Ser-Thr-X
PLK11 site will fail to lead to phosphorylation of the Ser-Thr-
Pro PLK12 site. This will prevent recruitment of a second mole-
cule of PLK1 and stabilization of binding, thus explaining why
self-priming does not work with this constellation (Figure 7D,
middle). Conversely, initial phosphorylation by CDK1 of the
Ser-Thr-Pro site at PLK12 will ignite recruitment of PLK1, fol-
lowed by successful phosphorylation of the Ser-Thr-X site at
PLK11, recruitment of a second PLK1molecule, and stabilization
by dimerization, explaining the requirement for CDK1 (Figure 7D,
bottom). Indeed, CDK1 phosphorylation at Thr98 facilitates the
phosphorylation of the non-ideal substrate Thr78 (Figure 6A).
Furthermore, dimerization of PLK1 (presumably through the
PBDs) explains why both CDK1 and PLK1 are necessary for a
full shift of the PBDs with CENP-U (Figure 6C). This recruitment
model for PLK1 involves motifs predicted not to be ideal targets
of the catalytic domain, thus predicting that strong physical inter-
actions with PLK1 are limited to proteins that provide a defined
constellation of PBD binding sites, but also that the range of
PLK1 kinase substrates may be significantly larger.
Sequential CDK1-PLK1 phosphorylation has been observed

with various PLK1 substrates, including NEK9, NEDD1, Cas-
pase8, and CDC25 (Bertran et al., 2011; Lobjois et al.,
2011; Matthess et al., 2014; O’Donovan et al., 2013; Zhang
et al., 2009). The model we are proposing does not require
a specific order for the PLK11 and PLK12 motifs, but only
that they are spatially adjacent to permit dimerization. We
note, however, that several other known or potential PLK1-
binding partners, including Meikin and BuGZ (Jiang et al.,
2014; Kim et al., 2015), have constellations of CDK1 and
PLK1 that closely resemble those of BUB1 and CENP-U (un-
published data).
Aurora B is crucial for kinetochore-microtubule attachment and

mitotic checkpoint signaling, and it is important to address
whether INCENP and other subunits of the CPC contribute to
PLK1 recruitment as proposed (Goto et al., 2006; Sun et al.,
2012). The CPC is predominantly centromeric and, therefore, ex-
tends into a domain that is precluded toPLK1,whosemicroscopic
distribution is limited to kinetochores (this study and many others,
including, for instance, Lénárt et al. [2007] and Lera et al. [2016]). It
is possible, however, that the interaction is limited to kinetochore-
confined pools of these proteins. Arguing against that idea, in the
presence of priming kinases and under conditions similar to those
that promote robust interactions of PLK1 with BUB1 or CENP-U,
we failed to observe direct binding of theCPCandPLK1 (M.P. and
A.M., unpublished data). Thus, the CPC may contribute to the
recruitment of BUB1 through the kinase activity of Aurora B, as

previously proposed (Qi et al., 2006) and confirmed here (Fig-
ure S2H). The requirement for Aurora B was bypassed by inhibi-
tion of protein phosphatases (Figure 2A), suggesting that Aurora
B regulates the balance of kinase and phosphatase activity
required for optimal PLK1 recruitment.
Dynamic regulation of kinase-phosphatase switches within

kinetochores, including those involving PLK1, is crucial for
kinetochore-microtubule attachment and spindle assembly
checkpoint but remains very poorly understood (Cordeiro
et al., 2020; Elowe et al., 2007, 2010; Ikeda and Tanaka,
2017; Jia et al., 2016; Kaisari et al., 2019; Lénárt et al.,
2007; Liu et al., 2012; Maia et al., 2012; Moutinho-Santos
et al., 2012; O’Connor et al., 2015; Peters et al., 2006; von
Schubert et al., 2015). High PLK1 activity at kinetochores in
prometaphase stabilizes kinetochore microtubules and bal-
ances a destabilizing activity attributed to Aurora B (Foley
et al., 2011; Liu et al., 2012). PLK1 has been previously impli-
cated in the control of PP2A activity (Joukov and De Nicolo,
2018; Saurin, 2018) through the creation of docking sites for
the B56 regulatory subunit on BUB1 and BUBR1 (Cordeiro
et al., 2020; Elowe et al., 2007; Hertz et al., 2016; Kruse
et al., 2013; Suijkerbuijk et al., 2012b). MYPT1, a PP1 regulator
and a CDK1:cyclin A substrate, has instead emerged as a po-
tential negative regulator of PLK1 (Dumitru et al., 2017; Yama-
shiro et al., 2008).
When we were scanning the sequence of human CENP-U, we

realized that it encompasses the same constellation of PLK1 and
PP2A-B56 docking sites observed in BUB1 and BUBR1 (Fig-
ure 7B). This new observation strongly suggests that CENP-U,
like BUB1 and BUBR1, provides a PLK1-regulated docking
site for the B56 regulatory subunit, a hypothesis that we are
currently testing. We note that, in a previous study, the PP2A
regulator BOD1 was implicated in kinetochore recruitment of
PLK1 (Porter et al., 2013). We speculate that the CENP-U-asso-
ciated pool of PP2A-B56 may be directed to two crucial func-
tions of the CENP-OPQUR complex. First, CENP-Q has been
implicated in microtubule depolymerization-coupled pulling on
kinetochores, (Bancroft et al., 2015). In a previous study, we
identified a microtubule binding site in the N-terminal region of
CENP-Q, a direct binding partner of CENP-U (Pesenti et al.,
2018). As evinced from the structure of their orthologs in
S. cerevisiae, CENP-Q and CENP-U are predicted to form a par-
allel coiled-coil structure (Hinshaw andHarrison, 2019; Yan et al.,
2019), predicting close proximity of their N-termini and support-
ing speculations of crosstalk between the microtubule-binding
site of CENP-Q and PLK1 activity from the CENP-U docking
site. Thus, it will be crucial to assess whether microtubule bind-
ing by CENP-Q affects PLK1 recruitment or activity, and if so,
how. Second, the CENP-OPQUR complex promotes cohesin
recruitment and loading at the centromere in S. cerevisiae, and
CENP-U has been shown to contain a sequence motif, preced-
ing the PLK1 binding sites, for interaction with the SA2 subunit
of cohesin (Fernius and Marston, 2009; Hinshaw et al., 2017; Li
et al., 2020; Natsume et al., 2013). PP2A bound to CENP-U
may contribute to protect cohesin at centromeres from the so-
called prophase pathway that removes cohesin from chromo-
some arms concomitantly with the individualization of sister
chromatids (Haarhuis et al., 2014).
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In conclusion, we present a comprehensive analysis of the
mechanism of PLK1 recruitment to kinetochores (Figure 7B).
We are still far from understanding how the complex interaction
of Aurora B and PLK1 kinases and of the PP1, PP2A, and
possibly other phosphatases leads to bi-orientation, the stabili-
zation of kinetochore-microtubule attachment, satisfaction of
the mitotic checkpoint, and centromere organization. Our at-
tempts to reconstitute in vitro these dependencies lay the foun-
dations for surgical molecular manipulations required to dissect
their mechanistic basis.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-Mps1 rabbit polyclonal This study 933 Affinity purified

anti-CENP-O rabbit polyclonal Amaro et al., 2010 NA

anti-Tubulin mouse monoclonal Sigma Cat#T9026; RRID: AB_477593

anti-GFP rabbit polyclonal Abcam Cat#ab190584

anti-BubR1 mouse monoclonal BD Cat#612503; RRID: AB_2066085

anti-Incenp rabbit polyclonal Cell Signaling Cat#2807; RRID: AB_2127513

anti-Plk1 mouse monoclonal Abcam Cat#ab17057; RRID: AB_443613

anti-Cyclin B mouse monoclonal Santa Cruz Cat#Sc-245; RRID: AB_627338

anti-Vinculin mouse monoclonal Sigma Cat#V9131; RRID: AB_477629

anti-Aurora B mouse monoclonal Abcam Cat#ab3609; RRID: AB_449204

anti-BUB1 rabbit polyclonal Abcam Cat#ab9000; RRID: AB_449765

anti-BUBR1 rabbit polyclonal Abcam Cat#ab70544; RRID: AB_1209397

anti-mouse IgG-Alexa 488 secondary Invitrogen Cat#A11001; RRID: AB_2534069

anti-rabbit IgG-Alexa 488 secondary Invitrogen Cat#A21206; RRID: AB_2535792

anti-mouse IgG-Rhodamine secondary Jackson Imm.Res Cat#115-295-003; RRID: AB_2338756

anti-rabbit IgG- Rhodamine secondary Jackson Imm.Res Cat#111-295-003; RRID: AB_2338022

anti-human IgG-Alexa 647 secondary Invitrogen Cat#A21445; RRID: AB_2535862

Human anti-centromere (CREST) Antibodies Inc. Cat#15-234-0001; RRID: AB_2687472

anti-H3pS10 rabbit polyclonal Abcam Cat#ab5176; RRID: AB_304763

anti-Cep135 rabbit Bird and Hyman, 2008 N/A

anti-CENP-QU goat polyclonal Pesenti et al., 2018 N/A

anti-pT232 Aurora B rabbit polyclonal Rockland Cat#660-401-677; RRID: AB_2061641

anti-H2ApT120 rabbit polyclonal Active Motif Cat#39391; RRID: AB_2744670

Goat anti-rabbit DyLight 405 Jackson Immuno Research Cat#111-475-003; RRID: AB_2338035

Donkey anti-goat 488 Invitrogen Cat#A11055; RRID: AB_2534102

Chicken anti-rabbit Alexa Fluor 647 Invitrogen Cat#A11046; RRID: AB_142716

Bacterial and Virus Strains

E.coli: BL21(DE3)-RIL strain Agilent Technologies Cat#230240

E.coli: BL21CodonPlus(DE3)-RIL strain Agilent Technologies Cat#230280

E. coli BL21 (DH5a) ThermoFisher Cat#18265017

Insect Cells

S.frugiperda:Sf9 cells ThermoFisher Cat#12659017

Trichoplusia ni:BTI-Tnao38 Garry W Blissard Lab N/A

Chemicals, Peptides, and Recombinant Proteins

Okadaic Acid Merck Cat#04906845001

RO-3306 Millipore Cat#217699

MG-132 Calbiochem CAS 133407-82-6

Reversine Cayman Chemical Cat#10004412

Hesperadin Merck Cat#375680-5MG

Fetal bovine serum (FBS) Clonetech Cat#631107

Zeocin Invitrogen Cat#R25001

L-glutamine PAN Biotech Cat#P04-80100

Nocodazole Sigma Cat#M1404
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

RNAiMAX Invitrogen Cat#13778100

DAPI Sigma Cat#D9542

PenStrep GIBCO Cat#15-140

Oligofectamine Invitrogen Cat#12252011

Thymidine Sigma Cat#T9250

Trypsin EDTA PAN Cat#P10-027100

Doxycycline Sigma Cat#D9891

Triton-100 Sigma Cat#T8787

Paraformaldehyde VWR Cat#100503-914

NEON transfection Kit (includes buffers) Invitrogen Cat#MPK10096

PhosSTOP phosphatase inhibitor Roche Cat#4906845001

Alexa Fluor 488 C5 maleimide Protein labeling kit ThermoFisher Cat#A10254

Blasticidin Invitrogen Cat#A1113902

Hygromycin B Invitrogen Cat#10687010

DMEM PAN Biotech Cat#P0403609

Fetal Bovine Serum (FBS) PAN Biotech Cat#P303031

Penicillin/Streptomycin PAN Biotech Cat#P0607300

Lipofectamine 2000 Invitrogen Cat#11668019

Oligofectamine Thermo Fischer Cat#12252011

X-tremeGENE Roche Cat#4476093001

BI2536 Selleck Cat#S1109

Poly-D-Lysine Sigma-Aldrich Cat#A003E

PIPES Sigma-Aldrich Cat#P6757

HEPES Sigma-Aldrich Cat#H3375

EGTA Sigma-Aldrich Cat#324626

MgCl2 Sigma-Aldrich Cat#M8266

BSA Sigma-Aldrich Cat#B6917

Mowiol Calbiochem Cat#475904

IPTG Sigma-Aldrich Cat#I6758

NaCl Sigma-Aldrich Cat#S9888

Glycerol Sigma-Aldrich Cat#G5516

Imidazole Sigma-Aldrich Cat#I5513

TCEP Sigma-Aldrich Cat#75259

Protease Inhibitor Cocktail Serva Cat#39107

HiTrap TALON crude GE Healthcare Cat#45-002-386

Glutathione Sepharose 4 Fast Flow beads GE Healthcare Cat#17-5132-01

Resource Q anion exchange chromatography column GE Healthcare Cat#17-1179-01

L-reduced Glutathione Sigma-Aldrich Cat#G6529

Pro-Q Diamond phosphoprotein stain Thermo Fischer Cat#P33300

Coomassie Brilliant Blue R-250 dye Thermo Fischer Cat#20278

Alexa Fluor 488 C5 maleimide Protein labeling kit Thermo Fischer Cat#A10254

CENP-OPQUR complex Pesenti et al., 2018 N/A

CENP-QU complex Pesenti et al., 2018 N/A

CENP-OP complex Pesenti et al., 2018 N/A

CENP-LN complex Pentakota et al., 2017 N/A

CENP-CHKIM complex Weir et al., 2016 N/A

MIS12 complex Petrovic et al., 2014 N/A

NDC80 complex Huis In ’t Veld et al., 2016 N/A
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

KNL1 complex Petrovic et al., 2014 N/A

BUB1:BUB3 complex Breit et al., 2015 N/A

BUBR1:BUB3 complex Breit et al., 2015 N/A

BUB1 kinase (BUB1705-1050) Breit et al., 2015 N/A

Aurora B kinase (Aurora B45-344:INCENP835-903) Girdler et al., 2008 N/A

PLK1 kinase Pan et al., 2017 N/A

CDK1 kinase (CDK1:CyclinB complex) This study N/A

MPS1 kinase This study N/A

CENP-OPQU114-418R This study N/A

PLK1210A This study N/A

PLK1PBD This study N/A

CENP-U58-114 This study N/A

CENP-U58-114T98A This study N/A

CENP-U58-114S77A/T78A This study N/A

Deposited Data

Proteomics data This study PXD: 022033

Unprocessed images This study https://doi.org/10.17632/rhgb7xcv5c.1

Experimental Models: Cell Lines

HeLa cells IEO Milan N/A

U2OS-LacO Janicki et al., 2004 N/A

HeLa Flp-In T-REx Tighe et al., 2008 N/A

HeLa Flp-In T-REx_CENP-B-INCENP-EGFP This study N/A

HeLa Flp-In T-REx_EGFP-CENP-U_1-418 This study N/A

HeLa Flp-In T-REx_EGFP-CENP-U_1-114 This study N/A

HeLa Flp-In T-REx _EGFP-CENP-U_115-418 This study N/A

HeLa Flp-In T-REx_EGFP-CENP-U_S77/78A This study N/A

HeLa Flp-In T-REx_EGFP-CENP-U_T98A This study N/A

Oligonucleotides

CENP-Q smart pool Dharmacon/Horizon Cat#L-020768-02

CENP-Q Amaro et al., 2010 N/A

CENP-U smart pool Dharmacon/Horizon Cat#L-004988-00

CENP-O Dharmacon/Horizon Cat#L-014339-02-0005

CENP-P Amaro et al., 2010 N/A

Bub1 #2 Overlack et al., 2015 N/A

BubR1_NEW176-196 Overlack et al., 2015 N/A

Recombinant DNA

pCDNA5/FRT/TO Invitrogen Cat#V601020

pCDNA5/FRT/TO-EGFP-IRES Petrovic et al., 2010 N/A

pCDNA5/FRT/TO-EGFP-IRES_EGFP-CENP-U_1-418 This study N/A

pCDNA5/FRT/TO-EGFP-IRES_EGFP-CENP-U_1-114 This study N/A

pCDNA5/FRT/TO-EGFP-IRES_EGFP-CENP-U_115-418 This study N/A

pCDNA5/FRT/TO-EGFP-IRES_EGFP-CENP-U_S77/78A This study N/A

pCDNA5/FRT/TO-EGFP-IRES_EGFP-CENP-U_T98A This study N/A

LacI-EGFP This study N/A

Lac-I-EGFP-CENP-U_1-418 This study N/A

Lac-I-EGFP-CENP-U_1-114 This study N/A

Lac-I-EGFP-CENP-U_115-418 This study N/A

Lac-I-EGFP-CENP-U_1-57 This study N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Lac-I-EGFP-CENP-U_58-114 This study N/A

Lac-I-EGFP-CENP-U_86-114 This study N/A

Lac-I-EGFP-CENP-U_58-85 This study N/A

pCDNA5/FRT/TO-EGFP-IRES_CENP-B-INCENP-EGFP De Antoni et al., 2012 N/A

pETDuet-1 Novagen Cat#71146

pETDuet-1_6xHis-MBP-PLK1_PBD This study N/A

pETDuet-1_6xHis-MBP-PLK1_T210A This study N/A

pETDuet-1_6xHis-MBP-CENP-U58-114 This study N/A

pETDuet-1_6xHis-MBP-CENP- U58-114_S77A/T78A This study N/A

pETDuet-1_6xHis-MBP-CENP- U58-114_T98A This study N/A

pLIB Addgene Cat#80610

pLIB_6xHis_PLK1 Pan et al., 2017 N/A

pLIB_GST-CDK1 This study N/A

pLIB_6xHis-Cyclin B1 This study N/A

pBIGa Addgene Cat#80611

pBIGa_GST-CDK1_6xHis-CyclinB1 This study N/A

pBIGa_CENP-O_P_6xHisQ_U_R Pesenti et al., 2018 N/A

pBIGa_CENP-O_P_6xHisQ_U114-418_R This study N/A

pBIGa_6xHis-CENP-C1-544_H_K_I57-C_M Weir et al., 2016 N/A

pBIGa_NDC80_NUF2_6xHis-SPC25_SPC24 Huis In ‘t Veld et al., 2016 N/A

pLIB_GST-MPS1 This study N/A

pFL Multibac Geneva Biotech N/A

pFL_6xHis-BUB1705-1050 Breit et al., 2015 N/A

pFL_6xHis-BUB1_BUB3 Breit et al., 2015 N/A

pFL_6xHis-BUBR1_BUB3 Breit et al., 2015 N/A

pFL_6xHis-CENP-Q-U Pesenti et al., 2018 N/A

pFL_6xHis-CENP-O-P Pesenti et al., 2018 N/A

pFL_GST-CENP-L_CENP-N Pentakota et al., 2017 N/A

pFL_DSN1-6xHis_NSL1 Petrovic et al., 2014 N/A

pFL_NNF1-MIS12 Petrovic et al., 2014 N/A

pGEX-6P GE Healthcare Cat#27-4598-01

pGEX-6P-2rbs_GST-Aurora B45-344:INCENP835-903 Girdler et al., 2008 N/A

pGEX-6P-2rbs_GST-KNL11995-2316 Petrovic et al., 2010 N/A

pGEX-6P-2rbs-GST-ZWINT Petrovic et al., 2010 N/A

Software and Algorithms

GraphPad Prism 6.0 GraphPad software https://www.graphpad.com

Imaris 9.2 Bitplane https://imaris.oxinst.com/packages

ImageJ 1.46/ Fiji NIH https://imageJ.nih.gov/ij/

SoftWorx Applied Precision N/A

Slidebook 6.0 3i N/A

Image Lab Bio-rad https://www.bio-rad.com/de-de/product/image-

lab-software?ID=KRE6P5E8Z

UCSF Chimera Pettersen et al., 2004 http://www.cgl.ucsf.edu/chimera

SPHIRE suit Moriya et al., 2017 http://www.sphire.mpg.de

SEDFIT Schuck, 2000 http://www.analyticalultracentrifugation.

com/default.htm

SEDNTERP Laue et al., 1992 http://bitcwiki.sr.unh.edu/index.

php/Main_Page

(Continued on next page)
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RESOURCE AVAILABILITY

Lead Contact
Requests for resources and reagents should be directed to the Lead Contact, Andrea Musacchio (andrea.musacchio@mpi-
dortmund.mpg.de).

Materials Availability
The plasmids and cell lines generated in this study are available on request to the Lead Contact.

Data and Code Availability
Proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository with dataset identifier
PXD: 022033. All the original/source data for Figures 1, 2, 3, 4, 5, 6, and S1–S7 are available onMendeley (Mendeley Data: https://doi.
org/10.17632/rhgb7xcv5c.1).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Cells lines and Expression strains
HeLa andU2OS-LacO (a gift byGeert Kops, UMC,Utrecht, Netherlands; (Janicki et al., 2004)) cell linesweremaintained in DMEM (PAN
Biotech, Aidenbach, Germany) supplementedwith 10%FBS (PANBiotech), 50 mg/ml Penicillin/Streptomycin (PANBiotech), and 2mM
L-glutamine (PAN Biotech). HeLa Flp-In T-REx host cell lines (Tighe et al., 2008) were maintained in complete DMEM media as
described above, but containing 10% tetracycline-free FBS (PANBiotech) instead and supplemented with 50 mg/ml Zeocin (Invitrogen,
Carlsbad, California, United States). Flp-In T-REx HeLa cells expressing GFP-fusions were generated as previously described (Tighe
et al., 2008), maintained in DMEM with 10% tetracycline-free FBS supplemented with 250 mg/ml hygromycin and 4 mg/ml blastidicin
(Invitrogen, Carlsbad, CA) and gene expression was induced by addition of 100 ng/ml doxycycline (Sigma, St. Louis, Missouri, United
States) for 12-24 hr. E. coli BL21 (DH5a) (ThermoFisher Scientific, Waltham, Massachusetts, United States), BL21(DE3)-RIL and
BL21CodonPlus(DE3)-RIL (Agilent Technologies, Santa Clara, California, UnitedStates) strainswere cultured on LBagar or liquidmedia
at 37#C. LB supplemented with ampicillin (50 mg/ml) tomaintain the pETDuet plasmids and with chloramphenicol (34 mg/ml) tomaintain
the extra copies of tRNA Genes in CodonPlus strain. SF9 (ThermoFisher Scientific, Waltham, Massachusetts, United States) and
Tnao38 (gift fromGarry W Blissard) cells were maintain in Sf-900 II medium (ThermoFisher Scientific, Waltham, Massachusetts, United
States) supplemented with 10% (v/v) fetal bovine serum, at 27#C and 110 rpm orbital rotation.

METHOD DETAILS

Cell transfection and electroporation
CENP-B-INCENP-EGFP gene expression was induced by addition of 10 ng/ml doxycycline (Sigma, St. Louis, Missouri, United
States) for 12-24 hours. To achieve single depletion of either Bub1 or CENP-Q, cells were transfected with either Lipofectamine
2000 or RNAiMAX(Invitrogen, Carlsbad, California, United States) and Bub1 siRNA (Dharmacon, part of GE Healthcare, Piscataway,
NJ; 50-GUUGCCAACACAAGUUCU-30) or CENP-Q siRNA (CENP-Q (GAGUUAAUGACUGGGAAUA; AUGGAAAGGGCACGAA-
GACA; ACAAAGCACACUAACCUAA; UGUCAGAGAAUAAGGUUAG;) at 50 nM for respectively 24 and 48 hours using manufac-
turer’s protocol. Depletion of endogenous CENP-OQU was achieved with two rounds of Lipofectamine RNAiMAX transfection, for
a total of 72 hours, with the following siRNA oligos at a total concentration of 100 nM: CENP-Q (GAGUUAAUGACUGGGAAUA; AUG-
GAAAGGGCACGAAGACA; ACAAAGCACACUAACCUAA; UGUCAGAGAAUAAGGUUAG; GGUCUGGCAUUACUACAGGAAGAAA),
CENP-U: (GAAAGCCAUCUGCGAAAUA; GAAAAUAAGUACACAACGU; GGGAAGAUAUCUCAUGACA; GCGCAAGACGUUCAAA-
GAA) and CENP-O (GUACGAAGCCCUUGCAUCA; AAGCCAUUCUGCAGGCAUA; GCUCACACAAUCCACGAACA; CUAGAUUG-
CUGUAUAAGGA). For rescue experiments, 48 hours into the siRNA depletion of endogenous OQU, we performed electroporation
of Alexa488 labeled recombinant CENP-OPQUR at a concentration of 4 mM as previously described (Alex et al., 2019; Pesenti et al.,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

GUSSI Chad Brautigam https://www.utsouthwestern.edu/

labs/mbr/software/

PrDOS Ishida and Kinoshita, 2007 http://prdos.hgc.jp/cgi-bin/top.cgi

COILS Lupas et al., 1991 https://embnet.vital-it.ch/software/

COILS_form.html

Image Lab software Version 5.2 Biorad https://www.bio-rad.com/de-de/product/

image-lab-software?ID=KRE6P5E8Z
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2018)(Neon Transfection System, Thermo Fisher). As control we used Alexa488. Following recovery from electroporation, cells were
arrested in mitosis with a 3.3 mm nocodazole (Sigma-Aldrich, Missouri, USA) treatment for 16 hours and then prepared for immuno-
fluorescence analysis. For co-depletion of endogenous OQUwith either Bub1 or BubR1, cells were treated with 100 nM of siBUB1 or
siBUBR1 RNA duplexes as previously described (Overlack et al., 2015) for the last 24 hours of the experiment, where 4 hours before
fixation cells were treated with 3.3 mM nocodazole followed by 2 hours treatment with 100 nM Okadaic acid. U2OS-lacO cells were
transfected with the LacI-EGFP-CENP-U full length or deletion/mutant constructs using X-tremeGENE (Roche, Basel, Switzerland)
transfection reagent (3:1 ratio) for 48 hours using manufacturer’s protocol.

Plasmids
To generate plasmids for expressingN terminus tagged Lac-I-EGFP-CENP-U full length or deletion proteins inU2OS-lacO cells, CENP-
U gene was PCR amplified from the codon optimized CENP-U cDNA (GeneArt, Life Technologies, Carlsbad, California, United States)
and cloned into the pCDNA5/FRT/TO-EGFP-IRES (Petrovic et al., 2010), a modified form of pCDNA5/FRT/TO vector (Invitrogen, Carls-
bad, California, United States)) between the BamHI and XhoI restriction sites. LacI gene was PCR-amplified and inserted in the same
reading frame between the PmeI restriction sites using the Gibson cloning compatible primers. To generate a plasmid for expressing
CENP-B (2-164)-INCENP (48-918)-EGFP, the gene sequences were sub-cloned from the SL417 vector (Liu et al., 2009) into pCDNA5/
FRT/TO-EGFP-IRES between BamHI andNotI restriction sites (De Antoni et al., 2012). To generate a plasmid for expressing N terminus
6xHis tagged PLK1 recombinant protein in insect cells, codon optimized PLK1 cDNA (GeneArt, Life Technologies) was sub-cloned be-
tween the BamHI and SalI restriction sites of a modified pLIB (Clontech, now TAKARA Bio USA, Kyoto, Kyoto, Japan) vector already
containing 6xHis followed by TEV protease sequences (as described in Pan et al. [2017]). Plasmids to express 6xHis-MBP-PBD and
6xHis-MBP-PLK1T210A in bacterial cells were generated by cloning the PCR amplified sequences for the polo-box-domain (PBD; amino
acids 345-603) of PLK1 and full length PLK1 (T210 residue was mutated to alanine using site-directed mutagenesis), respectively, be-
tween the BamHI and SalI restriction sites of amodified pETDuet-1 (Novagen) vector, already containing 6xHis followed by PreScission
Protease-MBP-TEV protease sequences. HsMPS1 was PCR-amplified from a human cDNA library and sub-cloned in a modified pLIB
vector in frame with the sequence encoding GST and a PreScission protease cleavage site. Plasmids to express N terminus tagged
GST-CDK1 and 6xHis tagged Cyclin B1 were generated by sub-cloning, codon optimized cDNA of CDK1 and Cyclin B1 (GeneArt,
Life Technologies) between the BamHI and SalI restriction sites of a modified pLIB vectors containing sequences for the GST followed
byPreScission protease and 6xHis followed by TEV protease, respectively. These pLIB plasmids generated so-forthwere used to insert
theGST-CDK1 andHis-Cyclin B1 sequences into a baculovirus-basedmultigene-expressing vector, pBIGa (Weissmann et al., 2016) by
Gibson cloning method. CENP-OP and CENP-QU plasmids were published previously (Pesenti et al., 2018). To generate plasmids for
expressing CENP-OPQUR and CENP-OPQUD1-114R complexes in insect cells, plasmid to express N terminus 6xHis tagged CENP-Q
were generated byGibson cloningmethod, codon optimized cDNA of CENP-Q (GeneArt, Life Technologies) was inserted in amodified
pLIB vectors containing sequences for the 6xHis followedbyTEVprotease. The codon optimized cDNAofCENP-O, -P, -U-UD1-114, and
-Rwere insertedbyGibsoncloningmethod in to unmodifiedpLIBplasmids. These pLIBplasmidsgenerated so-forthwere used to insert
the CENP-O, -P, -U, -UD1-114, -R and 6His-CENP-Q sequences into two baculovirus-based multigene-expressing vectors, pBIGa
(Weissmann et al., 2016) by Gibson assembly, one containing CENP-O, -P, -U, -R and "6His-CENP-Q, and one containing CENP-
O, -P, -UD1-114, -R and 6His-CENP-Q. CENP-LN, CENP-C1-544HKI57-CM, Mis12, NDC80, KNL1, BUB1:BUB3, and BUBR1:BUB3 com-
plexes were previously published (Breit et al., 2015; Huis In ‘t Veld et al., 2016; Klare et al., 2015; Pentakota et al., 2017; Petrovic et al.,
2014). Plasmids to express 6xHis-MBP-CENP-U58-114 wild-type, S77A/T78A and T98A, in bacterial cells were generated by cloning the
PCR amplified sequences for CENP-U58-114 (amino acids 58-114) of codon-optimized CENP-U cDNA, between the BamHI and HindIII
restriction sites of a modified pETDuet-1 (Novagen) vector, already containing 6xHis followed by PreScission Protease-MBP-TEV pro-
tease sequences. The MBP-CENP-U58-114S77A/T78A and T98A mutants were generated by mutating S77/T78 and T98 residues in
alanine using site-directed mutagenesis.

Cell synchronization
To test the effect of various kinases and phosphatases on the localization of kinetochore proteins cells were synchronized using dou-
ble thymidine arrest. Cells were released from 18 hours thymidine (2 mM; Sigma–Aldrich) block bywashing themwith the freshmedia
several times. After releasing them for the next 9 hours, second exposure to thymidine (2 mM) was continued for another 15 hours.
Cells were released into the S phase for 4 hours and then nocodazole (3.3 mM)was added to themedia for the next 3-4 hours to enrich
themitotic cell population. Kinase activity inhibitors, RO-3306 (9 mM), BI 2536 (100 nM), hesperadin (500 nM), reversine (500 nM)(Cal-
biochem) and/or phosphatase inhibitor, okadaic acid (100 nM; Calbiochem) were added in presence of MG132 proteasome inhibitor
(10 mM; Calbiochem) to the cells for 10, 30, or 90 minutes before fixing for immunofluorescence or harvesting for western blotting
analysis. H3-pS10 staining was used to indicate the potency of hesperadin directly and RO-3306 indirectly, whereas, Cep135, a
centrosome marker was used to indicate the absence of PLK1 from centrosome as well, when BI-2536 was used, thus indicating
its potency. CREST was used as kinetochore marker and DAPI indicates mitotic cells.

Immunofluorescence
Cells were grown on coverslips pre-coated with 0.01% poly-D-lysine (Sigma-Aldrich). Cells were pre-permealized with 0.5% Triton
X-100 solution in PHEM (Pipes, HEPES, EGTA, MgCl2) buffer for 2-5 minutes before fixing with 4% PFA in PHEM for 15-20 minutes.
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After blocking the cells with either 3%BSAor 5%boiled goat serum in PHEMbuffer supplemented with 0.1% Triton X-100 (PHEM-T),
they were incubated at room temperature for 1-2 or 16 hours at 4#C with the following primary antibodies: anti-CENP-QU (in-house
generated; goat 1:100), anti CENP-O (rabbit; 1:500) (Amaro et al., 2010), anti-PLK1 (Abcam #ab17057, mouse monoclonal antibody;
1:300), anti-H3-pS10 (Abcam # ab5176, rabbit polyclonal antibody, 1:2000), rabbit anti-CEP135 (gift from Alex Bird [Bird and Hyman,
2008], 1:3000), anti-BUB1 (Abcam #ab9000, rabbit polyclonal antibody, 1:1000), anti-BubR1 (rabbit polyclonal, Abcam, ab70544,
1:500), anti-Aurora B (mouse monoclonal, Abcam, ab3609, 1:500), anti-Mps1 (rabbit polyclonal affinity purified, #933, produced in
house, 1:500), anti-AurB-pT232 (Rockland #660-401-667, rabbit polyclonal antibody, 1:2000), anti-H2ApT120 (Active Motif
#39391, rabbit polyclonal antibody, 1:2000), CREST/anticentromere antibody (human autoimmune serum, Antibodies, Inc., 1:100)
diluted in the blocking buffer. Washings were done in PHEM-T buffer. Donkey anti-rabbit Alexa Fluor 488 (Invitrogn A21206), Goat
anti-rabbit DyLight 405 (Jackson Immuno Research 111-475-003), Donkey anti-goat 488 (Invitrogen, Carlsbad, California, United
States), Goat anti-human Alexa Fluor 647 (Invitrogen, Carlsbad, California, United States), Chicken anti-rabbit Alexa Fluor 647 (Invi-
trogen, Carlsbad, California, United States A11046) and goat anti-mouse Rhodamine Red (Jackson Immuno Research) were used as
secondary antibodies. DNA was stained with 0.5 mg/ml DAPI (Serva) and Mowiol (Calbiochem) was used as mounting media.

Western blotting
Cell pellets were resuspended in sample buffer, boiled and analyzed by western blotting. Membranes were probed with the following
antibodies: anti-GFP (rabbit polyclonal, Abcam, ab190584, 1:10000), anti-Bub1 (rabbit polyclonal; Abcam, Cambridge, UK; 1:5000),
anti-BubR1 (mousemonoclonal; BD #612503, 1:1000) and anti-Tubulin (mousemonoclonal; Sigma; 1:8000), anti-Incenp (rabbit poly-
clonal, Cell Signaling #2807, 1:500), anti-Cyclin B (mouse monoclonal, Santa Cruz, sc-245, 1:1000), anti-PLK1 (mouse monoclonal;
Abcam #ab17057, 1:1000), anti-Vinculin (mouse monoclonal, Sigma, V9131, 1:10000).

Cell imaging
Cells were imaged at room temperature using a spinning disk confocal device on the 3i Marianas system equipped with an Axio
Observer Z1 microscope (Zeiss), a CSU-X1 confocal scanner unit (Yokogawa Electric Corporation, Tokyo, Japan), 100 3 /1.4NA
Oil Objectives (Zeiss), and Orca Flash 4.0 sCMOS Camera (Hamamatsu). Images were acquired as z sections at 0.25 mm. Images
were converted into maximal intensity projections, exported, and converted into 8-bit using ImageJ. Images were cropped and
merged in ImageJ. The figures were arranged using Adobe Illustrator software. either Imaris 7.3.4 and 9.2 software (Bitplane, Zurich,
Switzerland) or with ImageJ/Fiji (Schindelin et al., 2012).

Protein expression and purification
6xHis-PLK1, GST-CDK1/Cyclin B1 complex, and GST-MPS1 were expressed in insect cells. High-titer virus (V2) produced in Sf9
cells was used to express protein in Tnao38 insect cells (72 hours, 27#C). 6xHis-MBP-PBD and 6xHis-MBP-PLK1T210A were ex-
pressed in E. coli BL21 (DE3) cells using 0.2 mM IPTG for approximately 15 hours at 18#C. To purify 6xHis-PLK1, 6xHis-MBP-
PBD or 6xHis-MBP-PLK1T210A, cells were pelleted down and re-suspended in His-lysis buffer (50 mM HEPES pH 7.5, 500 mM
NaCl, 5% (v/v) Glycerol, 10 mM Imidazole and 2 mM TCEP) supplemented with protease inhibitor cocktail (Serva). In case of
GST-Cdk1/His-Cyclin B1 complex, cell pellet was re-suspended in GST-lysis buffer (50 mM HEPES pH 7.5, 300 mM NaCl, 5% (v/
v) Glycerol, 2 mM TCEP) and in case of GST-MPS1 in GST-lysis buffer (50 mM HEPES pH 7.5, 500 mM NaCl, 5% (v/v) glycerol,
1 mM TCEP). After sonication, cell suspension was clarified and applied to a pre-equilibrated, 5 mL HisTALONCartridge pre-packed
TALON Superflow Resin (Clontech) or Glutathione Sepharose 4 Fast Flow beads (GE Healthcare), respectively. Column or beads
were washed with at least 10 volumes of respective lysis buffer and protein was eluted using either His-lysis buffer supplemented
with 250 mM imidazole or GST-lysis buffer supplemented with 20 mM reduced Glutathione, respectively. Protein fractions were
pooled and concentrated in order to load on a Superdex 200 16/60 size exclusion chromatography (SEC) column, pre-equilibrated
with SEC buffer (20 mMHEPES pH 7.5, 200mMNaCl, 5% (v/v) Glycerol and 1mM TCEP), and in case of GST-MPS1 with SEC buffer
(25 mMHEPES pH 7.5, 150 mMNaCl, 5% (v/v) glycerol, 1 mM TCEP). Fractions containing protein of interest, as analyzed by 12.5%
SDS-PAGE, were pooled, concentrated, flash frozen in liquid nitrogen and stored at – 80#C. CENP-OPQUR, CENP-QU and CENP-
OP has been purified as described previously (Pesenti et al., 2018). CENP-OPQUD1-114R was purified using the previously described
protocol for CENP-OPQUR wild-type (Pesenti et al., 2018). Escherichia coli BL21 (DE3) cells harboring vectors expressing 6His-
MBP-CENP-U58-114 wt and mutants were grown in Terrific Broth at 37#C to an OD600 of 0.6 - 0.8, when 0.2 mM IPTG was added
and the culture was grown at 18#C for!15 hours. Cell pellets were resuspended in lysis buffer (20mMTris/HCl pH 6.8, 300mMNaCl,
7mM imidazole, 5% (v/v) glycerol and 1mMTCEP) supplemented with protease inhibitor cocktail, lysed by sonication and cleared by
centrifugation at 108,000 g at 4#C for 1 hour. The cleared lysate was applied to 5 mL HisTALON Cartridges pre-packed with TALON
Superflow Resin (Clontech) pre-equilibrated in lysis buffer, washed with 10 volumes of lysis buffer. Bound proteins were eluted with
lysis buffer supplemented with 250 mM imidazole. The fractions containing the 6His-MBP-CENP-U58-114wt and mutants were then
diluted in 10 volumes of 20 mM Tris/HCl pH 6.8, 5% glycerol, 1 mM TCEP. Resource Q anion exchange chromatography column (GE
Healthcare) was pre-equilibrated in 20 mM Tris/HCl pH 6.8, 30 mMNaCl, 5% (v/v) glycerol, 1 mM TCEP. The sample now adjusted to
a salt concentration of 30 mM was loaded onto the Resource Q column and eluted with a linear gradient of 30 - 1000 mM NaCl in 15
bed column volumes. Fractions containing 6His-MBP-CENP-U58-114wt and mutants complex were pooled and concentrated and
loaded onto a Superdex 75 16/60 SEC column (GE Healthcare) pre-equilibrated in SEC buffer (20 mM Tris pH 6.8, 300 mM NaCl,
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5% (v/v) glycerol and 1 mM TCEP). Fractions containing 6His-MBP-CENP-U58-114wt and mutants were concentrated, flash-frozen in
liquid nitrogen and stored at "80#C. CENP-LN, CENP-C1-544HKI57-CM, Mis12, NDC80, KNL1, BUB1:BUB3 and BUBR1:BUB3 com-
plexes, BUB1 kinase (BUB1705-1050) and Aurora B kinase (Aurora B45-344:INCENP835-903) were expressed and purified according to
previously published protocols (Breit et al., 2015; Huis In ‘t Veld et al., 2016; Klare et al., 2015; Pentakota et al., 2017; Petrovic et al.,
2014; Sessa et al., 2005)

In vitro assembly of rKT and rKT containing CENP-UD1-114

Reconstitution of rKT and rKT containing CENP-UD1-114 particles was performed as previously published in Pesenti et al., 2018. In
brief, a stoichiometric amount of purified CENP-LN, CENP-CHKIM, CENP-OPQUR, Mis12, Ndc80 and KNL1 complexes were incu-
bated at 4#C forminimum1 hour and purified by SEC using a buffer containing 20mMTris pH 6.8, 300mMNaCl, 5% (v/v) glycerol and
1 mM TCEP.

Recombinant proteins fluorescence labeling
MBP-PLK1PBD, MBP-PLK1201A, CENP-OPQUR and CENP-OPQUD1-114R were labeled using Alexa Fluor 488 Protein Labeling Kit
(ThermoFisher Scientific, Waltham, Massachusetts, United States) according to the manufacturer instructions.

In vitro phosphorylation of rKT, rKT containing CENP-UD1-114, CENP-OPQUR, -OPQUD1-114R, -OP, -QU, 6His-MBP-
CENP-U58-114-WT and mutants, BUB1:BUB3 and BUBR1:BUB3
CENP-OPQUR, -OPQUD1-114R, CENP-QU and CENP-OP purified from insect cell were carefully de-phosphorylated by treat-
ment with lambda phosphatase (produced in house) as described previously (Pesenti et al., 2018). The phosphorylation of these
recombinant proteins was performed in SEC buffer supplemented by 2 mM of ATP and 10 mM of MgCl2. A ratio kinase/protein
of 1/25 for CDK1 (in house production), Aurora B (in house production), MPS1 (in house production) and BUB1 (in house pro-
duction), and 1/20 to 1/10 for PLK1 (in house production) depending of the activity of the recombinant kinase. If the proteins
used in the reaction were previously treated with lambda phosphatase 1mM of sodium orthovanadate and 5mM of okadaic
acid were added to the reaction. The reactions were incubated at 4 or 10#C for 16h and submitted to analyze by mass spec-
trometry and phosphostaining.

Phosphostaining of recombinant proteins
Samples containing equal amount of un-phosphorylated and phosphorylated proteins were separated by 12.5% SDS-PAGE and
stained by Pro-Q Diamond phosphoprotein stain (Invitrogen, Carlsbad, California, United States) according to the manufacturer in-
struction. Images were acquired using a BioRAD chemiDoc MP Imaging System (BioRAD). Images were adjusted using Image Lab
software Version 5.2 (BioRAD). The same gel was subsequently stained with Coomassie stain.

Analytical SEC
Analytical size exclusion chromatography was carried out on a Superdex 200 5/150 or Superose 6 5/150 in a buffer containing 20mM
Tris or HEPES pH 6.8, 300 mM NaCl, 2,5% (v/v) glycerol and 1 mM TCEP on an ÄKTA micro system. All samples were eluted under
isocratic conditions at 4#C in SEC buffer (20mMTris or HEPES pH 6.8, 300mMNaCl, 5% (v/v) glycerol and 1mMTCEP) at a flow rate
of 0.15 ml/min. Elution of proteins was monitored at 280 nm and 488 nm in case of MBP-PLK1210A and MBP-PLK1PBD labeled with
Alexa488. 100 mL fractions were collected and analyzed by SDS-PAGE and Coomassie blue staining. In experiments were MBP-
PLK1210A andMBP-PLK1PBD labeledwith Alexa488were used, the in-gel detection of the fluorescencewas detected using a BioRAD
chemiDocMP Imaging System (BioRAD). To detect the formation of a complex, proteins were mixed at the concentrations of 5 mM in
50 ml, incubated for at least 1 hour on ice, subjected to SEC then analyzed by SDS-PAGE.

Analytical ultracentrifugation (AUC)
Sedimentation velocity experiments were performed in an Optima XL-A analytical ultracentrifuge (Beckman Coulter, Palo Alto, US-
CA) with Epon charcoal-filled double-sector quartz cells and an An-60 Ti rotor (Beckman Coulter, Palo Alto, US-CA). Samples were
centrifuged at 203,000xg at 20#C and 500 radial absorbance scans at 488 nm and collected with a time interval of 1 min. Analysis of
MBP-PLK1210A and MBP-PLK1210A:CENP-OPQUR complex were carried out at 20#C in 20 mM HEPES pH 7.5, 2.5% (v/v) glycerol,
300 mM NaCl and 1 mM TCEP.

Mass spectrometry and phosphorylation site analysis
Liquid chromatography coupled with mass spectrometry was used to assess the phosphorylation status of CenpU. CENP-QU or
CENP-OPQUR FL were in vitro phosphorylated by CDK1 or PLK1 alone or in combination. Mutants (S77A/T78A or 98A) were phos-
phorylated in the context of MBP-CENP-U58-114. Controls by omitting the kinase(s) were performed for all samples. Samples were
reduced, alkylated and digested with LysC/Trypsin and prepared for mass spectrometry as previously described (Rappsilber
et al., 2007). 100 ng of obtained peptides were separated on a ThermoFisher Scientific EASY-nLC 1000 HPLC system (ThermoFisher
Scientific, Waltham, Massachusetts, United States) using an 45 min gradient from 5%–60% acetonitrile with 0.1% formic acid and
directly sprayed via a nano-electrospray source in a Q Exactive (ThermoFisher Scientific, Waltham, Massachusetts, United States)
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(Michalski et al., 2011). The Q Exactive was operated in data-dependent mode acquiring one survey scan and subsequently ten MS/
MS scans (Olsen et al., 2007). Samples were measured at least three times.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell image analysis
For Imaris quantifications, CREST signal was used as reference channel and spots were placed on kinetochores using automatic
setting in Imaris. Four spots of same size were placed manually in cytoplasm and their average was used as background for respec-
tive channel. After background subtraction, ratio of intensity mean signal of the protein of interest versus CREST was used to plot the
graphs. In case of U2OS lacO-lacI experiments, GFP channel was used as a reference channel to put a surface manually on ectopic
foci. A spot was placed manually in the cytoplasm and the value was used as background for respective channel. After background
subtraction, intensity mean of PLK1 versus GFP was used to plot the graphs. ImageJ/Fiji quantifications were performed using a
semi-automated script (Pan et al., 2017). Intensity measurements were exported to Excel (Microsoft) and graphs were plotted using
Prism software. Sample size is indicated for each figure. Statistical analysis was performed with a rank sum, nonparametric test
comparing two unpaired groups (Mann-Whitney test). Symbols indicates: n.s = p > 0.05, * = p % 0.05, ** = p % 0.01, *** = p %
0.001, **** = p % 0.0001.

AUC analysis
Data was analyzed using the SEDFIT software (Schuck, 2000) in terms of continuous distribution function of sedimentation coeffi-
cients (c(S)). The protein partial specific volume was estimated from the amino acid sequence using the program SEDNTERP.
Data were plotted using the program GUSSI, which is freely available from https://www.utsouthwestern.edu/labs/mbr/software/.
The calculated values for the buffer density and the viscosity are 1.01928 g/ml and 1.1190 cP respectively. The calculated values
of the partial specific volume [V(bar), inverse of density] at 20#C for MBP-PLK1210A is 0.7424 ml/g and for MBP-PLK1210A:CENP-OP-
QUR complex is 0.7404 ml/g.

Mass Spectrometry analysis
Mass spectrometry raw files were processed with the MaxQuant software (version 1.5.2.18) using a reduced database containing
only the proteins present in the samples for the search giving deamidation (NQ), oxidation (M) and phosphorylation (STY) as variable
modifications and carbamidomethylation (C) as fixed modification (Cox and Mann, 2008). A false discovery rate cut-off of 1% was
applied at the peptide and protein levels and as well on the phosphorylation site table (Cox and Mann, 2008). Identified phosphor-
ylation sites were further analyzed for their localization probability and only unambiguous identified sites were kept. MS/MS spectra
were additionally manually inspected. Peptide peaks and isotope patterns from MS scans containing Thr78 or Thr98 were directly
extracted from Xcalibur (ThermoFisher Scientific, Waltham, Massachusetts, United States).
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SUMMARY

The precise regulation of microtubule dynamics over time and space in dividing cells is critical for several
mitotic mechanisms that ultimately enable cell proliferation, tissue organization, and development. Astral mi-
crotubules, which extend from the centrosome toward the cell cortex, must be present for themitotic spindle
to properly orient, as well as for the faithful execution of anaphase and cytokinesis. However, little is under-
stood about how the dynamic properties of astral microtubules are regulated spatiotemporally, or the contri-
bution of astral microtubule dynamics to spindle positioning. The mitotic regulator Cdk1-CyclinB promotes
destabilization of centrosomal microtubules and increased microtubule dynamics as cells enter mitosis, but
how Cdk1 activity modulates astral microtubule stability, and whether it impacts spindle positioning, is un-
known. Here, we uncover amechanism revealing that Cdk1 destabilizes astral microtubules in prometaphase
and thereby influences spindle reorientation. Phosphorylation of the EB1-dependent microtubule plus-end
tracking protein GTSE1 by Cdk1 in early mitosis abolishes its interaction with EB1 and recruitment to micro-
tubule plus ends. Loss of Cdk1 activity, ormutation of phosphorylation sites in GTSE1, induces recruitment of
GTSE1 to growing microtubule plus ends in mitosis. This decreases the catastrophe frequency of astral mi-
crotubules and causes an increase in the number of long astral microtubules reaching the cell cortex, which
restrains the ability of cells to reorient spindles along the long cellular axis in early mitosis. Astral microtu-
bules thus must not only be present but also dynamic to allow the spindle to reorient, a state assisted by se-
lective destabilization of long astral microtubules via Cdk1.

INTRODUCTION

Astral microtubules are essential for several aspects of cell divi-
sion. For example, early in mitosis they guide orientation of the
spindle in response to cell-shape and adhesion cues, and later
in mitosis they guide anaphase-specific spindle positioning
and cleavage furrow ingression.1–6 The formation of astral micro-
tubules at the transition from interphase to mitosis, when the
large interphase microtubule array is reorganized into a more
compact mitotic structure, is accompanied by a dramatic in-
crease in global microtubule dynamics (i.e., shorter half-lives,
increased catastrophes, and reduced rescues).7–9 This global in-
crease in microtubule dynamics has been linked to activation of
the Cdk1 kinase by Cyclin B, a major regulator of entry into
mitosis,10–12 and is typically considered necessary for disassem-
bling large interphase arrays, assembling the mitotic spindle,
and aiding in search and capture of chromosomes. Less atten-
tion has been focused on howCdk1-Cyclin B activity specifically
modulates the properties of astral microtubules to facilitate early
mitotic processes such as spindle positioning.13

Astral microtubule dynamics can be controlled by modulating
microtubule nucleation and stability at the centrosome14–17 and

by impacting their dynamic plus ends.18–20 Major regulators of
microtubule plus-end dynamics are the EB family of proteins,
which are directly recruited to the growing plus ends of micro-
tubules.21 EB1 is required for astral microtubule stability and
spindle orientation, including spindle positioning in response
to cell-shape and adhesion cues.18,22–26 EB1 itself impacts
microtubule dynamics but can also directly recruit to the
microtubule plus ends a large number of microtubule plus-
end tracking proteins (‘‘+TIPS’’), themselves necessary for
several microtubule-dependent functions.21 How distinct com-
positions of +TIPs are differentially recruited to EB proteins, to
tune the dynamics and interactions of different microtubule
populations for specific functions, including spindle orientation,
is not well understood.22,23 Many +TIPs interact with EB1 via
short conserved peptide motifs (SxIP) surrounded by basic,
serine, and proline residues.27 Phosphorylation of +TIPs close
to these motifs appears to be a common mechanism to modu-
late their association with growing microtubule plus ends,
by abolishing their interaction with EB1.27 However, Cdk1
phosphorylation has not been directly linked to its role in
modulating microtubule dynamics at mitotic onset via a such
a mechanism.
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A critical role of astral microtubules is to facilitate the posi-
tioning of themitotic spindle within the cell. This not only ensures
accurate segregation of genetic material but also facilitates
embryogenesis, cell-fate determination, and tissue organiza-
tion.22,28 Depending on the cell type and environment, multiple
intrinsic and extrinsic determinants (e.g., localization of polarity
factors, or cell-cell contacts and other external mechanical
cues) cooperate with astral microtubules to determine the posi-
tioning of the spindle.4,29,30 One of the first elements described
to guide positioning of the spindle, during embryogenesis in am-
phibians, was cell shape.31 Cell shape is also frequently
observed to correlate with spindle orientation in a microtubule-
dependent fashion in cell lines plated as monolayers in tissue
culture, where, as observed earlier in embryos, spindles are
positioned during mitosis with respect to the long axis of the
cell established prior to mitotic onset.1,29,30 In these single-cell
systems, it was later shown that extracellular adhesion forces
from retraction fibers, which also contribute to cell shape, are
transduced to the spindle to guide orientation.32,33 It has recently
become clear, however, that both cell shape and mechanical
forces can separately provide cues for spindle orientation, and
that spindle positioning in response to cell shape per se plays
an important role in tissue and developmental contexts.34,35

Because centrosomes are not always aligned with respect to
the long cell-shape axis (and retraction fiber forces) prior to
mitosis, the spindle may need to ‘‘reorient,’’ or rotate by as
much as 90 degrees in early mitosis in order to align with shape
and adhesion cues.36

Astral microtubules function in spindle orientation by physi-
cally coupling the spindle to the cell cortex, where protein com-
plexes interact with microtubules and provide the cues and
forces required for positioning the spindle. The best character-
ized of these complexes contains the LGN, NuMA, and Gai pro-
teins and cooperates with the microtubule motor dynein to link
microtubules to the cell cortex and exert a pulling force.4,37

The specific localization of such proteins can dictate spindle
positioning, for example, in polarized systems or in response
to adhesion patterns, as well as dynamically respond to the po-
sition of the spindle and chromosomes.38–40 Given the central
role of astral microtubules in spindle orientation, it is not surpris-
ing that many factors identified as important for spindle orienta-
tion promote the formation of astral microtubules, and when per-
turbed thus compromise the ability of astral microtubules to
reach the cell cortex.16,18,23,41–46,47

While the precise regulation of microtubule dynamics has
been shown to be critical for processes such as chromosome
capture and alignment, or microtubule-kinetochore error correc-
tion,48 less is clear about the importance of astral microtubule
dynamics to spindle positioning, or its precise regulation mech-
anisms. A few studies suggest that indeed more than the pres-
ence of astral microtubules at the cell cortex is required for spin-
dle positioning. Depletion of Kinesin-13 or Kinesin-8 microtubule
destabilizing kinesins, which results in longer, stabilized astral
microtubules, has been shown to negatively impact spindle
positioning.39,41,42,49–51 Second, depolymerization of astral mi-
crotubules engaged with cortical NuMA/dynein complexes has
been theorized to provide forces required for spindle posi-
tioning.22,52,53 Pathways specifically regulating astral microtu-
bule dynamics in time and space, however, remain unclear.

We previously found that a +TIP, GTSE1, is important for astral
microtubule stability and spindle orientation.41,54 During mitosis
GTSE1 inhibits the ability of the microtubule depolymerase
MCAK to depolymerize microtubules, thus stabilizing them.41

However, while GTSE1 interacts with microtubules and tracks
microtubule plus ends through interaction with EB1 in inter-
phase, during mitosis it does neither.54 Instead, it is recruited
to the mitotic spindle by direct interaction with spindle-associ-
ated clathrin heavy chain (CHC).55 GTSE1 is thus restricted to
the inner spindle and spindle poles, where it controls astral
microtubule length, likely via inhibition of centrosomal MCAK.
This raises the question of why GTSE1 would be removed from
all microtubules and EB1 at plus ends in mitosis, only to be re-
cruited back to inner spindles via a different mechanism. Here,
we show that loss of the microtubule stabilizing protein GTSE1
from microtubule plus ends at the onset of prometaphase is
regulated by Cdk1. This is important to destabilize long astral mi-
crotubules, which allows spindles to more efficiently react to cell
cues and reorient in prometaphase.

RESULTS

Cdk1-Dependent Phosphorylation of GTSE1 Abolishes
Its Interaction with EB1 and Plus-End Tracking during
Mitosis
GTSE1 associates with the microtubule lattice and growing
microtubule plus ends in interphase, but this localization is
reduced during mitosis.54 To characterize the association of
GTSE1 with growing microtubule plus ends as cells enter
mitosis, we imaged U2OS cells expressing GTSE1-GFP from a
bacterial artificial chromosome (BAC) and a marker for microtu-
bule plus ends (EB3-mCherry) and quantified the relative inten-
sities of both proteins at individual microtubule ends (Figure 1A;
Figure S1A). GTSE1 accumulated at EB3-positive microtubule
plus ends in interphase but was rapidly displaced from plus
ends in mitosis, coincident with nuclear envelope breakdown
(NEBD) (Figure 1A). We also observed these GTSE1-GFP dy-
namics in the non-transformed cell line RPE-1, indicating it is a
typical behavior of the protein (Video S1). In prometaphase and
metaphase, GTSE1 localized to the inner spindle, which we pre-
viously reported is via interaction with spindle-associated cla-
thrin.55 Upon anaphase onset, GTSE1 resumed its localization
at growing microtubule plus ends (Figure S1A). To establish
whether the loss of GTSE1 plus-end tracking during mitosis
was due to loss of interaction with EB1, we used purified EB1-
GST to pull down GTSE1 from U2OS cell extracts arrested in
either the S-phase or prometaphase. GTSE1 from the S-phase,
but not prometaphase, extract interacted with EB1-GST, con-
firming the loss of this interaction in mitosis (Figure S1B).
We next sought the mechanism by which cells control the

dissociation of GTSE1 from EB1 in mitosis. We first confirmed
that GTSE1 is hyperphosphorylated during mitosis in human
cells, as has been shown in mouse and Xenopus (Fig-
ure S1C).54,56 We next asked whether this affected the GTSE1-
EB1 interaction by performing an EB1-GST pull-down as
above using mitotic lysates, but after treatment with l-phospha-
tase to dephosphorylate mitotic proteins. GTSE1 from
dephosphorylated mitotic lysate could be pulled down by EB1,
suggesting that this interaction is regulated by mitotic-specific
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phosphorylation (Figure 1B). To identify the kinase(s) responsible
for disrupting the GTSE1 interaction with EB1 in mitosis, we
asked whether inhibition of different mitotic kinases with small
molecular inhibitors could force GTSE1 to localize to growing
microtubule plus ends in mitosis. U2OS cells expressing
GTSE1-GFP from a BAC transgene (GTSE1WT

212)
54 were thus

imaged in mitosis after treatment with inhibitors against Aurora
A (MLN8054), Aurora B (ZM447439), Plk1 (BI 2536), or Cdk1
(RO-3306).57–60 No discernable plus-end tracking of GTSE1-
GFP was observed in mitosis in untreated cells (Figure 1C; Fig-
ure S1D) nor after inhibition of Aurora A, Aurora B, or Plk1 (Fig-
ure S1D). Inhibition of Aurora A did cause complete displace-
ment of GTSE1 from the mitotic spindle, as previously
reported.61 In contrast, inhibition of Cdk1 shortly after NEBD
led to the appearance of moving comet-like structures of
GTSE1-GFP, similar to that seen in interphase (Figure 1C; Video
S2). Quantification of the number of detectable GTSE1-GFP
comets in mitosis indicated an approximately 6-fold increase af-
ter Cdk1 inhibition (Figure 1D). Washing out the Cdk1 inhibitor
30 s later caused these comets to rapidly disappear again (Video
S3). Quantification of GTSE1-GFP levels at EB3-mCherry-
labeled plus ends in a dual-labeled cell line indicated that 90%
of these plus ends now accumulatedGTSE1 after Cdk1 inhibition
(Figures S1E and S1F). We further confirmed the Cdk1-depen-
dent delocalization of GTSE1 from plus ends in RPE-1 cells
(Video S4). All Cdk1-inhibition experiments were performed
within a fewminutes of NEBD to avoid cells exitingmitosis during
analysis. To confirm that the relocalization of GTSE1 to growing
microtubule plus ends was dependent on EB1, we repeated
these experiments after EB1 depletion (Figures 1C and D; Fig-
ure S1G; Video S5). Following RNAi of EB1, we no longer
observed an increase in the number of GTSE1-GFP-positive
comets after Cdk1 inhibition. To test whether phosphorylation
of GTSE1 by Cdk1 directly disrupts its interaction with EB1
in vitro, we performed pull-down experiments with purified pro-
teins after phosphorylation by Cdk1-CyclinB. EB1-GST was
incubated with either unphosphorylated or Cdk1-phosphory-
lated GTSE1. Phosphorylation of GTSE1 reduced its interaction
with EB1 by 80% (Figures 1E and 1F). In contrast, phosphoryla-
tion of EB1 by Cdk1 did not affect its interaction with GST-

GTSE1, demonstrating that this interaction is regulated by the
action of Cdk1 on GTSE1 (Figures S1H and S1I). Thus, Cdk1 re-
moves GTSE1 from growing microtubule plus ends during
mitosis by disrupting its interaction with EB1, constraining
GTSE1 to the clathrin-associated inner spindle.

Mutating Cdk1- and Mitosis-Dependent
Phosphorylation Sites around Its EB1-InteractionMotifs
Causes GTSE1 to Plus End Track in Mitosis
We next aimed to identify the phosphorylation sites on GTSE1
that regulate the interaction with EB1. First, we identified
mitosis-specific phosphorylation sites onGTSE1 by immunopre-
cipitating it from U2OS cells arrested in either the S-phase or
prometaphase and subjecting it to mass spectrometry analysis.
This revealed a total of 29 mitosis-specific phosphosites on
GTSE1 from a total peptide coverage of 70% (Figure 2A; Table
S1). 27 of these 29 sites were previously identified in large-scale
proteomic studies in mitotic cells (Figure 2A; Table S1).62–64

Many of the mitosis-specific phosphorylation sites identified by
us and others were concentrated in a region 20 residues before
and after the two SxIPmotifs, suggesting that phosphorylation at
these sites could potentially hinder electrostatic interactions be-
tween GTSE1 and EB1 (Figure 2A). We next purified His-tagged
GTSE1, phosphorylated it in vitro with recombinant Cdk1-Cyclin
B (Figure S2A), and analyzed phosphorylated residues by mass
spectrometry (Table S1). 55 sites on GTSE1 were phosphory-
lated by Cdk1 in vitro. Combining all mitotic and Cdk1-depen-
dent phosphorylation data, we identified 14 phosphorylation
sites within a 58-amino-acid stretch surrounding the two SxIP
sites on GTSE1 (Figure 2A).
To evaluate which phosphorylation sites in the proximity of the

EB1-interaction motifs in GTSE1 disrupted EB1-interaction dur-
ing mitosis, we generated a series of GTSE1-GFP mutants with
these phosphorylation sites mutated to alanine (Figure S2B).
The mutants were then transiently transfected into GTSE1
knockout cells (GTSE1KO),41 and their ability to plus end track
in mitotic cells was evaluated by live microscopy. We initially
mutated two conserved Cdk1 consensus sites located directly
adjacent to the SxIP motifs (GTSE1TP/AA). This mutant, however,
displayed no apparent plus-end tracking in mitosis (Figure S2B).

Figure 1. Cdk1 Phosphorylates GTSE1 and Prevents Its Interaction with EB1 and Microtubule Plus-End Tracking in Mitosis
(A) Schematic depicting GTSE1 localization at microtubule plus ends in G2 and at nuclear envelope breakdown (NEBD). Live-cell images of U2OS cells stably

expressing GTSE1-GFP from a BAC (green) and EB3-mCherry from a plasmid (red). Scale bar, 10 mm.Magnified insets showGTSE1 (middle) and EB3 (right) with

arrows indicating comets. Scale bar, 5 mm. Averaged line-scan intensity profiles of microtubule plus ends show relative intensities of GTSE1-GFP (green) and

EB3-mCherry (red), centered at the maximum EB3 intensity. Line-scan insets indicate the number of microtubule plus ends from 2 cells in 2 experiments ex-

pressing comparable levels of both transgenes.

(B) Disruption of the EB1-GTSE1 interaction during mitosis requires phosphorylation. Immunoblot (anti-GTSE1) of an EB1-GST pull-down using U2OS cells

arrested in S-phase or prometaphase; the latter was also treated (or not) with l-phosphatase (l-PPase). Below is Coomassie Blue staining of GST and EB1-GST

pulled down in all three conditions.

(C) Inhibition of Cdk1 restores EB1-dependent GTSE1 plus-end tracking in mitosis. Top: stills from live-cell microscopy of U2OS cells stably expressing GTSE1-

GFP (U2OSWT
212) before and after addition of RO-3306. Scale bar, 10 mm. Middle: schematic depicting GTSE1 localization (in green) on the spindle, poles, and

comets in early prometaphase before and after addition of Cdk1 inhibitor (RO-3306). Bottom: U2OSWT
212 cells were transfected with control (Ctrl) or EB1 siRNA

for 48 h. Cells were imaged at 1-s intervals for 20 s in prometaphase and then treated with RO-3306 and imaged similarly for 3min. Arrows indicate comets. Scale

bar, 5 mm. See Videos S2 and S5.

(D) Quantification of the number of GTSE1-GFP comets per unit area in the four conditions shown in (C). n = 12 cells per condition over 2 experiments. p values are

from an unpaired two-tailed t test using Welch’s correction. Error bars indicate SEM.

(E) Cdk1 phosphorylation of GTSE1 reduces interaction with EB1 in vitro. Coomassie Blue stained gel of a GST pull-down assay using EB1-GST as bait to pull

down purified GTSE1 phosphorylated (or not) with Cdk1-Cyclin B. *GSH beads blocked using BSA.

(F) Quantification of relative GTSE1 binding to EB1 before and after phosphorylation of GTSE1 by Cdk1. n = 3 experiments. Error bars represent SD.

See also Figure S1 and Videos S1, S2, S3, S4, and S5.
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Figure 2. A Phospho-mutant of GTSE1 Plus-End Tracks in Mitosis in an EB1-Dependent Manner
(A) Mitotic and Cdk1 phosphorylation sites identified in this study in GTSE1. Schematic representation of GTSE1, with two SxIPmotifs shown in black and clathrin

box motifs in yellow. Mitosis-specific (dark-blue circles) and in vitroCdk1-Cyclin B (light blue circles) phosphosites are shown. The 58 amino acid region between

(legend continued on next page)
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We then constructed several mutants with increasing numbers
of mutated phosphorylation sites. While all mutants plus end
tracked in interphase, we could only observe weak tip-tracking
in mitosis after mutating 7 phosphosites and found that mutation
of all 14 phosphosites resulted in the most robust plus-end
tracking (Figures 2B and 2C; Figure S2B; Video S6). To confirm
this mutant was plus-end tracking via EB1 interaction, we
depleted EB1 in the presence of the mutant, which indeed abol-
ished the increased plus-end tracking (Figures 2D and 2E; Fig-
ure S2C; Video S6). Thus, disrupting mitotic phosphorylation of
GTSE1 prevents removal of GTSE1 from microtubule plus ends
at mitosis.
To study the importance of the disruption of the EB1-GTSE1

interaction for mitotic function, we generated the 14 phosphosite
mutations in an RNAi-resistant BAC harboring GTSE1-GFP in a
single step via ESImutagenesis (Figure 2F).65We then generated
stable and clonal cell lines expressing RNAi-resistant versions of
either wild-type (WT) GTSE1-GFP or the GTSE1-14A-GFP
mutant (GTSE1WT and GTSE114A) (Figure 2G). Both transgenes
exhibited plus-end tracking in interphase (Video S7). Addition-
ally, GTSE1-14A-GFP expressed at near endogenous levels
was clearly recruited to growing microtubule plus ends in
mitosis, unlike WT GTSE1-GFP (Figures 2H and 2I; Video S7).

Phosphoregulated Removal of GTSE1 from Microtubule
Plus Ends Restricts Astral Microtubule Length, in
Cooperation with the Destabilizing Kinesin Kif18B
In interphase, GTSE1 tracks microtubule plus ends and stabi-
lizes microtubule growth duration.54 We thus analyzed whether
microtubule stability in mitotic GTSE114A cells was changed as
compared to WT cells. Fixed imaging of metaphase GTSE114A

cells revealed an increased abundance of astral microtubules,
that appeared to often reach the cell cortex (Figure 3A). We
then used EB1 comet signals and their distances from the
centrosome to quantify the number and individual lengths of
astral microtubules.19,55 As previously shown, depletion of
GTSE1 reduces both the number and length of metaphase astral
microtubules, and an RNAi-resistant GTSE1-GFP transgene
(GTSE1WT) rescues these defects (Figures 3A–3C).41,55 Cells

expressing equivalent protein levels of GTSE1-14A, however,
displayed significantly longer andmore abundant astral microtu-
bules in metaphase, even before RNAi-depletion of endogenous
GTSE1 (Figures 3A–3C). We verified this effect with an indepen-
dently isolated cell line generated with the same mutant BAC
(Figures S3A and S3B). This indicated a dominant effect of the
mutant, which was expected given the gain of function of EB1-
dependent microtubule plus-end localization. This stabilization
effect of the mutant appeared specific to astral microtubules,
as there was not a significant change in the number of EB1
comets within the spindle as compared to U2OS or GTSE1WT

cells (Figure 3D), and the total tubulin intensity within the inner
spindle was not affected (Figures 3E and S3C). Plotting the dis-
tribution of metaphase astral microtubule lengths among cell
lines suggested that, in the GTSE114A mutant, there was a selec-
tive increase in the number of longer (6–10 mm) astral microtu-
bules (Figure 3C). Indeed, plotting the fold difference in astral
microtubule numbers at different lengths showed no significant
difference of microtubules less than 6 mm long, nearly 2-fold as
many microtubules 6–9 mm long, and over 3-fold more microtu-
bules longer than 9 mm in GTSE114A cells (Figure S3D).
GTSE1-mediated stabilization of astral microtubules in WT

cells is clathrin dependent, requiring clathrin-mediated recruit-
ment of GTSE1 to the spindle poles and inner spindle.55 Due to
the localization of GTSE1-14A protein to astral microtubule
plus ends (where clathrin is absent) and the dominant impact
on astral length, we hypothesized the gain of function of this
mutant would be clathrin independent. To test this, we depleted
CHC in GTSE1WT and GTSE114A cells (Figure S3E). Indeed, even
after removal of CHC, the GTSE1-14A mutations remained able
to induce longer astral microtubules, supporting a clathrin-inde-
pendent gain of GTSE1 function at astral microtubule plus ends
(Figures 4A–4C). Furthermore, CHC still contributed to astral
microtubule length in GTSE114A cells (Figure 4C), cf. dark-green
and light-green traces), again indicating separate pathways.
To determine whether GTSE1-14A was impacting a known

astral microtubule (de)stabilization pathway, we performed a ge-
netic analysis of our mutant with Kif18B, a kinesin that localizes
specifically to astral microtubule plus ends and promotes astral

508 and 566 on GTSE1 is shown in more detail, with mitosis-specific phosphorylation sites identified by others in high throughput MS studies (gray circles)

additionally represented.

(B) Single frames from live imaging in mitosis of U2OS cells knocked out for GTSE1 (GTSE1KO). Cells were transiently transfected with plasmids expressing

WT GTSE1-GFP or GTSE1-14A-GFP. Scale bar, 10 mm. Magnified insets show comets indicated by arrows in cell expressing GTSE1-14A. Scale bar, 5 mm. See

Video S6.

(C) Quantification of number of GFP comets per unit volume from experiment shown in (B). n = 16–24 cells from 3 independent experiments. p value from unpaired

t test with Welch’s correction.

(D) Single frames from live imaging in mitosis of GTSE1KO cells treated with control (Ctrl) or EB1 siRNA for 48 h followed by transient transfection of plasmids

expressing GTSE1-14A-GFP. Scale bar, 10 mm. Magnified insets show comets indicated by arrows. Scale bar, 5 mm. See Video S7.

(E) Quantification of number of GTSE1-14A-GFP comets per unit volume in presence and absence of EB1 from experiment shown in (D). n = 25–30 cells from 3

independent experiments. p value from unpaired t test with Welch’s correction.

(F) A schematic showing the design of the GTSE1-14A-GFPBAC containing exons and introns andmutations for resistance to siRNA. The intron between exons 8

and 9 and the WT exon 9 was replaced with an artificial intron that confers neomycin resistance and the mutated exon 9 with 14 Ser/Thr residues mutated to

alanine.

(G) Western blot showing comparable levels of BAC-expressed GFP tagged WT (GTSE1WT) or two independent clones expressing GTSE1-14A transgene

(GTSE114A), before and after depletion of endogenous GTSE1 for 48 h using siRNA. Immunoblot using anti-GTSE1 and anti-tubulin antibodies.

(H) Stills from livemicroscopy of U2OS cells stably expressingWTGTSE1 (GTSE1WT) or GTSE1-14A (GTSE114A) in interphase and prometaphase. Arrows indicate

comets in mitosis in GTSE114A and the inset shows a kymograph of a GTSE1-14A labeled microtubule plus end. Scale bar, 5 mm.

(I) Quantification of number of GTSE1-GFP comets per unit area in prometaphase from experiment shown in (H). At least 28 cells of GTSE1WT and GTSE114A were

analyzed from 3 independent experiments. p value from unpaired t test with Welch’s correction. Error bars indicate SEM unless otherwise indicated.

See also Figure S2, Table S1, and Videos S6 and S7.
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microtubule destabilization via cooperation with MCAK.19,66

Depletion of Kif18B in U2OS cells, similar to the GTSE1-14A
mutant, increased astral microtubule length and abundance,
consistent with previous reports19 (Figure 4D; Figures S3F and
S3G). Combining these two perturbations, however, did not
further stabilize astral microtubules, suggesting that both hyper-
stabilization phenotypes are caused by disruption of the same

pathway. Furthermore, when Kif18B is depleted, loss of GTSE1
(which normally leads to a dramatic destabilization of microtu-
bules), has little effect on astral microtubule stability (Figure 4D;
Figure S3G). Together, these results suggest that both the
removal of GTSE1 and the presence of Kif18B at astral microtu-
bule plus ends is required for destabilization of astral
microtubules.

A B

C

D E

Figure 3. Restoring GTSE1 to Growing Microtubule Plus Ends in Mitosis Stabilizes Astral Microtubules
(A) Immunofluorescence images in metaphase of U2OS, GTSE1WT, and GTSE114A cells treated with control (Ctrl) or GTSE1 siRNA. Cells were fixed and stained

with antibodies against EB1 (in gray) and CEP-135 (in red). Scale bar, 10 mm.

(B) Quantification of mean astral microtubule length from experiment shown in (A). The red horizontal line indicates mean. n = 37 cells from 3 independent

experiments, pooled for representation. p values are from an unpaired two-tailed Student’s t test.

(C) Distributions of astral microtubule numbers as a function of their lengths. n = 37 cells from 3 independent experiments, pooled for representation. The mean

number of astral microtubules is presented as histograms in insets. *p < 0.05, **p < 0.01, unpaired two-tailed Student’s t test. The inset in ‘‘Combined’’ shows the

significances (different letters indicate groups differing significantly).

(D) Quantification of number of EB1 labeled microtubules in the inner spindle in metaphase U2OS, GTSE1WT, and GTSE114A cells after control (Ctrl) or GTSE1

RNAi. The mean is shown in red. p values are from an unpaired two-tailed Student’s t test.

(E) Boxplot showing intensity of tubulin in the inner spindle from experiment shown in (C). n = 55–76 cells, from 3 independent experiments. p values are from an

unpaired t test with Welch’s correction.

See also Figure S3.
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A B

C

D

Figure 4. Phosphoregulated Removal of GTSE1 fromMicrotubule Plus Ends Restricts Astral Microtubule Length in Cooperation with the De-
stabilizing Kinesin Kif18B
(A) Immunofluorescence images in metaphase of U2OS, GTSE1WTand GTSE114A cells treated with control (Ctrl), CHC siRNA alone (U2OS), or a combination of

CHC and GTSE1 siRNA (in GTSE1WTand GTSE114A). Cells were fixed and stained with antibodies against EB1. Scale bar, 10 mm.

(B) Quantification of mean astral microtubule lengths from 3D reconstructions of images of cells in metaphase of U2OS, GTSE1WT, and GTSE114A cells treated

with control (Ctrl), CHC siRNA alone (U2OS), or a combination of CHC and GTSE1 siRNA (in GTSE1WT and GTSE114A). The mean is marked in red. n = 22–43 cells

from 3 independent experiments, pooled for representation. p values are from an unpaired two-tailed Student’s t test.

(C) Distributions of astral microtubule numbers in metaphase of U2OS, GTSE1WT, and GTSE114A cells treated with control (Ctrl), CHC siRNA alone (U2OS), or a

combination of CHC and GTSE1 siRNA (in GTSE1WT and GTSE114A) as a function of their lengths. n = 22 cells from 3 independent experiments, pooled for

representation. The mean number of astral microtubules is presented as histograms in insets. **p < 0.01, unpaired two-tailed Student’s t test. The inset in

‘‘Combined’’ shows the significances (different letters indicate groups differing significantly).

(D) Distributions of astral microtubule numbers in metaphase of U2OS, GTSE1WT, and GTSE114A cells treated with control (Ctrl), GTSE1 siRNA alone, or in

combination with Kif18B siRNA (in U2OS) and GTSE1 alone or a combination of GTSE1 and Kif18B siRNA (in GTSE1WT and GTSE114A) as a function of their

lengths. n = 33 cells from 3 independent experiments, pooled for representation. The mean number of astral microtubules is presented as histograms in insets.

**p < 0.01, unpaired two-tailed Student’s t test. The inset in ‘‘Combined’’ shows the significances (different letters indicate groups differing significantly).

See also Figure S3.
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Restoring GTSE1 Plus-End Tracking in Prometaphase
Selectively Stabilizes Long Astral Microtubules
As Cdk1-mediated removal of GTSE1 from growing microtubule
plus ends occurs at NEBD, we next asked whether the defect in
the ability of the mitotic GTSE114A cells to control astral microtu-
bule length also manifested in prometaphase. Quantification of
microtubule lengths and abundance from asters in early prome-
taphase cells, both in U2OS and RPE-1 cells, revealed a signifi-
cantly increased number of astral microtubules, which was again
characterized by an apparent increase in the number of longer
astral microtubules (Figures 5A–5E). Plotting the fold difference
in astral microtubule numbers of different lengths in prometa-
phase cells showed no significant difference of microtubules
less than 8.5 mm long, yet over 3-fold more microtubules longer
than 8.5 mm inGTSE114A cells compared toGTSE1WT (Figure 5F).
For insight into the underlying changes leading to longer astral
microtubules, we analyzed microtubule dynamics in prometa-
phase cells additionally expressing mCherry-EB3. While we did
not observe any change inmicrotubule growth rates in GTSE114A

cells compared to GTSE1WT, the average catastrophe frequency
reduced (Figures 5G and 5H). Thus, the GTSE1-EB1 interaction
is negatively regulated by phosphorylation in early mitosis to
confine the number of long astral microtubules, likely by
increasing the chance of microtubule catastrophe.
Normally, GTSE1 localization to microtubule plus ends is

restored at anaphase onset, consistent with a decline in Cdk1
activity at this time54 (Figure S1A). As both regulation of EB1
interaction with +TIPs and astral microtubule length are impor-
tant for anaphase spindle functions,5,67,68 we asked whether
preventing GTSE1 from relocalizing to microtubule plus ends
at this stage would destabilize microtubules or impact anaphase
progression. A cell line containing GTSE1mutated at its two SxIP
motifs (GTSE1SK202) no longer interacts with EB1 nor plus end
tracks and is proficient for metaphase astral microtubule length
and chromosome alignment but fails to restore GTSE1 plus-end
tracking at anaphase onset.41,54 These cells did not display any
major defects in anaphase astral microtubule stability (Fig-
ure S4A). We quantified anaphase function by live-cell imaging
to monitor the timing from anaphase onset to initiation of

cytokinesis furrow ingression. While depleting cells of GTSE1
indicated a role for GTSE1 in anaphase progression, the
GTSE1SK202 mutant showed no changes, suggesting that regu-
lation of the EB1-GTSE1 interaction is not functionally important
to these processes (Figure S4B).

Phospho-Dependent Displacement of GTSE1 from
Microtubule Plus Ends in Prometaphase Is Required for
Spindle Reorientation via Astral Microtubule
Destabilization
Given the importance of astral microtubules for spindle reorien-
tation, we asked whether restoring the mitotic EB1-GTSE1 inter-
action and subsequent hyperstabilization of astral microtubules
led to a defect in spindle orientation that could explain the need
to disrupt this interaction. We previously reported that cells
depleted of GTSE1 are defective in metaphase spindle orienta-
tion with respect to the substrate due to shorter astral microtu-
bules.41 We thus asked whether the longer metaphase astral mi-
crotubules observed in GTSE114A cells also perturbed this type
of orientation. While the defect after GTSE1 depletion was
restored in GTSE1WT cells, GTSE114A cells were defective, sug-
gesting the failure of these cells to destabilize long astral micro-
tubules compromised spindle orientation in metaphase (Fig-
ure S4C). Loss of GTSE1 causes an increased mitotic duration
due to chromosome congression defects.41,55,69 As chromo-
some congression defects can perturb spindle orientation,40

we analyzed mitotic timing in GTSE114A cells. We did not
observe any defect, suggesting they are proficient for chromo-
some alignment and that this could not explain the spindle orien-
tation defects (Figure S4D).
We next assayed the ability of the prometaphase spindles in

GTSE114A cells to orient their axis relative to cell-shape/adhesion
cues by imaging cells with microtubules labeled entering and
proceeding through mitosis. The initial cell-shape axis was
determined 8 min prior to NEBD, and the orientation of spindles
was tracked over time with respect to this axis (Figure 6A). For
analysis, we considered cells in which the centrosome-centro-
some axis at NEBD was more than 30 degrees deviated from
the cell-shape axis (and thus would require active repositioning).

Figure 5. CDK1-Mediated Removal of GTSE1 fromMicrotubule Plus Ends Destabilizes Long Astral Microtubules and Promotes Microtubule
Catastrophe in Prometaphase
(A) Immunofluorescence images in prometaphase of U2OS, GTSE1WT, and GTSE114A cells treated with control (Ctrl) or GTSE1 siRNA. Cells were fixed and

stained with anti-tubulin and anti-EB1 antibodies. Scale bar, 10 mm.

(B) Quantification of mean microtubule lengths from experiment shown in (A). Red line indicates mean. n = 43 cells over 3 independent experiments. p values are

from an unpaired two-tailed Student’s t test.

(C) Distributions of microtubule numbers as a function of their lengths. n = 43 cells from 3 independent experiments, pooled for representation. Themean number

of microtubules is presented as histograms in insets. **p < 0.01, unpaired two-tailed Student’s t test. The inset in ‘‘Combined’’ shows the significances (different

letters indicate groups differing significantly).

(D) Immunofluorescence images in prometaphase of RPE-1 cells transiently transfected with plasmids expressing WT GTSE1-GFP or GTSE1-14A-GFP. Cells

were fixed and stained with anti-tubulin and anti-EB1 antibodies. Scale bar, 10 mm.

(E) Distributions of number ofmicrotubules from experiment shown in (D) as a function of their lengths. n = 8 equally transfected cells from 1 experiment. Themean

number of microtubules is presented as histograms in insets. *p < 0.05, unpaired two-tailed Student’s t test.

(F) Quantification of the fold difference in the number of microtubules of different lengths in prometaphase between GTSE1WT and GTSE114A. p values are from a

one-way ANOVA. The horizontal red dashed line indicates a p value of 0.05.

(G) Mean microtubule growth velocity in mitosis in GTSE1WT and GTSE114A cells, obtained from videos of cells co-expressing EB3-mCherry, analyzed with

plusTipTracker software. n = 17–19 cells from one experiment. p values are from an unpaired t test with Welch’s correction.

(H)Mean catastrophe frequency inGTSE1WT andGTSE114A cells co-expressing EB3-mCherry calculated using plusTipTracker software. n = 10–14 cells from one

experiment, and only values lying between 10th and 90th percentiles were considered. p values are from an unpaired t test with Welch’s correction. Error bars

represent SEM unless otherwise indicated.

See also Figure S4.
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As is shown in Figure 6B, control cells rapidly oriented their spin-
dles to align with the cell-shape axis. After depletion of GTSE1,
which destabilizes astral microtubules and has previously been
shown to disrupt spindle positioning, spindles no longer align
efficiently but appear to display random and rapid movements
(Figure 6B, bottom panel). The presence of a WT copy of
GTSE1 rescues this defect, but the GTSE1-14A mutant, which
stabilizes astral microtubules, displays spindle behavior distinct
from WT or GTSE1-depleted cells. Namely, the spindles appear
to resist rotation, mostly maintaining their position established at
NEBD.
To quantify the differences in rotation behavior of these spin-

dles, we determined the difference between the final orientation
of the spindle (i.e., at the metaphase-anaphase transition; aAna-
phase) and the initial orientation of the spindle (aNEBD), relative to
the interphase shape axis (again in cells with an initial aNEBD of
more than 30 degrees; Figure 6C). As expected, spindles in
both control cells and GTSE1WT cells corrected their orientation,
indicated by the angle becoming smaller (Figure 6C). In cells
depleted of GTSE1, spindle orientation angles actually became
more deviant than they started, consistent with a lack of micro-
tubules resulting in a complete failure to sense cell-shape/adhe-
sion cues. In contrast, spindles in GTSE114A cells on average did
not change from their initial, off-axis position, reflected by their
traces and suggesting that they resisted rotation during prome-
taphase. Quantification of the final position of spindles at
anaphase onset relative to the shape axis revealed that, although
the rotation behavior of spindles of GTSE1-depleted cells and
GTSE1-14A cells contrasted (reflecting the opposite impacts
on microtubule dynamics), both led to a similar failure to effi-
ciently align spindles prior to anaphase (Figure 6D). As the orien-
tation defect in GTSE1-14A cells could arise from excessive and/
or stabilized engagement of cortical astral microtubule-interact-
ing complexes, we measured the number of astral microtubules
reaching the cell cortex in prometaphase (Figure 6E). Consis-
tently, cells expressing GTSE1-14A contained more than 3 times
the number of astral microtubules reaching the cortex than under
WT conditions. Together, these results indicate that mitotic
phosphorylation of GTSE1, which disrupts the interaction with
EB1 and microtubule plus-end tracking, is required for spindle
orientation. Cells containing mutations disrupting this regulation

are unable to reorient the mitotic spindle in response to cell-
shape and adhesion cues, which we attribute to the coincident
stabilization of long astral microtubules reaching the cell cortex.

DISCUSSION

Despite the importance of astral microtubules to cell division, lit-
tle is known about how their dynamics and stability are specif-
ically controlled, and how this may affect their functions. Here,
we show that astral microtubule destabilization is controlled at
NEBD by Cdk1 phosphorylation of GTSE1, which disrupts the
recruitment of GTSE1 to growing microtubule plus ends by abol-
ishing its interaction with EB1. Loss of GTSE1 from microtubule
plus ends in mitosis promotes astral microtubule instability by
raising their catastrophe frequency. We find that this destabiliza-
tion of long astral microtubules in prometaphase is required for
spindle orientation in response to cell-shape and adhesion cues.
While Cdk1 activity has been previously linked to spindle orien-

tation via negatively regulating the cortical localization of NuMA,70

we show the first link via regulation of microtubule stability. Cdk1
activity has long been known to promote increased microtubule
dynamics as cells transition to mitosis10–12; to our knowledge,
this is the first example of a mechanism linking Cdk1 phosphory-
lation of a target protein to specifically control astral microtubule
stability in metazoans. Targeting an EB1-+TIP interaction may
be a repeated mechanism for the Cdk1-dependent regulation of
microtubule dynamics that happens in mitosis. Although only a
few +TIPs have been reported to be removed from microtubules
inmitosis,71–73wehave identified viaquantitativemassspectrom-
etry more than 10 SxIP-containing proteins that interact with EB1
in interphase but not mitosis (unpublished data). Some have likely
been previously overlooked due to commonly used overexpress-
ing GFP-transgene constructs. Indeed, when dramatically over-
expressed, GTSE1-GFP plus end tracks during mitosis (unpub-
lished observation), probably due in part to overwhelming the
cellular phosphorylation machinery.
While loss of EB1 (and thus the associated array of +TIPs from

growing ends) has been documented to inhibit microtubule dy-
namics and destabilize astral microtubules,18,23,74 our work
here highlights that there is a dynamic and precise tuning of
astral microtubule length and dynamics mediated by the

Figure 6. Restoring GTSE1 to GrowingMicrotubule Plus Ends in Mitosis Inhibits the Ability of Cells to Reorient Spindles in Response to Cell-
Shape Cues
(A) Stills from live-cell imaging of U2OS and GTSE114A cells treated with control (Ctrl) or GTSE1 siRNA for 48 h and imaged in presence of the cell-permeable siR-

Tubulin dye. Individual centrosomes are labeled with * in white and orange. Dashed white lines indicate the cell-shape axis; dashed blue lines indicate the spindle

axis. Scale bar, 10 mm.

(B) Traces of spindle angles relative to the interphase axis after NEBD till anaphase onset in individual cells in different conditions from experiment shown in (A). n =

21–26 cells are shown from 1 experiment.

(C) Top panel: schematic illustrating the change in angle amade by the spindle with the interphase axis at different phases as indicated on the graph. An example

illustrating progressive spindle rotation to eventually align along the interphase axis is shown. A negative value for Da indicates spindle movement toward long

axis, while a positive value indicates spindle movement away from the long axis. Right panel: boxplot of Da values in U2OS, GTSE1WT, and GTSE114A cells.

p values are from an unpaired t test with Welch’s correction.

(D) Quantification of spindle positioning defect in experiment shown in (A). Only cells that have their spindle axis more than 30! away from the interphase axis at

NEBD are considered for analysis. Percentage of cells that are able to align their spindles to within 30! of their interphase axis is shown (with individual

experimental means displayed). n = 39–51 cells over 3 experiments. p values are from an unpaired t test.

(E) Left panel: schematic illustrating the method for semi-automatic detection of microtubules reaching the cortex. Right panel: quantification of the number of

microtubules reaching within 1 mm of the cell cortex, per mm of cortex in 2-dimensions in U2OS, GTSE1WT, and GTSE114A prometaphase cells (with individual

experimental means displayed). n = 30–37 cells over 3 independent experiments. p values are from an unpaired t test. All error bars represent SEM unless

otherwise indicated.

See also Figure S4.
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spatiotemporal regulation of +TIP interactions. Perturbations
causing dramatic global hyperstabilization of microtubules
throughout the cell, such as treatment with Taxol, are known to
affect spindle positioning.75,76 What we show here is that even
relatively subtle changes to astral microtubule stability neverthe-
less have a quite dramatic impact on spindle repositioning in
prometaphase and thusmust be precisely controlled. Our results
suggest that the spindle orientation defect exhibited by
GTSE114A cells arises from hyperstabilization of long astral mi-
crotubules in prometaphase. This is consistent with the observa-
tion that perturbation of the microtubule destabilizing kinesin
Kif18B, which also results in longer astral microtubules, leads
to spindle orientation defects.19,39,50,66,77 Thecoincident removal
of GTSE1 and recruitment of Kif18B to astral microtubule plus
ends by EB1 at the onset of mitosis highlights the importance
of regulating astral microtubule length and dynamics viamodula-
tion of +TIP-EB1 interactions.19,66 In fact, our results indicate that
the microtubule stabilization phenotypes of GTSE1-14A are due
to disruption of the same pathway as depletion of Kif18B.

Whymust long astral microtubules be destabilized in prometa-
phase? We show that, in stark contrast to cells lacking astral mi-
crotubules, which display exaggerated and random spindle
movements, cells with hyperstabilized long astral microtubules
resist spindle rotation in response to cell shape. Under these
conditions, a combination of excessive engagement of cortical
microtubule-interaction sites and a reduced likelihood of a ca-
tastrophe/depolymerization event could pose a significant bar-
rier to reorientation of a spindle.78 Excessive longer astral micro-
tubules may establish too many cortical interactions early in
prometaphase and, in combination with a lack ofmicrotubule dy-
namicity, inhibit the ability of spindles to dynamically react to cell
shape. This is consistent with a simple model from Minc et al.22

of how microtubules can position nuclei by sensing cell geome-
try, which was also applied to spindle reorientation in response
to cell shape.2 In this model, microtubules ‘‘probe’’ the cell shape
and exert length-dependent pulling when engaged with force
generators at the cell cortex. Consistently, increasing the
numbers of microtubules reaching the cortex in the first division
of C. elegans embryos increases the ‘‘centering stiffness’’ of the
spindle or force required to displace the spindle within the cell.49

Additionally, evidence suggests that microtubules may need to
be dynamic at the cell cortex in order to generate depolymeriza-
tion-coupled force generation, for example, via NuMA, to posi-
tion spindles.52,53,76,79

We show that Cdk1 destabilizes long astral microtubules by
removing the microtubule-stabilizing protein GTSE1 from
growing microtubule plus ends. GTSE1 stabilizes microtubules
by inhibiting the microtubule depolymerization activity of
MCAK, which localizes to both astral microtubule plus ends as
well as centrosomes during mitosis.41,80,81 During mitosis,
GTSE1 is normally only present at spindle poles and the inner
spindle, through recruitment by clathrin.55 Clathrin is thus
required for GTSE1’s normal microtubule stabilization ability
and likely stabilizes astral microtubules by inhibition of centroso-
mal MCAK.55 However, we have shown here that the ability of
GTSE1-14A mutant to stabilize astral microtubules is indepen-
dent of clathrin, consistent with it inhibiting a distinct pool of
MCAK at growing microtubule plus ends. Thus, the control of
astral microtubule (in)stability requires the concerted removal

of an MCAK inhibitor (GTSE1) and recruitment of an MCAK
potentiator (Kif18b) at astral microtubule plus ends.
The decreased catastrophe frequency and longer lengths of

microtubules observed when GTSE1 is not removed from astral
microtubule plus ends (i.e., in GTSE114A cells) thus likely reflects
inhibition of the microtubule plus-end-associated pool of MCAK.
Indeed, the reduction in catastrophe frequency we observe in
GTSE114A mutant cells is similar to that observed when MCAK
is inhibited in PtK2 cells.82 Consistently, inhibition of MCAK by
RNAi leads to longer astral microtubules and spindle positioning
defects.41,42 In the future, molecular definition of the MCAK inhi-
bition mechanism of GTSE1 will allow point mutation of GTSE1-
14A to test this directly.
In summary, we have provided evidence here that astral

microtubule dynamics must be precisely regulated to ensure
spindle orientation mechanisms, in particular, that long astral mi-
crotubules must be selectively destabilized. We further have
elucidated a molecular pathway by which these changes are
both spatially and temporally regulated by Cdk1 activity at the
onset of prometaphase: by disrupting recruitment of the micro-
tubule stabilizing protein GTSE1 to microtubule plus ends via
EB1. Regulation of EB1-+TIP complexes may be a common
theme by which Cdk1 induces the substantial changes in micro-
tubule dynamics accompanying mitosis.
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42. Wolf, B., Busso, C., and Gönczy, P. (2019). Live imaging screen reveals

that TYRO3 and GAK ensure accurate spindle positioning in human cells.

Nat. Commun. 10, 2859.

43. Thoma, C.R., Toso, A., Gutbrodt, K.L., Reggi, S.P., Frew, I.J., Schraml, P.,

Hergovich, A., Moch, H., Meraldi, P., and Krek, W. (2009). VHL loss causes

spindle misorientation and chromosome instability. Nat. Cell Biol. 11, 994–

1001.

44. Hanafusa, H., Kedashiro, S., Tezuka, M., Funatsu, M., Usami, S.,

Toyoshima, F., and Matsumoto, K. (2015). PLK1-dependent activation of

LRRK1 regulates spindle orientation by phosphorylating CDK5RAP2.

Nat. Cell Biol. 17, 1024–1035.

45. Gai, M., Bianchi, F.T., Vagnoni, C., Vernı̀, F., Bonaccorsi, S., Pasquero, S.,
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat polyclonal anti-GFP MPI-CBG, Dresden;83 N/A

Rabbit polyclonal anti-GTSE1 MPI-CBG, Dresden;54 N/A

Mouse monoclonal anti- a-tubulin (DM1a) Sigma Aldrich Cat#T6199; RRID:AB_477583

Goat anti-clathrin heavy chain LSBio LS-C348290; RRID:AB_2313773

Rabbit polyclonal anti-Kif18B Bethyl Laboratories Cat# A303-982A-T; RRID:AB_2620331

Rat polyclonal anti-EB1 Absea Biotechnology Cat#010811b11; RRID: AB_2313773

Rabbit polyclonal anti-CEP135 MPI-CBG, Dresden N/A

Donkey anti-rat Alexa594 Bethyl Laboratories Cat#A110-337D4; RRID:AB_10681669

Donkey anti-rat Alexa488 Bethyl Laboratories Cat#A110-337D2; RRID:AB_10682975

Donkey anti-rabbit Alexa650 Bethyl Laboratories Cat#A120-208D5; RRID:AB_10630867

Donkey anti-mouse Alexa488 Bethyl Laboratories Cat#A90-337D2; RRID:AB_10632009

Donkey anti-mouse Alexa594 Bethyl Laboratories Cat#A90-337D4; RRID:AB_10630877

Donkey anti-mouse Alexa647 Invitrogen Cat#A31571; RRID:AB_162542

Donkey anti-goat Alexa488 Jackson Immunoresearch Cat#705-545-147; RRID:AB_2336933

HRP-conjugated Sheep anti-mouse GE-Amersham Cat# NA931; RRID: AB_772210

HRP-conjugated donkey anti-rabbit GE-Amersham Cat# NA934; RRID: AB_772206

HRP-conjugated goat anti-rat GE-Amersham Cat# NA935; RRID:AB_772207

Bacterial and Virus Strains

E. coli Rosetta 2 (DE3) Agilent Technologies Cat#230240

E. coli DH10b N/A

Max Efficiency DH10BacTM Chemically competent

cells (EMBacY)

MPI-Dortmund, DPF N/A

Chemicals, Peptides, and Recombinant Proteins

Blasticidin Corning Cat# 3513-03-9

Puromycin GIBCO Cat#A11138-03

NotI-HF New England Biolabs Cat#R3189S

L-Glutamine PAN Biotech Cat#P04-80100

PenStrep PAN Biotech Cat#P06-07100

OptiMEM Invitrogen Cat#31985-054

RO-3306 Millipore Cat#217699

RO-3306 Calbiochem Cat#217699-5mg

ZM447439 EMD Millipore Corp. Cat#189410

BI 2536 Enzo Life Sciences Cat#ENZ-CHM160-0005

MLN8054-004-H Millenium Pharmaceuticals,

Cambridge, MA;

NA

siR-DNA Spirochrome Cat# SC007

siR-tubulin Spirochrome Cat# SC002

Methanol Sigma-Aldrich Cat#32213-2.5L-M

Fetal Bovine Serum Sigma-Aldrich Cat#f7524 Batch:111M3395

Prolong Gold containing DAPI Invitrogen Cat# P36941

DAPI Sigma Cat#D9542

Mowiol 4-88 Reagent Calbiochem Cat#475904

(+)S-trityl-L-Cysteine (STLC) Sigma-Aldrich Cat#164739

MG-132 Calbiochem Cat#CAS 133407-82-6

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Protease-Inhibitor Mix HP plus Serva Cat#39107

PhosStop phosphatase inhibitor EASY Pack, Roche Cat#04906845001

Dynabeads coupled to protein G Invitrogen Cat#10004D

ECL Prime Western Blotting Detection ReagentTM GE Healthcare Cat#RPN2232

GST-GTSE1 FL This paper N/A

GTSE1 FL- 6xHis This paper N/A

GTSE1 1-460- 6xHis This paper N/A

GTSE1 381-739- 6xHis This paper N/A

EB1-GST This paper N/A

Histone H1 Musacchio Lab N/A

Cdk1-Cyclin B Musacchio Lab N/A

GST Precission protease Musacchio Lab N/A

l-phosphatase Musacchio Lab N/A

ATP Carl Roth GmbH + Co Cat#HN35.4

Sodium orthovanadate Sigma Cat#S6508-10G

ProQ-DiamondR Invitrogen Cat#P33300

Glutathione beads Serva Cat#42172.01

Glutathione BIORoxx GmbH Cat#CAS 70-18-8

IPTG Carl Roth GmbH + Co Cat#CAS 367-93-1

Critical Commercial Assays

NucleobondR xtra bac kit Macherey-Nagel Cat#747436.25

Effectene QIAGEN Cat#301425

Lipofectamine-2000 Invitrogen Cat#11668-019

Oligofectamine Invitrogen Cat#12252011

Experimental Models: Cell Lines

Human: U2OS (epithelial osteosarcoma cells) MPI-CBG N/A

Human: U2OS GTSE1WT This paper N/A

Human: U2OS GTSE1WT
212 Bird Lab;54 N/A

Human: U2OS GTSE1WT(303) Bird Lab;55 N/A

Human: U2OS GTSE114A This paper N/A

Human: U2OS GTSE114A EB3-mCherry This paper N/A

Human: U2OS GTSE1WT
212 EB3-mCherry109 Bird Lab N/A

Human: U2OS GTSE1TP/AA This paper N/A

Human: U2OS GTSE1KO Bird Lab;41 N/A

Human: U2OS GTSE1WT EB3-mCherry4 Bird Lab N/A

Human: U2OS GTSE1Sk(202) Bird Lab;54 N/A

Human: RPE-1 ATCC N/A

Trichoplusia ni: BTI-Tnao38 Gary W. Blissard Lab N/A

S.frugiperda: Sf9 Thermo Fischer Cat#12659017

Oligonucleotides

siRNA targeting hGTSE1:

50-GAUUCAUACAGGAGUCAAA-30
Ambion;54 N/A

siRNA targeting hEB1:

50-UUCGUUCAGUGGUUCAAGA-30
Ambion;54 N/A

siRNA targeting clathrin heavy chain (CHC):

50-GGUUGCUCUUGUUACGGAUTT-30
Ambion;55 N/A

siRNA targeting Kif18B:

50-UAUUUGAGGGUGUUGUACG-30
Sigma-Aldrich;66 N/A

Silencer Select Negative Control #2 siRNA Ambion Cat#4390847

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Fwd_AI-14A (forward recombineering primer for

amplifying the artificial intron fused to the mutant exon 9):

50- CCAAAGCTTTCGCGGGCACAGCGGCCGCAGTCG

TGCACGTCAGTTGGCAGGTAAGTGTGTACGGTG GGAT "30

Sigma-Aldrich N/A

Rev_AI-14A (reverse recombineering primer for amplifying

the artificial intron fused to the mutant exon 9):

50- CAGCAAGCCTAGGAATTTGAGACCAATTTATTA

CCACCTTCGTGTCTTACCTCATTGCAGAGTTCTT GCG "30

Sigma-Aldrich N/A

Recombinant DNA

pEGFP-N2-GTSE1-14A-GFP-T2A-Bsd This paper N/A

pEGFP-N2-GTSE1-GFP-T2A-Bsd Bird Lab;41 N/A

pEGFP-N2-GTSE1-3A-GFP-T2A-Bsd This paper N/A

pEGFP-N2-GTSE1-4A-GFP-T2A-Bsd This paper N/A

pEGFP-N2-GTSE1-5A-GFP-T2A-Bsd This paper N/A

pEGFP-N2-GTSE1-7A-GFP-T2A-Bsd This paper N/A

pEGFP-N2-GTSE1-10A-GFP-T2A-Bsd This paper N/A

pEGFP-N2-GTSE1-12A-GFP-T2A-Bsd This paper N/A

hGTSE1TP/AA Bacterial Artificial Chromosome This paper N/A

hGTSE1-14A Bacterial Artificial Chromosome This paper N/A

pEB3-mCherry (puro) Bird Lab;54 N/A

pGEX-6p1-EB1-GST This paper N/A

pET28a-GTSE1 FL Bird Lab;55 N/A

pET28a-GTSE1 1-460 Bird Lab;55 N/A

pET28a-GTSE1 381-739 Bird Lab;55 N/A

MultiBac Geneva Biotech N/A

pFG-GTSE1 FL Bird Lab;41,55 N/A

Software and Algorithms

FIJI/ImageJ National Insititutes of Health

(Public Domain)

https://imagej.net/Fiji/Downloads

ImageLab BioRad https://www.bio-rad.com

Prism 7 Graphpad https://www.graphpad.com/scientific-

software/prism/

Slidebook Software 6.0 Intelligent Imaging

Innovations Inc.

https://www.intelligent-imaging.

com/slidebook

SoftWorX 6.1.1 GE Healthcare Life

Sciences

http://incelldownload.gehealthcare.

com/bin/download_data/SoftWoRx/

7.0.0/SoftWoRx.htm

plusTipTracker Danuser Lab84

Imaris 7.6.4 Oxford Instruments https://imaris.oxinst.com/

MaxQuant software 1.5.2.18 MPI-Biochem https://www.maxquant.org/

MATLAB R2018a Mathworks https://www.mathworks.com/

products/matlab.html

Other

Deltavision Imaging System GE Healthcare

3i MarianasTM spinning disc confocal system Intelligent Imaging

Innovations Inc.

8-well ibidi chambers ibidi Cat# 80827
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RESOURCE AVAILABILITY

Lead Contact
Further information and requests for resources and reagents should be directed to andwill be fulfilled by the LeadContact, Alexander
W. Bird (alex.bird@mpi-dortmund.mpg.de).

Materials Availability
Plasmids and cell lines generated for this study are available upon request.

Data and Code Availability
The code supporting the analyses of astral microtubule parameters in this study are available at https://github.com/divyarfrn/
GTSE1_14A_CurrBiol

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The parental U2OS and RPE-1 cells were maintained in DMEM (PAN Biotech) containing 10% FBS (GIBCO), 2mM L-glutamine (PAN
Biotech), 100 U/mL penicillin, and 0.1 mg/ml streptomycin (PAN Biotech) at 37!C in 5% CO2. Parental U2OS cells stably-integrated
with the Bacterial Artificial Chromosome (BAC) encoding RNAi-resistantwild-typeGTSE1-GFP or GTSE1-14A-GFPwere maintained
in the same media supplemented with 4 mg/mL blasticidin. All BACs integrated into the parental cell line were verified by DNA
sequencing, and stably integrated cells were authenticated by selection for blasticidin resistance. The GTSE1WT and GTSE114A

clones expressing the GTSE1-GFP and GTSE1-14A-GFP BAC transgenes close to endogenous level, respectively, were selected
for phenotypic analysis. U2OS cells stably expressing RNAi-resistant wild-typeGTSE1-LAP (GTSE1WT

212, GTSE1303) were described
previously52,53. Dual cell lines expressing BAC-based GTSE1-14A and plasmid-encoded EB3-mCherry were made by selecting for
stable integration of EB3-mCherry using media supplemented with 1 mg/mL puromycin, and subsequent fluorescence microscopy
analysis to detect EB3 comets.

METHOD DETAILS

Cloning and plasmids
Plasmids for mammalian expression were derived from the pEGFP-N2 GTSE1-GFP-T2A-Bsd, a previously modified version41 of the
pEGFP-N2 vector (Addgene). Mutations were introduced into the GTSE1 cDNA by either site-directed mutagenesis or Gibson clon-
ing, with the exception of the GTSE1TP/AA BAC that was previously generated in the laboratory. The GST-hGTSE1 construct used for
protein purification from insect cells was also described in the studymentioned above. TheGTSE1-14ABAC carrying point mutations
at T508, S513, S514, S520, S523, S523, S528, T532, S535, S539, T545, T548, T555, S565, S566 was generated through recombin-
eering by ESI mutagenesis based on Redb and Redg expression65. Briefly, a cassette was first created that contains mutated exon 9
linked via a T2A peptide to neomycin resistance gene flanked by splice sites at both ends. This cassette was amplified by PCR using
primers that provide 50 bp long homology arms to specify the site of recombination on the GTSE1WT BAC. Standard recombination
based on inducible Redb and Redg expression was carried out and positive clones were tested for the correct recombination event.
Correctly modified BACs were verified by DNA sequencing. The integrity of GTSE1-14A BAC was checked by performing restriction
digestion with NotI (New England Biolabs) and comparing the obtained profile with that of the GTSE1 WT BAC.

Construction of stable cell lines and transient transfection
To obtain U2OS cells expressing the GTSE1-GFP or GTSE1-14A-GFP transgenes, the corresponding BACs were transfected into
U2OS cells using the Effectene kit (QIAGEN) following the manufacturer’s instruction and selected using blasticidin supplemented
media. To make EB3 expressing cell lines, the appropriate plasmid was transfected into GTSE114A using Lipofectamine-2000 (Invi-
trogen) according to manufacturer’s instructions and stably integrated colonies were selected using puromycin. Transient transfec-
tions of GTSE1 point mutants in U2OS and RPE-1 cells were performed in ibidi chambers using 750 ng DNA and 0.75 mL Lipofect-
amine 2000 (Invitrogen) according to the manufacturer’s protocol.

RNAi
siRNA against hGTSE1 (Ambion; 50-GAUUCAUACAGGAGUCAAA-30), EB1 (Ambion; 50-UUCGUUCAGUGGUUCAAGA-30), Kif18B
(Sigma-Aldrich;) and control siRNA (Ambion; Silencer negative control 2; AM4637) were used. Approximately 35,000 U2OS cells
were added to prewarmed media in 24-well plates or 8-well imaging chambers (ibidi), and transfection complexes containing
2.5 mL Oligofectamine and siRNA were added immediately afterward. Media was changed after 6–8 hours. Final concentrations
of 80 nM RNAi for GTSE1 and 100nM each for EB1 and Kif18B were used.
For depleting endogenous GTSE1, EB1 and Kif18B in U2OS cells, reverse transfection was performed using Oligofectamine (In-

vitrogen). Briefly, transfection complexes consisting of siRNA and Oligofectamine were prepared by mixing 2.5 mL Oligofectamine
with siRNA in OptiMEM (Invitrogen) at room temperature for 20 min. This was added to roughly 35000-40000 cells in prewarmedme-
dium in 24-well plates (Sarstedt) containing glass coverslips, or 8-well imaging chambers (ibidi), and the volume made up to 500 mL.
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The cells were left in the humidified incubator at 37!C for 8 hours after which themediawas replaced. All experiments were performed
48 hours after transfection.

Clathrin depletion in human cells was performed using a forward transfection approach. Cells were seeded into a 3.5 cm dish with
coverslips and grown until 75% confluent. Prior to transfection, medium was exchanged for 1.8 mL OptiMEM supplemented with
100 U/mL penicillin and 0.1 mg/mL streptomycin (PAN Biotech, Pen/Strep mix). A 200 mL transfection mix containing 3 mL Lipofect-
amine RNAi Max (Invitrogen) and the siRNA was prepared in OptiMEM (Invitrogen), and incubated for 25 min at RT before addition to
the cells. Experiments were performed 66 hours after transfection. Clathrin heavy chain (CHC) siRNA (50-GGUUGCUCUUGUUACG
GAUTT-30) was used at 50 nM final concentration. When necessary, cells transfected with Control or CHC siRNA for 66 hours using
the forward transfection approach were submitted to a second round of reverse transfection with Control, GTSE1 (100 nM), or CHC
(100 nM) siRNAs for an extra 48 hours.

Live cell imaging
For identifying kinase dependency on phosphorylation of GTSE1 in mitosis, GTSE1WT cells were treated with appropriate dilutions of
specific kinase inhibitors in CO2-independent visualization medium (GIBCO) supplemented with 10% FBS, 2mM L-glutamine and
penicillin/streptomycin as mentioned earlier. Aurora A inhibitor (MLN8054; Sigma-Aldrich) and Aurora B inhibitor (ZM447439;
EMD Millipore Corp.) were added at 500 nM and 2 mM respectively for 90 min while 100 nM of Plk1 inhibitor (BI 2536; Enzo Life Sci-
ences) was added for one hour prior to imaging. For inhibiting Cdk1, 9 mM RO-3306 (Calbiochem) was used. Cells were imaged in
prometaphase first for 20 s followed by replacing the media with fresh visualization medium containing RO-3306 and imaging for 180
s. A z stack consisting of 3 sections at intervals of 0.4 mmwas acquired every 1 s. Cells transfected with phosphonull GTSE1mutants
were imaged using similar parameters.

To visualize DNA for measuring the time from NEBD to anaphase, 1 hour prior to imaging, 500 nM of the cell permeable DNA dye
called siR-DNA (Spirochrome) and 1 mM Verapamil, a sodium channel efflux inhibitor, were added to the visualization media. Serial z
stacks of 2 mmwere acquired every 2 min for 12 hours in a heated chamber (37!C). For visualizing microtubules for analyzing spindle
positioning defects and studying anaphase timing, 1 hour prior to imaging, 125 nM of siR-tubulin (Spirochrome) and 1 mM Verapamil
were added to the visualization media. All live cell imaging was performed on the DeltaVision Imaging System (GE Healthcare) using
the 40 3 /1.3 NA UPLFLN Oil Objective.

For studying microtubule dynamics in mitosis, GTSE1WT and GTSE114A cells dually expressing EB3-mCherry were used and
imaged using the 603Oil Objective on the 3i Marianas spinning disk confocal system. Three serial z stacks of 0.4 mmwere acquired
every second for two min at 37!C.

Immunofluorescence (IF)
Cells grown on coverslips were fixed using pre-cooled methanol (Sigma-Aldrich) for 10 min at"20!C, followed by washing and rehy-
dration in PBS for 10 min. Next, the cells were blocked for 1 hour in 5% BSA prepared in PBS followed by incubation for 1 hour in the
dark with appropriate dilutions of primary antibodies (prepared in 5% BSA) in a humidified chamber at 37!C. After washing the cov-
erslips thrice in PBS to remove excess primary antibody, they were similarly incubated with corresponding secondary antibodies,
and washed thrice to remove excess antibody. Coverslips were either mounted on glass slides using Prolong Gold containing
DAPI (Invitrogen) or stained separately with DAPI (Sigma; diluted 1:10000) before mounting using Mowiol (Calbiochem).

Images used for quantifying astral microtubule lengths in metaphase were acquired using the 60 3 /1.4 NA Plan-Apochromat Oil
Objective (Zeiss) on the DeltaVision Imaging System (GE Healthcare) equipped with an sCMOS camera (PCO edge 5.5). Serial Z
stacks of 0.25 mm thickness were acquired and then deconvolved using SoftWoRx 6.1.1 software. All other images for quantifying
inner spindle intensity, microtubule lengths in prometaphase and spindle tilt were taken using the 3i Marianas spinning disk confocal
system (Intelligent Imaging Innovations Inc.) equipped with Axio Observer Z1 microscope (Zeiss), Plan-Apochromat 603 /1.4 NA Oil
Objective, M27 with DIC III Prism (Zeiss), Orca Flash 4.0 sCMOS Camera (Hamamatsu Photonics) and controlled by Slidebook Soft-
ware 6.0 (Intelligent Imaging Innovations Inc.).

Microtubule dynamics
Microtubule dynamics were analyzed from EB3-mCherry movies using the software plusTipTracker that has been made publicly
available by the Danuser laboratory84. The same parameters were used for all movies: maximum gap length, fifteen frames; minimum
track length, three frames; search radius range, 5-25 pixels; maximum forward angle, 60! maximum reverse angle, 15! maximum
shrinkage factor, 1.0; fluctuation radius, 1.5 pixels; and time-interval 1 s. Data collected from the analysis includedmeanmicrotubule
growth velocity, mean microtubule growth-track lifetime, number of bgaps and the growth time before bgap. Catastrophe frequency
was calculated as the number of bgaps (corresponding to shrinkage events) divided by the growth time before bgap.

Immunoprecipitation (IPs)
Cells at #70% confluency were arrested in prometaphase using 10 mM S-trityl-L-Cysteine (STLC; Sigma-Aldrich) for 16 hours and
collected using mitotic shake off. They were then pelleted down by centrifuging at 1000 rpm for 5 min and then washed with PBS
supplemented with 10 mMMG-132 (Calbiochem). After centrifugation, the cells were resuspended in complete DMEMmedium sup-
plemented with 10 mMMG-132 and incubated in an incubator maintained at 37!C and 5% CO2 for 90 min to allow the cells to reach
metaphase. Following this, the cells were once again washed, lysed in cell lysis buffer (50mMNa2HPO4, 150mMNaCl, 10%glycerol,
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1% Triton X-100, 1 mM EGTA, 1.5 mM MgCl2, 50 mM HEPES pH 7.2, 1 mM DTE) supplemented with 2 3 protease inhibitor mix
(SERVA), and PhosStop (EASY Pack, Roche) and incubated on ice for 15 min. The cell suspension was then clarified by centrifuging
at 13000 rpm at 4!C for 15 min. Total protein concentration of the cell extract was calculated using Bradford reagent. For performing
immunoprecipitation, 1 mg total protein in a volume of 1 mL was used. A 4% sample was taken out as input. To the remaining cell
lysate, 1-2 mg of indicated antibodies were added and the mixture incubated at 4!C for 90 min. Subsequently, pre-washed dyna-
beads coupled to protein G (Invitrogen) were added to the lysate and the mixture incubated at 4!C for 4 hours. The beads were
then washed thrice with 1 mL of the appropriate lysis buffer, resuspended in SDS-loading buffer and boiled at 95!C for 5 min before
analyzing by SDS-PAGE and western blotting.

Western blot (WB)
For western blotting after RNAi, cells were harvested by directly adding hot Lamelli buffer in 24-well plates or ibidi chambers as
required. The proteins were separated on SDS-PAGE gels and transferred onto nitrocellulosemembranes.Membraneswere blocked
using either 5%milk prepared in PBS containing 0.1%Tween (PBS-T) or in the case of CHC, using 5%bovine serum albumin (BSA) in
PBS-T for 1 hour at room temperature. The membrane was incubated with the indicated primary antibodies, followed by secondary
antibodies coupled to horseradish peroxidase. Protein signal was detected using chemiluminescence with the ECL Prime Western
Blotting Detection Reagent (GE Healthcare) according to manufacturer’s instructions. After incubation with the ECL blotting reagent,
images were acquired using the ChemiDoc MP Imaging System (BioRad).

Antibodies
Primary antibodies used: goat anti-GFP (MPI Dresden; described in80; diluted 1:5000 for IF), rabbit anti-GTSE1 (custom generated;
described in52; diluted 1:5000 for WB), mouse anti-a-tubulin (DM1a, Sigma-Aldrich; diluted 1:400 for IF and 1:5000 for WB), mouse
anti-CHC (X22, ab2731, Abcam; diluted 1:300 for WB), rat anti-EB1 (KT-51, Absea Biotechnology, diluted 1:1000 for IF andWB), rab-
bit anti-Kif18B (A303-982A-T, Bethyl Laboratories; diluted 1:100 for WB), rabbit anti-CEP135 (MPI Dresden, described in81; diluted
1:5000 for IF). Secondary antibodies used: donkey anti-human antibodies conjugated to Cy5 or Texas red (Jackson ImmunoRe-
search Laboratories; #709-175-149 and #709-075-149), donkey anti-rat Alexa488 (Bethyl Laboratories; A110-337D2, donkey anti-
rat Alexa594 (Bethyl Laboratories; A110-337D4), donkey anti-rabbit Alexa488 (Thermofisher; A-21206), donkey anti-rabbit Alexa594
(Bethyl Laboratories; A120-208D4), donkey anti-rabbit Alexa650 (Bethyl Laboratories; A120-208D5), donkey anti-mouse Alexa488
(Bethy Laboratories l; A90-337D2), donkey anti-mouse Alexa594 (Bethyl Laboratories; A90-337D4), donkey anti-mouse Alexa647 (In-
vitrogen; A31571), donkey anti-goat Alexa488 (Jackson Immunoresearch; 705 545 147), donkey anti-goat HRP (Santa Cruz; SC-
2020), sheep anti-mouse HRP (Amersham; NXA931-1ml), donkey anti-rat HRP (Amersham; NA935) donkey anti-rabbit HRP (Amer-
sham; NXA934-1ml).

Mass spectrometry
ForMS analysis, IPs and in vitro phosphorylation reactions were performed in triplicates to obtain reliable label-free data. Liquid chro-
matography coupled with mass spectrometry was used to assess the phosphorylation status of GTSE1. In vitro phosphorylated His-
tagged GTSE1 (full-length, 1-460 or 381-739) using Cdk1 as kinase and its unphosphorylated controls were reduced, alkylated and
digested with LysC/Trypsin and prepared for mass spectrometry as previously described85. Obtained peptides were separated on a
ThermoScientific EASY-nLC 1000HPLC system (Thermo Fisher Scientific, Odense, Denmark) using a 45min gradient from 5%–60%
acetonitrile with 0.1% formic acid and directly sprayed via a nano-electrospray source in a quadrupole Orbitrap mass spectrometer
(Q ExactiveTM, Thermo Fisher Scientific)86. The Q Exactive was operated in data-dependent mode acquiring one survey scan and
subsequently ten MS/MS scans87. Resulting raw files were processed with the MaxQuant software (version 1.5.2.18) using GTSE1
and Cdk1 for the database search. Deamidation (NQ), oxidation (M) and phosphorylation (STY) were given as variable modifications
and carbamidomethylation (C) as fixed modification88. A false discovery rate cut off of 1% was applied at the peptide and protein
levels and aswell on the site decoy fraction88. Identified phospho peptides were further separated in class I sites where the calculated
localization probability on a specific residue was > 75% and class II sites with localization probabilities < 75%. Immunopreciptiated
GTSE1 was directly digested on beads61 and peptides subsequently treated as described above using a 90 min gradient (5%–60%
acetonitrile with 0.1% formic acid) instead of 45 min.

Protein purification
Full lengthGTSE1was purified from insect cells using the protocol described in41. Briefly, insect cells expressing recombinant protein
were harvested by centrifuging at 1800 rpm for 15 min and resuspended in 100mL ice-cold Buffer A (50 mMHEPES, pH 8.0, 300 mM
NaCl, 5% glycerol supplemented with 2 mM TCEP and 13 protease inhibitor) followed by lysing the cells by sonication (Sonifier Cell
Disruptor, BransonUltrasonics Corp.) and then centrifuging at 30000 rpm for 30min at 4!C. For the first step of affinity purification, the
clarified supernatant was incubated with 1mL glutathione beads (Amintra) in a rolling shaker for 1 hour. The glutathione beads were
then passed over gravity flow columns and washed in 3 iterations with 150 mL of Buffer A. An overnight incubation with GST Pre-
cission protease (purified in-house) in a volume of 5mL was performed to cleave off the GST tag. After eluting and concentrating
the cleaved protein in Amicon Ultra-15 Centrifugal Filters 50K MWCO (Merck Millipore), size exclusion chromatography (SEC)
was performed in a Superdex 200 10/300 column using gel filtration buffer (30 mM HEPES pH 8.0, 300 mM NaCl, 5% glycerol sup-
plemented with 2 mM TCEP). The appropriate fractions were collected, concentrated to 5-10 mM and stored at "80!C.
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For purification of GST-tagged EB1, E. coli Rosetta cells expressing GST-EB1 were grown to O.D.600 of 0.7 and expression of re-
combinant protein was induced using 1 mM IPTG (Carl Roth) at 18!C overnight. Cells were harvested by centrifuging at 4000 rpm for
20 min and the pellet washed once with sterile PBS followed by resuspending and sonicating in 100 mL ice-cold GST binding buffer
(25 mM HEPES pH 7.5, 300 mM NaCl, 1 mM EDTA, 5% glycerol) supplemented with 1% Triton X-100, 2 mM TCEP and protease
inhibitor. The cell lysate was clarified by centrifuging at 30000 rpm for 30 min at 4!C. Affinity purification was carried out by passing
the clarified lysate over a GSH column (GE Healthcare) using the ÄKTA Prime Plus system (GE Healthcare). After washing with GST
binding buffer, the bound protein was eluted in GST binding buffer containing 20 mM Glutathione and concentrated to a volume of
2 mL in FalconBD concentrators with a 30000 MWDa cutoff at 3000 rpm. This was followed by performing SEC using GST binding
buffer supplemented with 0.5 mM TCEP on a Superdex 200 10/300 column using an ÄKTA purifier (GE Healthcare). The fractions
corresponding to the peak were pooled, concentrated and stored at "80!C.

His-tagged variants of GTSE1 (full length, 1-460 and 381-739) were used for in vitro phosphorylation reactions for identification of
Cdk1 phosphosites on GTSE1. All expression constructs were cloned into E. coli Rosetta cells and purified as described in55. Briefly,
bacteria expressing target protein were harvested and lysed by sonicating in ice-cold His binding buffer (20 mM Tris-HCl pH 8.0,
300 mM NaCl, 5% glycerol, 1 mM EDTA) supplemented with 10 mM Imidazole, 1% Triton X-100, 1 mM TCEP, DNase and 1 3 pro-
tease inhibitor. The cell lysate was clarified by centrifugation at 30000 rpm and the clarified supernatant was passed through a gravi-
metric filter column to remove particulate matter, and then incubated for 3 hours with His beads (GE Healthcare) prewashed in His
binding buffer. The beads were washed with 300 mL His washing buffer (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 5% glycerol, 1 mM
EDTA) supplemented with 30 mM Imidazole and 0.5 mM TCEP in three iterations, before being resuspended in His binding buffer,
flash frozen and stored at "80!C.

In vitro protein phosphorylation
For identification of phosphorylation sites on GTSE1, on-bead phosphorylation of full length GTSE1, 1-460 GTSE1 and 381-739
GTSE1 was performed using His-tagged protein purified from bacteria. Cdk1-cyclinB was a kind gift from Dr. Priyanka Singh and
Dr. Andrea Musacchio (MPI Dortmund). Purified proteins were phosphorylated by Cdk1 at 4!C overnight, at a molar ratio of 1:100
(kinase:protein) in kinase buffer (20 mM HEPES pH 7.8, 150 mM NaCl, 5% glycerol supplemented with 2 mM MgCl2, 2 mM sodium
orthovanadate and 10mMATP). Phosphorylation was confirmed by ProQ-Diamond! staining of the protein. For using the phosphor-
ylated protein for pulldown experiments, the kinasewas first inactivated by adding 5 mMof Cdk1 inhibitor (RO-3306; Calbiochem) and
500 nM of Aurora A inhibitor (MLN8054; Sigma-Aldrich) followed by incubation for 10 min on ice. In case of phosphorylation of EB1-
GST using Cdk1, the kinase was removed after phosphorylated EB1-GST was bound to beads.

GST Pulldowns
GSH beads (Amintra) were preblocked overnight in BSA blocking buffer (20 mM HEPES pH 7.5, 500 mM NaCl, 500 mg/mL BSA) as
described earlier89. For the pulldown, 3 mM of the prey (phosphorylated or unphosphorylated protein) was mixed with 1 mM of the
GST-tagged protein or the ‘bait’ and 5 mL of GSH beads in a total volume of 25 mL of the kinase buffer (20 mM HEPES pH 7.8,
150 mM NaCl, 5% glycerol). A sample (25%) was taken out as input before incubating the protein mixture on ice for 1 hour for the
pulldown. The beads were then washed thrice with 250 mL of wash buffer (20 mM HEPES pH 7.0, 500 mM NaCl, 5% glycerol,
0.1% Triton X-100, 1 mM TCEP) and the protein was denatured by adding 20 mL 13 SDS-loading buffer before loading the samples
on SDS gels. Pulldowns were quantified by calculating band intensities corrected for background using ImageJ.

QUANTIFICATION AND STATISTICAL ANALYSIS

Image analysis and quantification
Image quantification was performed on unmodified 16-bit z series images using ImageJ and Imaris 7.6.4 32-bit software (Bitplane).
On Imaris, all images were opened and analyzed in the ‘Surpass’ mode in the software.

For determining colocalization between GTSE1 and EB3, the ‘Spots’ function with a diameter threshold of 0.5 mm was applied to
the EB3 channel to identify comets, and the intensities of EB3 and GTSE1 at identified comets was extracted. An average value of
background intensity for both channels was obtained by placing three points on the microtubule lattice (identified from faint EB3
signal). Background subtracted intensities of EB3 were thresholded based on a value determined by visually confirming correct
annotation of ‘faint’ EB3 comets. GTSE1 intensities at corresponding spots was calculated in the samemanner, without thresholding.
For colocalization analysis during mitosis, a region of interest lying outside the spindle, over astral microtubules, was chosen.

For making line scans to compare GTSE1 and EB3 localization at microtubule plus ends across the cell cycle, maximum projection
images of cells expressing GTSE1-GFP and EB3-mCherry were opened on ImageJ, and#4 mm long lines weremanually drawn along
EB3 labeledmicrotubule ends. All lines began on themicrotubule lattice and terminated outside the comet. The absolute intensities of
EB3 and GTSE1 were extracted using the Plot Profile plugin of ImageJ. All line scan intensity profiles were aligned to the position of
the peak intensity of the EB3 channel and normalized before plotting using MATLAB scripts.

To calculate the number of GTSE1 comets after transient transfection, stills from live-cell imaging of equally transfected cells were
opened on Imaris. A ROI of fixed dimensions was placed over astral microtubules. The ‘Spots’ function with a diameter threshold of
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0.5 mm was used to identify GTSE1 comets. The average background GFP intensity was calculated from three randomly placed
points in the cytoplasm. Background corrected intensities were thresholded using a value 1.5 3 greater than the average
background.
Raw images of cells stained for EB1, tubulin and CEP-135 were used for calculating microtubule lengths by adapting the protocol

outlined in19 and writing MATLAB functions and scripts. The 3D position of the spindle poles (Px, Py, Pz) was determined by using the
‘Measurement’ function on the CEP-135 signal. The ‘Spots’ function was used to determine spherical coordinates of all EB1 comets
(Cx, Cy, Cz) using the spot diameter thresholded at 0.5 mm with application of occasional manual filtering to eliminate spots not also
visibly associated with tubulin. These coordinates were extracted using the ‘Statistics’ function on Imaris. MATLAB scripts were used

to calculate distances between all comets to both spindle poles using the formula PC =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðPx " CxÞ2 + ðPy " CyÞ2 + ðPz" CzÞ2

q
. The

shorter of the two distances was used as a proxy for microtubule length. The spindle length ‘l’ was determined by calculating the
distance between the two poles according to the equation written above. The spindle width ‘w’ was defined as the distance between
the outermost kinetochore fibers on opposite ends of the spindle attached to DNA and was manually determined using the tubulin
channel. This was used to determine the spindle angle q, defined as tan-1(w/l). Next, the angle 4 between the line formed by a comet
and its closest pole, and the line formed by the two spindle poles, was calculated using the cosine law. An EB1 comet was associated
with an astral microtubule if 4 was greater than q. The mean length of astral microtubules per cell and the total number of astral mi-
crotubules per cell were calculated. For cells in prometaphase, owing to cytoskeleton and spindle morphology, there is no defined
spindle angle. Therefore, the lengths of all microtubules were calculated as described above. All analyses were performed in Micro-
soft Excel and MATLAB R2019a.
For calculating the intensity of tubulin in the inner spindle, the spindle was detected using the ‘Surface’ module on Imaris using a

surface detail value of 1.0 on the tubulin channel. The total fluorescence intensity of tubulin in a manually placed ROI over the spindle
was obtained through the ‘Statistics’ option. The volume corrected background intensity was calculated by multiplying the spindle
volume with the average tubulin intensity of four manually placed spots in the cytoplasm that lacked polymerized tubulin. The tubulin
intensity in the inner spindle corrected for the background was calculated.
For semi-automatic detection of number of microtubules reaching the cortex, maximum projections of 16-bit raw images were

used to determine the outline of cells using the cytoplasmic intensity of the CEP-135 fluorescence. A line of 1.05 mm thickness
was drawn toward the inside of the cell boundary and the corresponding intensities of tubulin across that line were extracted using
the Plot Profile plugin on ImageJ. A background value obtained by averaging the intensities at 3 random points lacking tubulin along
the cortex-adjacent line was subtracted from absolute intensities at all points. Background corrected tubulin intensities were sub-
jected to a threshold value, determined from visual inspection of correctly annotated microtubules in at least eight cells per exper-
iment. The number of microtubules thus obtained was divided by the length of the cortex of the corresponding cell.
For calculating the angle amade between the spindle and the long cell axis at different time points, unmodified 16-bit videos were

opened on ImageJ and the long cell axis was defined 8 min prior to NEBD. The angle awas measured using the Angle tool of ImageJ
software.

Statistical analysis
Statistical significances were determined by performing unpaired, (non-)parametric two-tailed Student’s t tests, andWelch’s correc-
tion was applied if the standard deviation of the distributions under comparison were more than 2 3 different from each other. Sig-
nificances were calculated using Microsoft Excel, Graphpad Prism 7 andMATLAB 2019a. Details of statistical analyses performed in
this study are provided in the Figure legends.
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INTRODUCTION:Globally, circadian clock–driven
protein phosphorylation is a key mechanism
to temporally compartmentalize biological
processes across the day in peripheral tis-
sues. In the brain, phosphorylation of sev-
eral proteins has been reported to correlate
with sleep pressure, itself regulated in a
circadian fashion. Locally in neurons, phos-
phorylation plays a critical role in the reg-
ulation of synaptic function by allowing rapid
modulation of protein activity and could
thus dynamically scale synaptic strength in
response to circadian or sleep-driven cues.
Understanding the magnitude and origin of
phosphorylation dynamics within synaptic
proteins on a system level would be of great
value to mechanistically assess synaptic func-
tion deficiencies and to understand temporal
contributions to brain pathologies.

RATIONALE: Little is known about whether
and how global phosphorylation signaling
in synapses is shaped in a time-dependent
manner. To comprehensively characterize
phosphorylation rhythms in the synaptic
compartment driven by circadian and sleep-
wake–dependent cues, we biochemically iso-

lated synaptoneurosomes from mouse fore-
brain and analyzed them with advanced mass
spectrometry–based proteomics.

RESULTS: Of more than 8000 phosphopep-
tides in almost 2000 proteins accurately quan-
tified in the synaptoneurosome compartment
across 24 hours, 30% oscillated in abundance.
The phases of rhythmic phosphopeptides
were distributed in two major clusters, cor-
responding to the transition from wake to
sleep at dawn and sleep to wake at dusk. In
addition to important synaptic constituents
such as ion channels, receptors, and scaffolds,
a large number of kinases were among the
synaptic proteins modulated by phosphoryl-
ation in a time-dependent manner. More
than half of the detected phosphorylated ki-
nases in synapses show rhythmic phospho-
rylation at one or more residues. Predictive
and experimental data demonstrate that
widespread dynamic regulation of kinase ac-
tivity is a core phospho-dependent functional
process at synapses. Together, our data uncover
molecular processes in synapses whose activ-
ity is temporally gated by phosphorylation,
such as synaptic inhibition at dawn and excita-

tion at dusk. We further assessed circadian-
and sleep-driven signals by interfering with
the sleep-wake cycle by applying 4 hours of
sleep deprivation at different times of the
day. Sleep deprivation resulted in the loss
of 98% of rhythmic phosphorylation in fore-

brain synapses but left cir-
cadian cycles unaffected
in a core of 41 phospho-
proteins that function in
synaptic transport and
scaffolding.

CONCLUSION: This global rhythmic phospho-
proteome of isolated synaptoneurosomes re-
veals a major reorganization of the synaptic
molecular compartment concomitant with
changes in activity. Our results indicate that
phospho-dependent activation of kinases in
response to sleep and wake is a core driver
of these synaptic phosphorylation dynamics.
Together, our data point toward an associa-
tion of synaptic potentiation with wakeful-
ness (activity) and down-scaling with sleep
(rest). High sleep pressure induced through
sleep deprivation almost completely abro-
gates both peaks of daily phosphorylation
cycles in synapses. We thus hypothesize that
modulation of phosphorylation-mediated
synaptic signaling could be a key driver un-
derlying sleep- and wake-dependent mech-
anisms to regulate synaptic homeostasis and
function.▪
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Daily dynamics of global phosphorylation in forebrain synaptoneurosomes under basal and sleep-deprived conditions. (A) Quantitative phosphoproteomics
analyses of isolated synaptoneurosomes from rested and sleep-deprived mice around the clock. (B and C) More than 30% of phosphorylations in many
synaptic components and numerous kinases cycle daily with peaks at the sleep-wake-sleep transitions. (D and E) Sleep deprivation abolished 98% of all
phosphorylation cycles in synaptoneurosomes.
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Sleep-wake cycles drive daily dynamics
of synaptic phosphorylation
Franziska Brüning1,2*, Sara B. Noya3*, Tanja Bange1, Stella Koutsouli1, Jan D. Rudolph4,
Shiva K. Tyagarajan3, Jürgen Cox4, Matthias Mann2,5, Steven A. Brown3†, Maria S. Robles1†

The circadian clock drives daily changes of physiology, including sleep-wake cycles, through regulation
of transcription, protein abundance, and function. Circadian phosphorylation controls cellular
processes in peripheral organs, but little is known about its role in brain function and synaptic activity.
We applied advanced quantitative phosphoproteomics to mouse forebrain synaptoneurosomes
isolated across 24 hours, accurately quantifying almost 8000 phosphopeptides. Half of the synaptic
phosphoproteins, including numerous kinases, had large-amplitude rhythms peaking at rest-activity
and activity-rest transitions. Bioinformatic analyses revealed global temporal control of synaptic
function through phosphorylation, including synaptic transmission, cytoskeleton reorganization, and
excitatory/inhibitory balance. Sleep deprivation abolished 98% of all phosphorylation cycles in
synaptoneurosomes, indicating that sleep-wake cycles rather than circadian signals are main drivers
of synaptic phosphorylation, responding to both sleep and wake pressures.

C
ircadian clocks are endogenous oscilla-
tors present in virtually every mamma-
lian cell. The molecular mechanism of
the clock drives cycles of transcription,
translation, and protein activity to reg-

ulate daily changes in physiology and behavior.
Mass spectrometry (MS)–based quantitative
proteomics has contributed substantially to
our understanding of how circadian posttran-
scriptional mechanisms temporally shape
metabolic processes in peripheral tissues
(1, 2). Circadian phosphorylation changes by
far eclipse the regulation at the transcriptional
and proteome levels in amplitude (3). Tem-
poral characterization of proteome and phos-
phoproteome changes in the central nervous
system, by contrast, has been challenging be-
cause of the sensitivity, dynamic range, and
throughput required to capture the regional,
cellular, and synaptic heterogeneity. However,
recent advances in MS in combination with
spatial isolation methods allow the deep char-
acterization of proteomes from different brain
regions and cell populations (4, 5). In addition,
high-throughput phosphoproteomic technolo-
gies are now suitable for the global character-
ization of phosphorylation signaling dynamics
in different brain areas (6).

Numerous synaptic features—such as diffu-
sion of receptors in membranes, channel con-
ductance, or cytoskeleton remodeling—depend
on fast phosphorylation-based control mech-
anisms. In particular, synaptic plasticity and
scaling have been linked to phosphorylation
of receptor, scaffolding, cytoskeletal, and
other synaptic proteins (7, 8). Although quan-
titative phosphoproteomics has been ap-
plied to the synaptic compartment, technical
limitations have so far precluded accurate
quantification that would allow the precise
characterization of global phosphorylation
dynamics associated with synaptic function
(7). It is thus unknown whether daily changes
in synaptic activity are coupled to global dy-
namics of phosphorylation in synapses or,
moreover, whether daily rhythms of phospho-
rylation temporally segregate synaptic pro-
cesses. Two recent reports have addressed
these technical limitations by either fraction-
ating postsynaptic density (9) or by mapping
whole-brain phosphoproteomics to synaptic
protein annotations (10). They highlight a
role for sleep pressure in driving synaptic
phosphorylation changes associated with the
kinase SIK3 (10) and downstream effectors of
plasticity such as HOMER1a (9).
We applied state-of-the-art quantitativeMS-

based proteomics to characterize in vivo phos-
phorylation dynamics across the day in isolated
synaptoneurosomes from mouse forebrain,
resulting in the most comprehensive time-
resolved phosphoproteome of synapses to date.
In combination with in-depth proteomics (11),
we found that more than one-fourth of the
individual phosphorylation sites in synaptic
proteins oscillate daily and independently
of protein abundance. Temporally modulated

phosphorylation networks gate synaptic
processes at both dawn and dusk, primarily
dependent on sleep-wake cycles. Thus, main-
taining sleep pressure approximately constant
across the day leads to a dramatic ablation of
global phosphorylation cycles, suggesting a
dominant role of both sleep and wake pres-
sure in synaptic phosphorylation dynamics. In
turn, our analyses suggest that these dynamics
profoundly shape both synaptic function and
downstream regulatory networks.

Results
In-depth phosphoproteomic profiling
of synaptoneurosomes

To characterize daily dynamics of phosphoryl-
ation abundance specifically in synapses, we
biochemically isolated synaptoneurosomes
from mouse forebrains (11). Mice were kept
in 12-hour:12-hour (light:dark) schedules
and then euthanized in biological quadrupli-
cates at six time points, every 4 hours, across
24 hours (n= 24mice).We used a rapidmethod
based on Percoll gradients to prepare synapto-
neurosomes from forebrains, containing both
pre- and postsynaptic components (12), and
immediately flash-froze them to prevent de-
phosphorylation. To achieve sufficient through-
put for our time-dependent experiments, we
used the EasyPhos method (13) to enrich phos-
phopeptides from only 1 mg of protein homog-
enate for each synaptoneurosome preparation.
The MS-based quantitative phosphoproteo-
mics workflow, consisting of single runs on a
high-resolution, high-sensitivity quadrupole-
Orbitrap HF-X mass spectrometer, is shown
in Fig. 1A. Across all samples, this resulted in
a total of 10,439 unique phosphosites identi-
fied in 14,462 phosphopeptides, mapping to
more than 2000 proteins (Fig. 1B and table S1).
Comparing phosphorylated amino acids in syn-
apses with our previous circadian study in the
liver (3) revealed similar proportions [83.6%
phosphoserine (pS), 15.7% phosphothreonine
(pT), 0.6%phosphotyrosine (pY)] (Fig. 1B). Phos-
phopeptide intensities between measurements
were highly reproducible in both biological
replicates and time points [mean Pearson
correlation coefficient (r) = 0.88 and 0.83,
respectively] (fig. S1A). The intensities of phos-
phopeptides in synaptoneurosomes ranged
over five orders of magnitude (fig. S1B),
similar to what we found in liver, indicating
that the synaptic compartment still has a wide
quantitative range of phosphorylation levels.
To indirectly evaluate our isolation method,
we performed a Fisher’s exact test on the total
phosphoproteome dataset. Of all annotated
protein keywords, the top twomost significant
are “synapse” and “cell junction” (P < 10–40 for
both), and the other highly enriched ones are
also relevant to synaptic function, even when
analyzing every time point separately (fig. S1,
C to E, and materials and methods). Our data
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show the power of combining high-throughput
phosphoproteomics with biochemical isola-
tion of synaptoneurosomes to deeply profile
phosphorylation in this discrete neuronal
compartment.

Daily rhythms of the synaptic phosphoproteome

Next, we performed statistical cycling analysis
in the circadian module of the Perseus soft-
ware (2, 3, 14) to filter and cosine-fit the phos-
phopeptide intensities. A total of 2202 (30.4%)
of the 7257 phosphopeptides accurately quan-
tified in at least 50% of the samples oscillate
in abundance with a rhythm of 24 hours (q <
0.05) (Fig. 2, A and B; table S2; and materials
and methods). We detected rhythmic phos-
phorylations in more than half of the syn-
aptic phosphoproteins (838 out of the total
1655) (Fig. 2C). These cycling sites were lo-
calized with high probability to a single residue
(mean 0.97), and their amino acid distribu-
tion was similar to that of the total dataset
(Fig. 1B and fig. S2A). Cycling phosphopep-
tides had an intensity distribution similar
to that of the total phosphoproteome (fig. S2B),
implying that circadian phosphoregulation
is not biased by abundance. Little is known
about the magnitude of dynamic phosphoryl-
ation changes in the synaptic compartment,
and our data revealed that these changes are
substantial: The mean amplitude changes are
more than threefold, with hundreds of sites
at more than 10-fold (Fig. 2D).
To assess the extent to which these phos-

phorylation dynamics depend on protein abun-
dance changes, we quantitatively compared
the levels of phosphopeptides with the abun-
dance of the corresponding protein. Almost
90% of proteins with cycling phosphopep-
tides were quantified at the protein level in
our companion study (11), and of these, only
5% significantly oscillate in abundance (q <
0.05, period = 24 hours) (Fig. 2E). Even the
small fraction of rhythmic proteins with os-
cillating phosphorylation displays different
phases across the day, and furthermore, mul-
tiple sites in the same protein generally be-
haved differently (Fig. 2F and fig. S2C). In

the minor population of rhythmic proteins
carrying cycling phosphorylation, the mean
amplitudes at the phosphorylation level were
10-fold larger than those at the protein level
(Fig. 2G). Our data clearly establish that pro-
tein phosphorylation in forebrain synapto-
neurosomes is highly dynamic across the day
and almost completely independent of pro-
tein abundance, suggesting another layer of
synaptic functional regulation.

Temporal compartmentalization of synaptic
protein phosphorylation

Our previous study in liver revealed that dy-
namic phosphorylation drives daily organ
functions to a previously unappreciated degree
(3). Examining the phosphorylation rhythms
in the synaptic compartment showed that the
phases of rhythmic phosphopeptides gath-
ered in two distinct clusters. The larger one,
at the light-to-dark transition when mice start
to be active, contains two-thirds of the phos-
phopeptides, whereas the remaining ones
peak at the end of the night, preceding the
sleep phase (Fig. 3A). This phase distribution
indicates a major rewiring of protein phospho-
rylation and presumably synaptic function at
thewake-to-sleep and sleep-to-wake transitions.
In order to identify synaptic functions that are
temporally compartmentalized by protein phos-
phorylation,we searched for statistically enriched
protein annotations in each of the two de-
fined phase clusters (Fisher’s exact test, P <
0.05) (materials and methods). At the end of
the resting phase, our analysis found key-
words corresponding to “cell adhesion” and
“cell junction” as well as “ion channels,” “ion
transporters,” “hydrolases,” and “kinases highly
enriched.” By contrast, “cell projection,” “cyto-
skeleton,” and “ubiquitin conjugation protein”
annotations are overrepresented in the phos-
phopeptide cluster at the end of the activity
phase (Fig. 3, B and C, and table S3). Proteins
involved in cell division and mitosis were also
enriched in the phosphorylation cluster at the
end of the activity phase, likely because sev-
eral cell cycle kinases, such as CDK5, are also
important for synaptic activity (15). Thus, our

results imply that different remodeling pro-
cesses that are known to occur at synapses
(16) might occur separately in temporally dis-
tinct nodes.

Synapses are hubs of kinases

We next focused our attention on the major
and specific enrichment of kinases, key regu-
lators of almost all cellular processes, in the
phosphopeptide cluster that peaks at the end
of the resting phase. We identified almost 500
phosphorylated peptides from a total of 128
kinases from all major families in mammals.
Thus, a fifth of the total mouse kinome is not
only present in the synaptic compartment
but also detectable in a phosphorylated form
(fig. S3A). More than half of these kinases
show at least one rhythmic phosphorylation
(q < 0.05) (Fig. 4, A and B, and table S4), and
these belong to all major kinase families, with
a higher representation of AGC threonine/
serine kinases (Fig. 4, C and D). All of the 66
kinases with rhythmic phosphorylation were
also quantified at the protein level in the syn-
aptic compartment (11); however, only four of
them cycled in protein abundance (fig. S3B).
Therefore, phosphorylation, rather than pro-
tein abundance, likely regulates temporal ki-
nase function at synapses across the day. Our
analyses also detected cycles of phosphoryl-
ation and protein abundance in several phos-
phatases at the synapses but in a lesser extent
compared with kinases. Out of the 77 phos-
phatases detected in synapses, only three cycle
at the protein level, and 10 out of 20 phos-
phorylated phosphatases showed rhythms of
phosphorylation (fig. S4, A to D).
The overall phase distribution of rhythmic

phosphopeptides from kinases resembles the
total cycling synaptic phosphoproteome (Figs.
3A and 5A), suggesting that phosphorylation-
dependent temporal activation of kinases con-
tributes to the global phosphorylation rhythms
in synapses. However, because site-specific phos-
phorylation does not always imply changes
in kinase activity, we next set out to identify
temporally activated kinases with an unbiased
workflow that uses high-confidence protein-
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Fig. 1. Phosphoproteome characterization
of synaptoneurosomes isolated across
the day from mouse forebrains. (A) Exper-
imental workflow. (B) Number of identified
phosphoproteins, phosphopeptides, and
phosphosites in all measured samples.
(Bottom left) Distribution of phosphorylated
amino acids [serine (pS), threonine (pT),
and tyrosine (pY)]. (Bottom right) Number
of phosphorylated residues from different
classes according to localization probability:
class I (probability > 75%), class II
(probability = 50 to 75%), and class III
(probability < 50%).
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protein interaction networks and large-scale
phosphorylation data to retrieve protein sig-
naling functionality. This PHOTON pipeline
assigns a score to each protein according to
the phosphorylation status of their interact-
ing proteins (17). Because these scores reflect
the changes in phosphorylation levels of their
substrates and interactors, kinases that are
activated rather than only phosphorylated
should have PHOTON scores that cycle across
the 24 hours, with the maximum score indi-

cating the peak of kinase activity. From the
66 synaptic kinases with rhythmic phosphoryl-
ation, this analysis resulted in rhythmic activity
patterns for 13 of them (materials and meth-
ods). Of these, 11 are active at the sleep-wake
transition, including protein kinase C (PRKCA,
PRKCB, and PRKCG) and Ca2+/calmodulin-
dependent kinase 2 (CAMK2B and CAMK2G).
Conversely, the tyrosine-protein kinase ABL2
and the serine/threonine-protein kinase DCLK1
showed the opposite behavior, peaking in

activity at the wake-sleep transition (Fig. 5,
B and C).
To substantiate the PHOTONprediction data,

we used a second computational method [ki-
nase substrate enrichment analysis (KSEA)]
that infers kinase activity by using curated
kinase-substrate relationships (18). This second
method estimated, very similarly to PHOTON,
the activation of PKC and CAMK2 at the sleep-
wake transition (fig. S5 and materials and
methods). We verified these kinase activity
patterns by immunoblotting using phospho-
specific antibodies against phosphorylated
residues known to regulate the activity of
these two kinases (fig. S6, A and B) (19, 20).
The KSEA algorithm also identified addi-
tional putative temporally activated kinases
with rhythms of phosphorylation (fig. S5). For
example, this method predicted that GSK3b,
a molecular switch in synaptic activation
and plasticity (21), is active during the sleep
stage. Such predicted activation would be in
antiphase to the phosphorylation cycle of two
residues known to inhibit its kinase activity,
S389 and S9 (22, 23). The former was detected
in our data with a peak at ZT11, and the latter
was further confirmed by means of immuno-
blotting (fig. S6C).
Considering the published literature about

rhythmically regulated kinases predicted by
PHOTON and KSEA, the kinases activated at
the transition to the wake phase (CAMK and
PKC) are associated with excitatory synaptic
activity (8), whereas those activated at the tran-
sition to and during the sleep phase (ABL2,
DCLK1, and GSK3b) are associated with in-
hibitory synaptic activity (24, 25). An identical
temporal compartmentalization of synaptic
function was independently predicted by
PHOTON by means of phosphorylation dy-
namics of Gene Ontology (GO) molecular
functions (materials and methods); it in-
ferred that the triggering of inhibitory syn-
aptic mechanism, involving g-aminobutyric
acid (GABA), occurs at the end of the wake
period, whereas glutamate-mediated synaptic
excitatory activity was predominantly asso-
ciated to the sleep-wake transition (fig. S7).
These data are consistent with the roles of these
synaptic types in sleep and wake, respectively
(26, 27).

Sleep deprivation abrogates synaptic
phosphorylation rhythms

We hypothesized that the sharp biphasic dis-
tribution of synaptic phosphorylation patterns
at the wake-sleep and sleep-wake transitions
might reflect either buildup and dissipation
of sleep pressure (a sleep homeostat), or al-
ternatively a circadian (time-of-day) mecha-
nism, or a combination of the two. To test their
relative contributions, we subjected mice to
4 hours of sleep deprivation (SD) by means of
gentle handling (28) before each time point
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Fig. 2. Daily rhythms of the synaptic phosphoproteome. (A) Pie chart showing the percentage of
phosphopeptides oscillating (q < 0.05, period = 24 hours) in synaptoneurosomes. (B) Heat map with the
intensities (log2 z-scored normalized) of each cycling phosphopeptide (rows) across the measure samples
(columns) ordered by peak of abundance. (C) Pie chart with the percentage of proteins carrying at least one
cycling phosphorylation in synaptoneurosomes. (D) Density plot showing the calculated amplitudes of
rhythmic phosphopeptides in synaptoneurosomes. (E) Pie charts showing (left) the percentage of cycling
phosphopeptides from proteins quantified in our proteome study and (right) the fraction of cycling
phosphopeptides in proteins that are also rhythmic at the protein level. (F) Rose plots representing the phase
distribution of rhythmic phosphopeptides (left) and their corresponding oscillating proteins (right). (G) Density
plots comparing the amplitudes of the rhythmic phosphopeptides and the corresponding oscillating proteins.
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and collected brains every 4 hours in 24 hours
(n=4brains per time point) (Fig. 6A). A similar
protocol of SD across the 24-hour time course
equalizes sleep pressure to keep it constantly
high (29). First, we empirically verified that this
was the case by measuring the amplitude of
electroencephalogram (EEG) oscillations
during sleep (0.5 to 4 Hz, the “delta” range
proportional to sleep pressure) (30) and dem-
onstrating that this was similar at each time
point to that maximally observed spontane-
ously in the day before the manipulation.
Although some fluctuation in delta power
across time points was still observed, we es-
timated it to be less than a fifth of what is

observed under the same conditions across
the normal circadian day. We also demon-
strated that the pattern and timing of sleep
and activity in the subsequent day were not
altered by this protocol—that the protocol
was not shifting the phase of the circadian
clock (Fig. 6B and figs. S8, A and B, and S9).
Next, we prepared synaptoneurosomes from
forebrains of SD mice, and as in baseline (BL)
conditions, we enriched phosphopeptides be-
fore MS analysis (Fig. 6A and materials and
methods). We accurately quantified 7021 phos-
phopeptides in at least 50% of the samples,
which are very similar values to those in the
BL experiment, with more than 90% (6526

phosphopeptides) overlap between them (fig.
S10A). Cycling analysis of the 6526 phospho-
peptides revealed almost complete abrogation
of rhythmic phosphorylation in the synaptic
compartment of SD mice. Only 2.3% (47 phos-
phopeptides corresponding to 41 proteins) of
the phosphopeptides rhythmic in BL main-
tained the cycle in SD (period = 24 hours, q <
0.05) (Fig. 6, C and D; table S5; and materials
and methods). These few remaining cycling
phosphopeptides oscillated with similar am-
plitudes and with comparable phases in both
conditions (Fig. 7, A to C, and table S6),
suggesting that they might be driven pri-
marily by the circadian clock.Of the correspond-
ing 41 synaptic phosphoproteins, 31 belong
to interconnected cellular structures such as
cytoskeleton, synaptic scaffolding, membrane,
vesicle trafficking, and ubiquitin mechanisms,
all of which are important for synaptic integ-
rity and function (fig. S11) (31–33). Aside from
this small fraction, the remaining 98% of phos-
phorylations, affecting all aspects of synaptic
biology, were severely affected by SD across the
day, leading to a dramatic loss in rhythmicity
(fig. S10, B to D).

Discussion

Synaptic plasticity and function dynamically
change across the day (34). It is already known
that changes in synaptic activity are associated
with the phosphorylation of several signal-
ing proteins (8, 33). However, our large-scale
quantitative phosphoproteome of isolated
synaptoneurosomes resulted in a comprehen-
sive time-resolved map of synaptic phospho-
rylation across the entire wake and sleep
phases. The phosphoproteome is muchmore
dynamic than the proteome (50% of synaptic
proteins showing cyclic phosphorylation at
one or more sites versus only 12% of synaptic
proteins whose abundance oscillates). More-
over, similar to our previous finding in the
liver (3), mean fold-changes of the phospho-
proteome are more than threefold higher
than in the proteome. At 7000 accurately quan-
tified phosphopeptides, our analysis allowed
in-depth bioinformatic analysis, retrieving both
known and unknown temporally regulated
processes at synapses. Overall, the phases of
cycling phosphorylation fall into two main
clusters just preceding daily activity-rest tran-
sitions, when the mouse typically wakes up or
falls asleep, implying a major role of synaptic
phosphorylation in regulating these transitions.
This pattern contrastsmarkedly with that of the
rhythmic phosphoproteome of total forebrain
(including entire cells, not just synapses), where
phosphorylation peaks gather at the wake
and sleep periods (fig. S12), similarly to what
we observed for the total rhythmic forebrain
proteome described in (11).
Numerous kinases are expressed in the brain,

and some of them also have been localized
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Fig. 3. Phosphorylation-dependent
temporal control of synaptic
functions. (A) Rose plot showing the
distribution of phases of total cycling
phosphopeptides in synaptoneuro-
somes. (B) Scatter plot representing
the significantly enriched (Fisher’s
exact test, P < 0.05) Uniprot Keywords
protein annotations with peak of
phosphorylation in the wake-sleep
transition (ZT18 to ZT6). Size of
geometric points is proportional to the
number of cycling phosphoproteins in
the annotation group, and color inten-
sity refers to the total number of
phosphosites. (C) As in (B) but for the
phosphopeptide cluster in the
transition of sleep-wake (ZT6 to ZT18).
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to the synaptic compartment (35). However,
our study clearly identifies the synapse as a
major kinase hub. We detected more than
100 phosphorylated kinases (20% of the total
kinome) and found that 50% show daily rhyth-
mic phosphorylation of least one residue.
Combining protein interaction network data
with our quantitative phosphoproteome re-
vealed that these phosphorylation changes
regulate the activity of at least a subset of them,
predictions that we verified through immuno-
blotting of known activating and inhibiting
phosphoresidues for some kinases. Prediction
and empirical validation of kinase activities
notably matched to the phosphorylation pro-
files of known substrates detected in our data-
set (fig. S6). Although the existing network
data are sufficient to associate rhythmic activ-
ity with a substantial subset of the kinases,
more complete networks and meta-analyses
will likely establish activity changes for a much
larger fraction of the cycling synaptic phospho-
proteome in the future. Together, the combi-
nation of predictive and experimental data
places extensive temporal regulation of kinase
activity as a core phospho-dependent functional
process at the synapse.
An obvious question leading from these data

concerns the regulatory target of this con-

trol. Considering our predictive and experi-
mental data, we speculate that one possible
consequence could be temporally distinct win-
dows for promotion of synaptic long-term
potentiation (LTP) and long-term depression
(LTD). Kinases with higher activity in antici-
pation of the wake period are involved in LTP,
such as CAMK2 and PRKC, which function
directly downstream of N-methyl-D-aspartate
receptor (NMDAR) Ca2+ signaling (8). By
contrast, ABL2 and DCLK1, two kinases that
modulate structural synaptic plasticity (24, 25),
peak in activity in anticipation of sleep. Lack
of ABL2 leads to elevated NMDAR synaptic
currents (25); therefore, ABL2 activation at
the beginning of the resting phasemaymediate
synaptic down-scaling. Moreover, phospho-
dependent activation of GSK3b during sleep
regulates LTD and GABA receptor (GABAR)
trafficking (21), and its activity is in turn blocked
at the wake transition by LTP-mediated phos-
phorylation of its inhibitory site S9 (36) and
S389. This mechanistic speculation is further
supported by the extensive overlap of phos-
phorylated residues increased by LTP induc-
tion in mouse hippocampus (33) with those
peaking at the transition to the wake phase in
our dataset (fig. S13). Together, our data point
toward an association of synaptic potentiation

with wakefulness (activity) and synaptic down-
scaling with sleep (rest). This supports the
general synaptic homeostasis hypothesis for
sleep—that synaptic down-scaling is a key
function of sleep (37) at the molecular level—
and provides starting points for a multitude
of mechanistic investigations.
Critically, this functional support is created

both by phosphorylation rhythms dependent
on the sleep-wake cycle and their peaks clus-
tering at the wake-sleep-wake transitions. Thus,
an experimental protocol to produce constant
sleep pressure across the 24-hour day almost
entirely abrogates global diurnal oscillation
of phosphorylation in the synaptic compart-
ment. This discovery establishes the impor-
tance of the homeostatic regulation of sleep
over any other mechanism in generating
daily rhythms of phosphorylation to modu-
late synaptic function. However, these phos-
phorylation changes are governed both by
wake and by sleep. A recent analysis of wake-
dependent protein phosphorylation in total
mouse brain showed that increasing hours
of SD resulted in increasing average phos-
phorylation levels of 80 synaptic proteins (10).
We examined our data and found phospho-
rylations in all of those 80 proteins, with sites
showing increased phosphorylation at times
of high sleep pressure in 69 of them. However,
our amino acid–resolution data reveal a more
nuanced picture than a simple overall increase
in phosphorylation, with both sleep- and wake-
dependentphosphorylation at different residues
in these proteins. Another recent phosphopro-
teomics study in the synaptic compartment
showed that sleep regulates dephosphorylation
of AMPA receptors in response to HOMER1a-
dependent immediate early transcriptional
signaling (9). Our data independently support
these findings, extend them to several other
neurotransmitter receptors, and supply their
diurnal rhythms of phosphorylation in re-
sponse to sleep and wake pressure. Globally
across the entire phosphoproteome, we found
about one-third of cycling phosphorylations
to be maximal at the end of the wake phase
when sleep pressure is highest and two-thirds
to peak at the end of the sleep phase before
waking.
Although the vast majority of protein phos-

phorylation appears to be regulated by sleep
or wake states, a small number of rhythmic
phosphorylations remain unchanged in am-
plitude and phase under SD. These phospho-
rylations occur in a highly connected node
of proteins involved in both synaptic vesicle
trafficking (molecular motors and microtubule-
associated proteins) and synaptic scaffold
(SHANK3, PICCOLO, and BASSOON). Circadian
regulation of cortical function is already well
documented at both behavioral and molec-
ular levels (38). Our data imply that even as
sleep-wake pressures dynamically reconfigure
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Fig. 4. Synapses are hubs of kinases. (A) Pie chart showing the percentage of cycling and not cycling
phosphopeptides from kinases. (B) Pie chart showing the percentage of kinases with at least one cycling and
noncycling phosphorylation. (C) Bar plot representing the percentage of all (gray) and cycling (orange)
phosphorylated kinases quantified in synaptoneurosomes from each of the major mammalian kinase families.
(D) Kinases with at least one cycling phosphorylation annotated to the major kinase families (52 out of
the total 66 cycling) using www.kinhub.org. TK, tyrosine kinases; TKL, tyrosine kinase-like; STE, homologs of
the yeast STE7, STE11, and STE20 genes; CK1, casein/cell kinase 1 family; AGC, protein kinase A, G, C
families; CAMK, calmodulin/calcium-regulated kinases and some non–calcium-regulated families; and CMGC
is CDK, MAPK, GSK3, and CLK kinase families. Atypical kinases are not shown.
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synaptic structure and function, circadian
control—or at least circadian clock-sleep
interactions—continue to influence cortical
function. For example, in our accompanying
manuscript, we show that synaptic provision-
ing of RNA can be independently controlled
by the circadian clock or by sleep-circadian
interactions (11). For both synaptic protein
abundance and synaptic protein phospho-
rylation, however, by far the major diurnal
influence is that of daily sleep and wake. The
mechanismof this influence remains unknown
and could include not only direct signaling
(such as receptor-driven kinase cascades) but
also indirect effects such as light-dark cycles or
changes in cortisol or body temperature, which
have been shown to play roles in sleep-wake–
dependent gene expression (39) and in circa-
dian entrainment (40, 41).
This study presents in vivo proof of rhyth-

mic orchestration for thousands of phospho-
rylation events in synapses across the day. Our
study demonstrates a central role for sleep-
wake cycles in phosphorylation-dependent
regulation of many aspects of synaptic func-
tion in response to both sleep and wake
pressure, potentially modulating processes
that range from plasticity to cellular house-

keeping. Interfering with rest-activity cy-
cles almost completely abolished rhythms
of phosphorylation in synaptic proteins. Our
findings may thus contribute to understand-
ing themolecular basis ofmental dysfunction
frequently associated with SD.

Materials and methods
Animals and tissue collection

All experiments were performed in accord-
ance with the Animal Welfare Officer of the
University of Zürich and the veterinary au-
thorities of the Canton of Zürich. For the
circadian base line (BL) experiments, 10-week-
old male C57BL/6 mice were housed with
free access to food and water and entrained
to a 12-hour/12-hour light-dark schedule for
14 days. Mice were sacrificed at 4-hour inter-
vals over 1 day. At the time points overlapping
with light transitions (ZT0 and ZT12), eutha-
nasia was performed by cervical dislocation
before the light change. For the around-the-
clock SD, mice were allowed to acclimatize to
a 12-hour light/12-hour dark cycle for 14 days.
Six groups of mice were sleep deprived for
4 hours by gentle handling (cage exchange
and introduction of novel objects) before being
sacrificed at different times of day (ZT0, ZT4,

ZT8, ZT12, ZT16, and ZT20). Animals were
sacrificed by cervical dislocation avoiding
anesthetics, which are potent inhibitors of
synaptic transmission. In addition, to boost
preservation of phosphorylation, total prepa-
ration time was minimized, and samples were
kept cooled at every step of the protocol.

Electroencephalogram (EEG) recording
and sleep data analysis

Adult wild-type (WT) mice were used for sur-
gery (8 to 10 weeks old at surgery). Mice were
implanted epidurally under isoflurane anes-
thesia for EEG recording. Right before and
24 hours after surgery mice were treated with
an analgesic (Temgesic, 0.1 mg/kg, intraperi-
toneal). Gold-plated miniature screws (0.9 mm
diameter) were used as EEG electrodes and
positioned on the left hemisphere above the
frontal cortex (1.5 mm anterior to bregma,
1.5 mm lateral to the midline) and the parietal
cortex (2 mm posterior to bregma and 2 mm
lateral to the midline). The reference elec-
trode was placed above the cerebellum (2 mm
posterior to lambda, 0 mm lateral to the mid-
line). Screws were connected to copper wires
and fixed to the skull with dental cement
(Paladur 2-component system). Electromyo-
graphy (EMG) was recorded using two gold
wires (0.2 mm diameter) inserted bilaterally
in the neck muscle. After 1 week of recovery
EEG-EMG was recorded continuously for
7 days. 2 cohorts of 6 and 8 mice, respectively,
underwent a BL days recording and 3 SD days
with 48 hours of recovery in between. Cohort
1 underwent SD at ZT4-8, ZT12-16 and ZT
16-20. Cohort 2 underwent SD at ZT0-4, ZT8-12
and ZT20-24. SD was performed by gentle
handling as described by (42). Both EEG and
EMG signals were amplified (factor 2000),
analog filtered (high-pass filter: –3 dB at
0.016 Hz; low-pass filter: –3 dB at 40 Hz, less
than –35 dB at 128 Hz), sampled with 512 Hz,
digitally filtered (EEG: low-pass FIR filter
25 Hz; EMG: band-pass FIR 20-50 Hz) and
stored with a 128 Hz resolution. EEG power
spectra were computed for 4-s epochs by a
Fast Fourier Transform routine within the
frequency range of 0.5 to 25 Hz. Between
0.5 Hz and 5 Hz, 0.5 Hz bins were used, and
between 5 and 25 Hz 1 Hz bins were used.
The corresponding slow-wave-activity (SWA)
was calculated using the raw parietal and
frontal EEG, as well as the raw and integrated
EMG to visually score three vigilance states
[non–rapid eye-movement sleep (NREM) sleep,
rapid eye-movement sleep (REM), and wake]
for 4-s epochs. Epochs containing artifacts
were identified and excluded from the spectral
analysis. Data analysis was carried out using
MATLAB version R2015a (The Math Works,
Natick, MA, USA). Relative frontal SWA was
calculated relative to the mean SWA at ZT8-12
during the BL day. Sleep loss was calculated
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Fig. 5. Rhythmic phosphorylation and activation of synaptic kinases. (A) Rose plot with the phases of
cycling phosphopeptides from kinases detected in synaptoneurosomes. Colors denote the clusters
of wake-sleep transition (ZT18-ZT6, orange) and sleep-wake transition (ZT6-ZT18, purple). (B) Scatter
plot showing kinases temporally activated predicted by PHOTON. The x axis indicates the phase of
activation, and the y axis indicates the q value of the cycling analysis by using PHOTON scores.
Kinase names are color-coded according to the two phosphopeptide clusters shown in (A). (C) Protein
interaction network of PHOTON predicted cycling active kinases (q < 0.05) with rhythmic phosphorylations
with their cycling phosphorylated interactors. Nodes are divided on the basis of the number of cycling
phosphorylations identified in each protein and color-coded according to the clusters in (A). Nodes with
thick lines denote those kinases with rhythmic phosphorylated residues that are also predicted to be
temporally activated by PHOTON.
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by comparing NREM sleep amount in each
4h SD slot to the sleep amount in the same
time of day of the corresponding BL day [1-way
analysis of variance (ANOVA), P < 0.05). Sleep
latency was analyzed by measuring the time
each mouse stayed awake after the end of
each 4 hours SD until it slept for more than
1 min (1-way ANOVA, P < 0.05).

Purification of synaptoneurosomes

Synaptoneurosomes and total mouse fore-
brain samples were prepared as described
previously (12). In brief, brain was isolated
and rapidly cooled to 4°C, washed in ice-cooled
sucrose buffer (320mMSucrose, 5mMHEPES,
pH 7.4) followed by homogenization with a
Teflon-glass tissue grinder using amotor-driven
pestle keeping samples cooled. To isolate
synaptoneurosomes, each forebrain homog-
enate was centrifuged at 1000 g for 10 min.
2 ml of the supernatant were loaded over
discontinuous Percoll gradients (3%, 10%, and
23% Percoll in sucrose buffer) and centrifuged
at 31,000 g for 5 min. The fraction at the in-
terfaces between 3-10% and 10 to 23% were
collected and further centrifuged at 20,000 g
to pellet synaptoneurosomes. All centrifuga-
tion steps were performed at 4°C. All solutions
were supplemented with complete protease in-
hibitor cocktail (Roche), 0.05mMDTT, 0.1 mM
PMSF and RNaseOUT 20 U/10 ml (Invitrogen).

Sample preparation and
phosphopeptides enrichment

Isolated synaptoneurosome and total fore-
brain samples were lysed [0.1 M Tris-HCl

(pH 7.6) and 4% SDS], sonicated in a bioruptor
(4°C for 15 min or until homogenous suspen-
sion was formed) and boiled at 95°C for 5 min.
A total of 1 mg protein lysate was treated
first with 1 ml DTT (1 M) followed by 10 ml 2-
Chloroacetamide (0.5 M). Each treatment was
performed at room temperature (RT; 22°C)
for 20 min. The lysates were precipitated with
acetone and phosphopeptides were enriched
using the EasyPhos method as described (3).
In detail, pellets were resuspended in 500 ml
trifluoroethanol (TFE) buffer prior to the ad-
dition of digestion enzymes (trypsin and LysC)
1:100 (protein:enzyme). After overnight incu-
bation at 37°C with rapid agitation (1500 rpm)
150 ml 3.2 M KCl, 55 ml of 150 mM KH2PO4,
800 ml 100% acetonitrile (ACN), and 95 ml
100% trifluoroacetic acid (TFA) were added to
the peptides and incubated at RT for 5 min at
1600 rpm prior to centrifugation. The peptide
supernatant was transferred to a clean 2 ml
tube, TiO2 beads subsequently added at a ratio
of 10:1 beads/protein, and incubated at 40°C
for 5 min at 2000 rpm. Beads with bound
phosphopeptides were pelleted by centrifuga-
tion for 1 min at 3500 g and the supernatant
was discarded. Beads were then resuspended
in wash buffer (60% ACN and 1% TFA) and
transferred to a clean 2 ml tube, and washed
further four times with 1 ml of washing buffer.
After the last wash, beads were resuspended
in transfer buffer (80% ACN and 0.5% acetic
acid) and transferred on top of C8 (3M Empore)
StageTips. Phosphopeptides were eluted with
60 ml elution buffer [40% ACN and 15%NH4OH
(25%, HPLC grade)] and collected in clean PCR

tubes, concentrated in a SpeedVac for 15 min
at 45°C, and acidified with 10 ml of 10% TFA.
Peptides were then desalted using StageTips
with two layers of styrenedivinylbenzene–
reversed phase sulfonated (SDB-RPS; 3M
Empore), washed twice with wash buffer (0.2%
TFA) and once with isopropanol containing
1% TFA. Peptides were eluted by adding 60 ml
SDB-RPS elution buffer [80% ACN, 1.25%
NH4OH (25%, HPLC grade)] and immediately
concentrated in a SpeedVac for 30 min at 45°C.
Concentrated peptides were then resuspended
in a buffer containing 2% ACN and 0.1% TFA
prior to LC-MS/MS analysis.

LC-MS/MS analysis and data processing

Phosphopeptides were loaded onto a 50 cm
reversed-phase column (diameter 75 mM; packed
in-house with 1.9 mM C18 ReproSil particles
[Dr. Maisch GmbH]). The temperature of the
column oven was maintained at 60°C. The
column was mounted to an EASY-nLC 1200
system (Thermo Fisher Scientific). The pep-
tides were eluted with a binary buffer system
consisting of buffer A (0.1% formic acid) and
buffer B (80% ACN and 0.1% formic acid). A
gradient length of 140 min was chosen (5 to
65% buffer B for 130 min followed by 10 min
80% buffer B) with a flow rate of 300 nl/min.
Peptides were analyzed in a Q Exactive HF
(synaptoneurosomes) and Q Exactive HF-X
(total forebrain) mass spectrometer (MS)
(Thermo Fisher Scientific) coupled to the nLC.
Full scans [300 to 1600 mass/charge ratio
(m/z), R = 60,000 at 200 m/z] were obtained
at a target of 3e6 ions. The 10 most abundant
ions were selected and fragmented with higher-
energy collisional dissociation (HCD) (target
1e5 ions, maximum injection time 120 ms, iso-
lation window 1.6 m/z, normalized collision
energy 25% underfill ratio 40%) followed by
the detection in the Orbitrap (R = 15,000 at
200 m/z). Raw MS data files were processed
using MaxQuant [version 1.5.5.6 and 1.5.5.12
(43)] with the Andromeda search engine using
false discovery rate (FDR) < 0.01 at protein,
peptide, and modification level. The default
settings were used with the following mod-
ifications: (i) the variable modification methi-
onine (M), acetylation (protein N-term), as
well as phosphorylation (STY) and the fixed
modification carbamidomethyl (C) were se-
lected, (ii) only peptides with a minimal length
of seven amino acids were considered, and (iii)
the “match between run” option was enabled
with a matching time window of 0.7 min. For
protein and peptide identification we used the
UniProt database frommouse (September 2014)
containing 51,210 entries. Each raw file was
treated as one experiment. The following sam-
ples were not considered for the final analysis
due to low identification number and outlier
clustering within the replicates: replicate 4 of
ZT16, 3 of ZT20 of the base line group and

Brüning et al., Science 366, eaav3617 (2019) 11 October 2019 7 of 9

Fig. 6. SD abrogates synaptic phosphorylation
rhythms. (A) Experimental workflow used to profile
the synaptoneurosome phosphoproteome under SD
across 24 hours. SD animals were kept awake for
4 hours (green window) before being euthanized
together with baseline controls (BL). Blue and yellow
indicate the light conditions during the protocol.
SD animals are awake regardless of the light
conditions, whereas BL mice rest during the light
phase and are active in the dark. (B) Measurement of
the EEG of relative frontal delta power during NREM
sleep (triangles, percent of the last 4 hours of the baseline light periods) for the same time courses in BL
(left) and SD (right). (C) Pie chart indicates the fraction of cycling phosphopeptides (period = 24 hours, q <
0.05) in forebrain synaptoneurosomes from SD mice out of the 2067 rhythmic in BL mice. (D) Pie chart
shows the fraction of proteins with at least one cycling (period = 24 hours, q < 0.05) phosphopeptide in
synaptoneurosomes of SD mice out of the 855 oscillating under BL conditions.
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replicate 1 of ZT0, 4 of ZT8, and 2 of ZT12 of
the sleep deprived group.

Bioinformatic and statistical analyses

Processed data was uploaded in the Perseus
software (14) to perform bioinformatical analy-
ses. First, reverse sequences and potential con-
taminants were removed from the total matrix.
Then phosphopeptides intensities were log2
transformed and after expanding the site
table, phosphopeptide entries without inten-
sities in <12 samples independently in each
data set (SD/BL) were removed. Following this,
a normalization was applied to each sample
individually: the intensity of every phospho-
peptide was divided by the median intensity
of all phosphopeptides in the same sample.
Relative enrichment of UniProt KB -Keywords
annotations in the total BL phosphoproteome
dataset was achieved using Fisher’s exact test
enrichment analyses (FDR < 0.02) comparing
to a total in silico mouse gene list generated
by Perseus, both datasets were matched using
gene names. Cycling analyses were performed
as described using the computational platform
Perseus (2, 14). Phosphopeptides with a q <
0.05 were classified as “cycling.” Hierarchical
clustering was performed in a phase preserving-
manner by which the order of elements is
restricted to that determined by the output of
the periodicity analysis. The proteome and the
phosphoproteome data were matched using
Uniprot ID. Amplitudes were calculated as the
difference between maximum and minimum
values across all the time points using the mean

of log2 intensities for the biological replicates.
Cycling phosphopeptides were divided in two
groups depending on their peak of phospho-
rylation (“phase”): one group containing phos-
phopeptides which peak between ZT18 to ZT6
and the other group comprising phosphopep-
tides which peak between ZT6 to ZT18. Relative
enrichment of UniProt KB -Keywords anno-
tations for both groups was individually per-
formed using Fisher’s exact test enrichment
analyses (P < 0.05) comparing the protein an-
notations of both groups to the protein anno-
tations of the total cycling phosphopeptides.
Phosphopeptides belonging to kinases and

phosphatases (using Keyword and manual an-
notations) were extracted from the total list
of phosphopeptides and collapsed to protein
entries (kinases). Kinases and phosphatases
with at least one cycling phosphopeptide (cy-
cling analysis, q < 0.05) were defined as “cy-
cling.” Gene name lists of all quantified kinases
and of cycling kinases were submitted to
www.kinhub.org to annotate kinases to the
major families and to generate the kinase trees.
Percentages of total quantified and cycling ki-
nases in each family were calculated based
on the entries for each family designated in
www.kinhub.org.

Integrated analysis and visualization
of phosphoproteomic data and
protein-protein interaction network

Interactions for mouse were downloaded from
STRING (v10.5) and filtered for high-confidence
edges with scores of at least 0.9. Since the

node identifiers in the network are Ensemble
protein IDs (ENSP), the protein groups in the
phosphoproteomics data were mapped ENSP
IDs using the UniProt annotations in Perseus.
After annotating the nodes of the network
with the data, signaling functionality scores
were calculated using PHOTON. In brief, for
each protein in the network a moderated
t test was performed on the phosphorylation
found on its neighbors in the network. Using
a permutation-based FDR approach the re-
sulting P value was corrected for multiple
testing and transformed into a final score. In-
tuitively, proteins with high/low scores pro-/
demote the phosphorylation of their neigh-
bors. Cycling analysis was performed on the
PHOTON scores to identify kinases with an
oscillatory signaling functionality score (q <
0.05, period 24 hours). For the visualization,
all cycling kinases and their interactions were
extracted from the network. The subnetwork
was overlaid with phosphorylation data from
cycling sites and plotted using the d3.js li-
brary and manual layouting.
For the KSEA prediction, 1,664 site-specific

mouse kinase substrate interactions were
downloaded from phosphosite.org (44). The
7257 phosphopeptides could be mapped to 84
distinct kinase-substrate interactions. KSEA
z-scores were calculated for all kinases in the
network (17, 18), resulting in 37 kinase activ-
ity profiles with at least 3 valid values. After
z-scoring the profiles, periodicity analysis
was performed and cycling (q < 0.05, period
24 hours) kinase activity profiles were visual-
ized in a scatter plot.

Western blotting and antibodies

Synaptoneurosome lysates were loaded onto
4 to 12% Bis-Tris NuPAGE gels (Thermo Fisher
Scientific). After electrophoreses proteins were
transferred to a nitrocellulose membrane and
blocked in 5% BSA in TBS with 0.1% Tween-20
for 1 hour at room temperature. The incuba-
tion with the primary antibody was done over-
night at 4°C following supplier instructions.
Antibodies were obtained from Cell Signaling:
CAMKII pT286 (12716), GSK3b pS9 (5558), and
PKC pS660 (9371). The same secondary anti-
body against rabbit was used for all phospho-
specific antibodies (GE Healthcare, NA934V)
and was incubated for 1 hour at RT. Load-
ing control was done with an antibody against
glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) conjugated with horseradish per-
oxidase from ThermoFisher Scientific (MA5-
15738-HRP). Densitometric quantification was
performed using the ImageJ software.
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Sleep-wake cycles drive daily dynamics of synaptic phosphorylation
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Sleep-wake cycles at mouse synapses
Analysis of the transcriptome, proteome, and phosphoproteome at synapses in the mouse brain during daily sleep-
wake cycles reveals large dynamic changes (see the Perspective by Cirelli and Tononi). Noya et al. found that almost
70% of transcripts showed changes in abundance during daily circadian cycles. Transcripts and proteins associated
with synaptic signaling accumulated before the active phase (dusk for these nocturnal animals), whereas messenger
RNAs and protein associated with metabolism and translation accumulated before the resting phase. Brüning et al.
found that half of the 2000 synaptic phosphoproteins quantified showed changes with daily activity-rest cycles. Sleep
deprivation abolished nearly all (98%) of these phosphorylation cycles at synapses.

Science, this issue p. eaav2642, p. eaav3617; see also p. 189

View the article online
https://www.science.org/doi/10.1126/science.aav3617
Permissions
https://www.science.org/help/reprints-and-permissions

D
ow

nloaded from
 https://w

w
w

.science.org at M
ax Planck Society on A

pril 29, 2023

https://www.science.org/content/page/terms-service


4 9 8  |  N A T U R E  |  V O L  5 4 2  |  2 3  F E B R U A R Y  2 0 1 7

LETTER
doi:10.1038/nature21384

Basis of catalytic assembly of the mitotic checkpoint 
complex
Alex C. Faesen1, Maria Thanasoula1, Stefano Maffini1, Claudia Breit1, Franziska Müller1, Suzan van Gerwen1,  
Tanja Bange1 & Andrea Musacchio1,2

In mitosis, for each daughter cell to inherit an accurate copy of the 
genome from the mother cell, sister chromatids in the mother cell 
must attach to microtubules emanating from opposite poles of the 
mitotic spindle, a process known as bi-orientation. A surveillance 
mechanism, termed the spindle assembly checkpoint (SAC), 
monitors the microtubule attachment process and can temporarily 
halt the separation of sister chromatids and the completion of 
mitosis until bi-orientation is complete1. SAC failure results 
in abnormal chromosome numbers, termed aneuploidy, in the 
daughter cells, a hallmark of many tumours. The HORMA-domain-
containing protein mitotic arrest deficient 2 (MAD2) is a subunit 
of the SAC effector mitotic checkpoint complex (MCC). Structural 
conversion from the open to the closed conformation of MAD2 is 
required for MAD2 to be incorporated into the MCC1. In vitro, 
MAD2 conversion and MCC assembly take several hours2–4, but 
in cells the SAC response is established in a few minutes5–7. Here, 
to address this discrepancy, we reconstituted a near-complete 
SAC signalling system with purified components and monitored 
assembly of the MCC in real time. A marked acceleration in MAD2 
conversion and MCC assembly was observed when monopolar 
spindle 1 (MPS1) kinase phosphorylated the MAD1–MAD2 
complex, triggering it to act as the template for MAD2 conversion 
and therefore contributing to the establishment of a physical 
platform for MCC assembly. Thus, catalytic activation of the SAC 
depends on regulated protein–protein interactions that accelerate 
the spontaneous but rate-limiting conversion of MAD2 required 
for MCC assembly.

The SAC temporarily targets the activity of the E3 ubiquitin ligase 
anaphase promoting complex/cyclosome (APC/C), which is required for 
mitotic exit (Fig. 1a). Two SAC proteins, MAD2 and BUBR1 (the latter  
of which forms a constitutive complex with BUB3), interact directly 
with cell-division cycle protein 20 (CDC20), an APC/C co-activator. 
The resulting quaternary complex, comprising MAD2, BUBR1–BUB3 
and CDC20, represents the core of the mitotic checkpoint complex 
(MCCcore), which is the SAC effector8–11 (Fig. 1a and Extended Data 
Fig. 1a, b). MCCcore binds APC/C, which is already bound to a second 
CDC20 molecule, inhibiting its activity12–14. Thus, CDC20, an APC/C 
co-activator when devoid of SAC proteins, becomes an APC/C inhib-
itor when bound to SAC proteins in the MCC.

MAD2 binds the MAD2-interacting motif (MIM) of CDC20. This 
promotes a topological remodelling of MAD2 in which its ‘safety belt’, 
a structurally mobile element comprising around the last 45 residues 
of MAD2, changes from an open (O-MAD2) to a closed conformation 
(C-MAD2)15,16 (Extended Data Fig. 1c). Direct measurements have 
indicated that O-MAD2 binds to the CDC20 MIM with a dissoci-
ation constant (Kd) of approximately 10−7 M (refs 15,16). However, 
when measured in vitro, the reaction appeared to have a remarkably 
small on-rate constant2–4, probably because structural remodelling of 
MAD2 requires a large activation energy. Thus, binding of MAD2 to 

CDC20 may be rate-limiting for SAC activation; because SAC reac-
tivation takes only minutes in cells5–7, this binding reaction is likely 
to be catalysed.

To identify this catalyst, we tagged recombinant human O-MAD2, 
CDC20, and BUBR1 with fluorophores, creating Förster resonance 
energy transfer (FRET) sensors for MCC assembly. MCC sensor 1 
(MCCS1) monitors the binding of cyan fluorescent protein (CFP)-
tagged CDC20 (CFP–CDC20) and O-MAD2–TAMRA (Fig. 1b and 
Extended Data Fig. 2a–c); MCC sensor 2 (MCCS2) monitors the bind-
ing of CFP–BUBR1 and O-MAD2–TAMRA (Fig. 1b and Extended 
Data Fig. 2a, d, e). When injected into mitotic HeLa cells, the fluores-
cent proteins localized to kinetochores, which is where SAC proteins 
normally reside during mitosis, showing that the fluorescent proteins 
retain functionality (Extended Data Fig. 3).

We measured the FRET-acceptor fluorescence of MCCS1 at different 
concentrations of O-MAD2 after a 15-h pre-incubation, which allowed 
the system to reach equilibrium (Fig. 1c, red curve). The dissociation 
constant of the CDC20–C-MAD2 interaction (Kd =  150 nM) was sim-
ilar to that previously measured using CDC20 peptides that contain 
the MIM motif3,15,16. When we titrated O-MAD2 in the presence of 
dark (that is, non-fluorescently labelled) BUBR1, 3 nM O-MAD2 was 
sufficient to obtain half-maximal saturation of MCCS1 (the apparent  
Kd (Kd,app); defined in Supplementary Information Section A), indicat-
ing a strongly augmented (by approximately 50-fold) binding affinity 
(Fig. 1c, blue curve).

There was no FRET signal from MCCS2 in the absence of CDC20, 
indicating that CDC20 is necessary for the high-affinity binding of 
BUBR1 and O-MAD2 (Extended Data Fig. 2d). As for MCCS1, the 
Kd,app for the binding of O-MAD2 to BUBR1 in the presence of CDC20 
was 3 nM (Fig. 1c, green curve), indicating that the chosen position of 
the fluorophores does not interfere with MCC assembly. Co-elution 
of the four subunits of MCCS1 from a size-exclusion chromatography 
column further supports this conclusion (Extended Data Fig. 2f).

Removal of BUB3 did not affect the stability of MCC (Extended Data 
Fig. 2g). BUBR1 binds CDC20 in the MCCcore through its first KEN-box 
(KEN1) motif12 (Extended Data Fig. 1a); however, binding of the second  
CDC20 subunit requires KEN2 (ref. 12). The CDC20-dependent 
FRET signal of MCCS2 requires KEN1, but not KEN2 (Fig. 1d;  
blue and green curves, respectively), showing that MCCS2 monitors 
the assembly of the MCCcore. The apparent binding affinity did not 
change in the presence of the KEN2 mutant, suggesting that binding of 
a second CDC20 protein does not stabilize the MCCcore. These studies 
at equilibrium support two notable conclusions: (1) MCCcore assembly  
is high-affinity, so BUBR1, CDC20, and O-MAD2, whose cellular 
concentrations are at least ten times higher than the Kd,app values that 
we measured (Supplementary Information Section B), are expected to 
associate spontaneously; and (2) interactions that engage two MCC 
subunits are strongly augmented upon addition of the third subunit  
(for example, BUBR1 augments the CDC20–MAD2 interaction).

1Department of Mechanistic Cell Biology, Max-Planck Institute of Molecular Physiology, Otto-Hahn-Straße 11, 44227 Dortmund, Germany. 2Centre for Medical Biotechnology, Faculty of Biology, 
University Duisburg-Essen, Universitätsstraße, 45141 Essen, Germany.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

http://www.nature.com/doifinder/10.1038/nature21384


LETTER RESEARCH

2 3  F E B R U A R Y  2 0 1 7  |  V O L  5 4 2  |  N A T U R E  |  4 9 9

We used MCCS2 to measure MCC assembly by FRET in real time. 
The time-dependence of the FRET signal could be fitted with a sin-
gle exponential function to yield an apparent reaction rate (kobs) that 
increased linearly with the concentration of MAD2 (Extended Data  
Fig. 4a, b), indicative of pseudo-first-order kinetics. At a near- 
physiological concentration of MCC components (100 nM), MCC 
assembly, as measured with MCCS2, was very slow, with a half-life 
(t1/2) of approximately 220 min (or 13,200 s; Fig. 2a). MCCS1 displayed  
precisely the same slow rates as MCCS2 (Extended Data Fig. 4d, red 
curve) and omission of BUBR1 did not change the rate of activation of 
MCCS1 (Extended Data Fig. 4d, red and blue curves). Instead, when 
O-MAD2–TAMRA and CDC20 were pre-incubated, and CFP–BUBR1 
was added to pre-formed CDC20–C-MAD2–TAMRA, MCC forma-
tion was practically instantaneous (Fig. 2a). Thus, reorganization 
of the MAD2 safety belt upon binding of O-MAD2–TAMRA and  
CFP–CDC20 may limit the rate of MCCcore assembly3 and, as such, it is 
the likely target of the catalytic apparatus of the SAC (Fig. 1a).

The MAD1–C-MAD2 complex forms the kinetochore receptor of 
O-MAD2 and has been proposed to accelerate its conversion, which 
is required for CDC20 to bind via a template-directed mechanism17,18  
(the MAD2 template model, see Supplementary Information Section 
C). Previous studies, however, detected only modest effects of 

MAD1–C-MAD2 on MCC assembly in vitro, which were clearly insuf-
ficient to account for the rapid accumulation of the MCC in living  
cells3,4,17. MAD1–C-MAD2 might therefore require an activator.  
In looking for this activator, we focused on the protein kinases  
BUB1–BUB3 and MPS1, owing to their role in the regulation of MAD1– 
C-MAD2 (ref. 1).

We pre-incubated recombinant MAD1–C-MAD2, BUB1–BUB3, and 
MPS1 at a concentration of 1 µ M for 30 min at 30 °C with ATP and Mg2+, 
before diluting them at different concentrations into solutions contain-
ing MCCS2 (Fig. 2b). Even at low-nanomolar concentrations, pre-incu-
bated MAD1–C-MAD2, BUB1–BUB3 and MPS1 strongly increased 
the rate of MCC assembly (Fig. 2b). The initial velocity of MCC 
formation increased linearly as a function of catalyst concentration  
(Extended Data Fig. 4e). At concentrations (25–50 nM) comparable to 
those reported to exist in cells, pre-incubated MAD1–C-MAD2, BUB1–
BUB3 and MPS1 caused the MCC-binding reaction to equilibrate in 
minutes (t1/2 =  165 and 82 s for 25 and 50 nM, respectively; Fig. 2b),  
in line with signalling dynamics in vivo5,6. At equivalent concentrations 
of MCC subunits and catalytic activators, the behaviour of MCCS1 was 
essentially indistinguishable from that of MCCS2 (Extended Data Fig. 4f).  
Thus, our in vitro assay captures a crucial catalytic activation step of 
the SAC.
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To identify the factors necessary for rapid accumulation of the 
MCC, we omitted individual components from the pre-incubation 
step (catalyst concentrations in these experiments are discussed 
in Supplementary Information Section D). Removing MAD1–C-
MAD2 prevented any acceleration of MCC formation (Fig. 3a). 
Removing MPS1 (Fig. 3b) or ATP (Fig. 3c) resulted in a strong 
reduction in the rate of MCC assembly. Removing BUB1–BUB3 
still had a large effect but it was less substantial (Extended Data 
Fig. 5a).

Asymmetrical dimerization of O-MAD2 and C-MAD2 has previ-
ously been identified as part of the mechanism of MAD2 activation 
in the SAC3,17,18. We investigated whether mutations to MAD2 in the 
MAD1–C-MAD2 complex (the mutation of residues 133 and 141 
to alanine), which prevent dimerization with O-MAD2 (refs 18,19), 
would ablate the catalytic role of MAD1–C-MAD2. Indeed, MAD1–C-
MAD2R133A–F141A was inert, confirming that MAD2 dimerization is a 
crucial component of the catalytic mechanism (Fig. 3d). N-terminal 
truncations of MAD1 (Extended Data Figs 1d, 2a) showed that residues  
1–419 of MAD1 are dispensable for catalysis, whereas deletions affect-
ing residues 420–485 decreased the catalytic function of MAD1– 
C-MAD2 (Extended Data Fig. 5b).

MPS1 and BUB1 are protein kinases. We studied the relevance 
of kinase activity on the catalytic reaction with the small-molecule 
kinase inhibitors Reversine and BAY-320, which target MPS1 and 
BUB1, respectively20,21 (Extended Data Fig. 6a). Addition of Reversine 
during pre-incubation had substantial negative consequences for the 
catalytic activation of MCC assembly, but its addition at the end of pre- 
incubation was fully compatible with catalysis. Thus, MPS1 activity is 
required only during pre-incubation (Fig. 4a). Much milder effects were 
observed with BAY-320, suggesting that the kinase activity of BUB1 
makes a relatively modest contribution to the catalytic activation of 
MCC (Extended Data Fig. 6b).

We dissected the requirements for kinase activity by performing 
two separate pre-incubation reactions (with ATP): one with MPS1 and 
MAD1–C-MAD2 and the other with BUB1–BUB3. Catalysis was fully 
reconstituted when the two pre-incubation reactions were added to 
MCCS2 and CDC20 (Extended Data Fig. 6c). Addition of Reversine to 
MPS1 and MAD1–C-MAD2 during pre-incubation strongly reduced 
the rate of MCC assembly (Extended Data Fig. 6d), suggesting that 
MPS1 phosphorylates and activates MAD1–C-MAD2.

Using mass spectrometry, we identified several phosphorylation 
sites on the MAD1–MAD2 complex after in vitro phosphorylation 
with MPS1 (Extended Data Fig. 7a). On the basis of sequence con-
servation, previous phosphoproteomic analyses (as summarized 
in the PHOSIDA (http://141.61.102.18/phosida/index.aspx) and 
Phosphosite Plus (http://www.phosphosite.org/homeAction.action) 
websites) and previous functional analyses, we prioritized four MPS1 

phosphorylation sites located in two distinct regions: Ser428 of MAD1  
(in the coiled-coil region of MAD1, upstream of the MIM), and Ser699, 
Ser713 and Thr716 (in the RWD domain)15,16,22 (Extended Data  
Figs 1d and 7a). An alanine point mutation in Ser428 (S428A) had no 
effect on the catalytic activity of MAD1–C-MAD2 (Fig. 4b). Conversely, 
a triple-alanine mutant of Ser699, Ser713 and Thr716 (S699A/S713A/
T716A, hereafter MAD1RWD-A) abrogated the catalytic role of MAD1 
in MCC assembly. The residual response of MAD1RWD-A was ascribed 
to BUB1, because when that was omitted, catalysis was completely  
abrogated. Our attempts to generate phospho-mimetic mutants of 
MAD1–C-MAD2 were frustrated by instability of the protein products 
(A.C.F. and A.M., unpublished data).

Removal of MAD1–C-MAD2 from the kinetochores following 
microtubule attachment is required to suppress SAC signalling. A 
chimeric fusion protein of wild-type MAD1 (MAD1WT) and MIS12 
(which stably binds kinetochores) prevents MAD1 release and arrests 
mitosis at metaphase23. When expressed in HeLa cells, the MIS12–
MAD1WT chimaera created a durable checkpoint arrest in mitosis, 
which was suppressed by the inhibition of MPS1 with Reversine  
(Fig. 4c and Extended Data Fig. 7b–d). MIS12–MAD1S428A behaved 
like MIS12–MAD1WT, whereas MIS12–MAD1RWD-A failed to arrest 
mitosis at metaphase, indicating that the MAD1RWD-A mutant impairs 
the SAC response caused by fusing MAD1 to MIS12 (Fig. 4c). Thus, 
preventing MPS1 phosphorylation with the MAD1RWD-A mutant abro-
gates the catalytic role of MAD1–C-MAD2 both in vitro and in an 
established SAC assay in human cells.

A tenfold reduction in the concentration of MPS1 during pre- 
incubation had little effect on the half-life of MCC assembly, suggesting 
that MPS1 can perform multiple rounds of MAD1–C-MAD2 phos-
phorylation (Extended Data Fig. 8a, conditions 1 and 4). Conversely, 
a tenfold reduction in the concentration of either MAD1–C-MAD2 
or BUB1–BUB3 (Extended Data Fig. 8a) resulted in an approximately 
threefold increase in the half-life of MCC accumulation. A tenfold 
reduction in the concentrations of both MAD1–C-MAD2 and BUB1–
BUB3 compounded the individual effects, causing a tenfold reduction 
in the half-life of MCC accumulation.

These observations suggest that MAD1–C-MAD2 and BUB1–BUB3 
may both act as physical constituents of the catalyst of MCC assem-
bly, in line with evidence that these proteins might interact physically 
(Supplementary Information Section E). To assess this theory, we used 
MCCS1 to measure the influence of BUB1–BUB3 on the binding of 
CDC20 and MAD2. When BUB1–BUB3 was omitted, a strong reduc-
tion in the formation of the CDC20–C-MAD2 complex was observed 
(Extended Data Fig. 8b). This effect did not involve BUBR1–BUB3 
(which binds directly to BUB1–BUB3)24, because omission of BUBR1–
BUB3 did not influence the rate of FRET accumulation from MCCS1 
(Extended Data Fig. 8b).
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We next investigated whether BUB1 exercises its functions through 
CDC20. When using a BUB1 construct with mutations in the CDC20-
binding motif (the KEN1-ABBA motif25–27), we observed that the rate 
of assembly of CDC20–C-MAD2 was reduced to levels similar to those 
observed after removal of BUB1–BUB3 (Extended Data Fig. 8c). Thus, 
the contribution of BUB1 to MCC assembly appears to require an inter-
action with CDC20, and we surmise that the kinase activity of BUB1 
mildly stimulates this interaction.

MAD1 and BUB1 have previously been shown to interact28–30. We 
therefore investigated whether human MAD1–C-MAD2 and BUB1 
form a complex by performing pull-down experiments in which 
MAD1 tagged with maltose-binding protein (MBP) and bound to 
C-MAD2 (MBP–MAD1–C-MAD2) was immobilized on amylose 
beads (Extended Data Fig. 8d). We observed binding of BUB1–BUB3 
to MBP–MAD1–C-MAD2 only in the presence of MPS1 kinase activ-
ity, suggesting that MPS1 triggers the interaction, as in Saccharomyces 
cerevisiae28. The interaction between MAD1–C-MAD2 and BUB1–
BUB3 is transient and low affinity, as the proteins did not co-elute from 

a size-exclusion chromatography column (A.C.F., M.T., C.B. and A.M., 
unpublished results).

Our data indicate that BUB1–BUB3 and MAD1–C-MAD2 (the latter 
after appropriate modification by MPS1) accelerate the conversion of 
O-MAD2 to C-MAD2 that is required to bind CDC20. We propose that 
MPS1, MAD1–C-MAD2, and BUB1–BUB3 act strictly catalytically; 
that is, they do not effect changes in the free energy of association of 
the MCC subunits. To test this idea, we investigated whether the Kd of 
MCCS2 (Fig. 1c) changed when measured in the presence of catalysts 
(at 25 nM) at equilibrium. In agreement with our hypothesis, the pres-
ence of catalysts did not change the apparent binding affinity of MCCS2 
(Extended Data Fig. 8e). The Michaelis–Menten parameters KM and 
kcat, calculated by fitting initial velocities at varying concentrations of 
MAD2, indicated considerable efficiency of the SAC catalyst (kcat/KM 
in excess of 105 s−1 M−1; Fig. 5a).

Here, we have shown that the conversion of O-MAD2 to C-MAD2, 
which is required for binding CDC20, is the only rate-limiting step in 
the assembly of the MCC. MAD2 is not a catalyst for the interaction of 
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c, Summary schematic. MPS1 phosphorylates KNL1 to promote 
kinetochore recruitment of BUB1–BUB3 and MAD1–C-MAD2 to 
activate it and promote binding to BUB1–BUB3. MAD1–C-MAD2 and 
BUB1–BUB3 recruit O-MAD2 and CDC20, respectively, catalysing their 
interaction. The subsequent incorporation of BUBR1–BUB3 drives MCC 
assembly.
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Figure 4 | MPS1 activates MAD1. a, Reversine (Rev.) added during  
pre-incubation of catalysts (pre, purple points) or during MCCS2 assembly 
phase (post, green points). Concentration of inhibitor was 5 µ M in FRET 
assay and 50 µ M in pre-incubation. Assay was performed as described in 
Fig. 2b using 100 nM catalysts. b, Phosphorylation sites in MAD1RWD-A are 
required for MCC catalysis (brown). Limited residual catalysis is due to 
BUB1 (compare brown and blue). Experiments conducted with MAD1420-C 
as described in Fig. 2b using 100 nM catalysts (cat.). c, HeLa cells in the 
presence or absence of Reversine were transfected with mCherry (− ; 1,471 
cells), mCherry–MIS12–MAD1WT (WT; 1,451 (left) and 1,224 (right) 

cells), mCherry–MIS12–MAD1S428A (S428A; 1,309 (left) and 1,198 (right) 
cells), mCherry–MIS12–MAD1RWD-A (RWD-A; 1,838 (left) and 1,138 
(right) cells), or mCherry–MIS12–MAD1S428A,RWD-A (S428A-RWD-A; 
1,657 (left) and 1,289 (right) cells). After 30 h, mitotic indexes of mCherry-
positive cells (Extended Data Fig. 6b) were scored by visualization of DNA, 
CREST (kinetochores), and α -tubulin (not shown). Cells were also treated 
with 500 nM Reversine for 2 h before fixation. Graphs show the mean of at 
least two technically independent experiments; the number of cells used 
for each quantification is listed above.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



LETTERRESEARCH

5 0 2  |  N A T U R E  |  V O L  5 4 2  |  2 3  F E B R U A R Y  2 0 1 7

BUBR1 and CDC20, as has been proposed4,31; rather, it binds BUBR1 
and CDC20 in a stable ternary complex that assembles spontaneously 
at the cellular concentration of SAC proteins. One implication of this 
biochemical association is that the disassembly of the MCC requires 
energy. Several energy-dependent mechanisms of MCC disassembly 
have been described previously and are shown to operate continuously 
to disassemble MCC, even when the rate of MCC assembly is at its 
maximum32.

We have identified a phosphorylated form of MAD1–C-MAD2 
as the crucial catalyst for the accumulation of CDC20–C-MAD2. 
Omission of MPS1 and usage of a truncated and partly inactive MAD1 
construct probably explain why previous studies observed only modest 
catalytic activation of MAD2 in vitro3 (see Supplementary Information 
Section F). Our results also indicate that dimerization of O-MAD2 with 
MAD1–C-MAD2, which was previously shown to be required for SAC 
signalling17,33, is essential for catalysis. Two predictions made regarding 
the MAD2 template model—that MAD1–C-MAD2 is a catalyst and 
that O-MAD2–C-MAD2 dimerization is required for catalysis17—are 
therefore confirmed here (Fig. 5b, c).

Kinetochores are likely to be required for a robust SAC response,  
particularly as they increase the local concentration of catalysts, probably  
favouring their post-translational modification and physical interac-
tion. The role of kinetochores in SAC signalling may be particularly 
important under stringent conditions, such as when there is only one or 
a few unattached kinetochores in a cell34, a point at which the number  
of MCCs declines and the rate of degradation of APC/C substrates 
increases considerably5,35. The tools we described here may aid the 
study of this unresolved issue.

Online Content Methods, along with any additional Extended Data display items and 
Source Data, are available in the online version of the paper; references unique to 
these sections appear only in the online paper.
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METHODS
No statistical methods were used to predetermine sample size. The experiments 
were not randomized and the investigators were not blinded to allocation during 
experiments and outcome assessment.
Production of recombinant proteins. All recombinant proteins used in this study 
were of human origin. MAD2 was expressed and purified essential as described 
previously18. All proteins used in this study, except BUBR1 (residues 1–571), were 
full length. To generate fluorescent BUBR1 and CDC20, we introduced a His-
tagged N-terminal mTurquoise2 (ref. 36). Expression of all other protein constructs 
and mutants was performed in Sf9 (CDC20 and BUB1–BUB3) or TnaO38 insect 
cells (all other proteins). After infection with virus (at multiplicity of infection 
1:50), cultures were grown at 27 °C, collected after 3 days and pellets stored at 
− 20 °C. MAD1–C-MAD2 and BUBR1–BUB3 were cultured by mixing individual 
viruses, each harbouring individual genes. MPS1 was expressed in the presence 
of 2 µ M Reversine.

Generally, cells were lysed in buffer A (25 mM HEPES (pH 7.5), 300 mM NaCl, 
10% glycerol, 2 mM TCEP, 1 mM PMSF). MAD1–C-MAD2 and CDC20 were 
purified in buffer A with 1,000 and 500 mM NaCl, respectively. Soluble lysate 
was passed over a 5-ml Ni-NTA column and, after washing with 20 column  
volumes buffer A, the proteins were eluted by adding 300 mM imidazole to buffer A.  
Proteins was subsequently gel-filtered on a Superdex S200 16/60 column equil-
ibrated against buffer B (10 mM HEPES (pH 7.5), 150 mM NaCl, 5% glycerol, 
2 mM TCEP). All buffers used in the purification of MPS1 were supplemented 
with 0.2% Triton X-100. Fractions containing purified proteins were concentrated, 
flash-frozen and stored at − 80 °C until use.
TAMRA labelling of O-MAD2. Purified MAD2 was C-terminally labelled using 
the sortase A transpeptidase enzyme from Staphylococcus aureus, which catalyses  
the cleavage of a short five-amino-acid recognition sequence (LPETG) with the 
concomitant formation of an amide linkage between an oligoglycine peptide and 
the target protein37. To that end, we mixed 10– 50 µ M MAD2–LPETG with 150 µ M  
sortase A and 0.5–1 mM of a TAMRA-conjugated peptide (Gly-Gly-Gly-Gly-
Lys–TAMRA; StorkBio). The reactants were mixed in 50 mM Tris-HCl (pH 7.5),  
150 mM NaCl and 10 mM CaCl2 and incubated overnight at 4 °C. To purify 
MAD2 in the open conformation (O-MAD2), the labelling reaction was followed 
by ion-exchange chromatography (ResQ column, GE Healthcare) to remove the 
sortase A, excess TAMRA-conjugated peptide and MAD2 in the closed confor-
mation (C-MAD2).
FRET measurements. Fluorimeter scans were performed on a Fluoromax 4 (Jobin 
Yvon) in a buffer containing fresh 10 mM HEPES (pH 7.5), 150 mM NaCl, 2.5% 
glycerol, 10 mM β -mercaptoenthanol and 0.05% Triton X-100. Mixtures were 
excited at 430 nm and the emissions were scanned from 450 to 650 nm. Single-
wavelength acceptor-fluorescence measurements were carried out at 583 nm. 
Mixtures of MAD1–C-MAD2 with BUB1–BUB3 and/or MPS1 were pre-incubated 
at 1 µ M for 30 min at 30 °C. Unless stated otherwise, assays were performed using 
100 nM of all proteins (except CDC20, which was added at 500 nM). In all figure 
panels reporting time-dependent changes in FRET signal of MCCS1 and MCCS2, 
curves report single measurements representative of at least three independent 
technical replicates.
Kinetic analysis MCC catalysis. To determine the kinetic parameters for catalysis 
of MCC assembly, we measured initial rates of catalysis of 5 nM ‘enzyme’ (MAD1–
MAD2, BUB1–BUB3 and MPS1, which were pre-activated by incubation at 1 µ M 
for 30 min at 30 °C with 1 mM ATP/MgCl2) against 500 nM CDC20 and BUBR1, 
while the concentration of O-MAD2–TAMRA was varied. The initial rates of MCC 
assembly were calculated using a standard of fluorescence emission at 583 nm at 
known MCC concentrations. The initial rates were subsequently plotted against 
the concentration of MAD2, and subjected to nonlinear regression fitting using 
the Michaelis–Menten equation V =  (Vmax ×  [MAD2])/([MAD2] +  KM), where 
Vmax is the maximal velocity at saturating substrate concentrations and KM is 
the Michaelis–Menten constant. The kcat value was derived from the equation 
kcat =  Vmax/[E0], where E0 is the total enzyme concentration. Experimental data 
were processed using Prism 6 (Graphpad Software, Inc.). Fluorimeter scans were 
performed on a Fluoromax 4 (Jobin Yvon) in a buffer containing fresh 10 mM 
HEPES (pH 7.5), 150 mM NaCl, 2.5% glycerol, 10 mM β -mercaptoenthanol and 
0.05% Triton X-100. Mixtures were excited at 430 nm and the emissions were 
measured at 583 nm.
MAD1–C-MAD2 and BUB1–BUB3 pull-down experiments. MBP–MAD1–C-
MAD2 (1 µ M), BUB1–BUB3 (2 µ M), MPS1 (400 nM) and ATP (or variations 
thereof) were incubated for 1 h at room temperature in 1×  kinase buffer (20 mM 
HEPES (pH 7.5), 50 mM NaCl, 10 mM MgCl2, 0.5 mM EGTA, 2 mM DTE, 0.01% 
Triton X-100). After incubation with equilibrated amylose beads for 30 min on 
ice (New England Biolabs), the beads were washed twice with 200 µ l wash buffer 
(50 mM HEPES (pH 7.5), 50 mM NaCl, 0.05% Triton, 10% glycerol, 2 mM DTE). 

Following this, SDS loading buffer was added (to a final concentration of 62.5 mM 
Tris pH 6.8, 2% sodium dodecyl sulfate (SDS), 10% glycerol, 0.1 M DTT and 0.01% 
bromophenol blue), the sample boiled, and samples analysed by western blot.
Mass spectrometry. Liquid chromatography coupled with tandem mass spec-
trometry (LC–MS/MS) was used to identify phosphorylation sites. Samples were 
digested with LysC/trypsin and/or GluC and prepared for LC–MS/MS analysis38. 
A total of 100 ng of peptides were separated on a Thermo Scientific EASY-nLC 
1000 high-performance liquid chromatography system (Thermo Fisher Scientific, 
1 h gradient from 5–60% acetonitrile with 0.1% formic acid) and directly sprayed 
using a nano-electrospray source in a quadrupole Orbitrap mass spectrometer  
(Q Exactive, Thermo Fisher Scientific)39. The Q Exactive was operated in data- 
dependent mode acquiring one survey scan and subsequently ten MS/MS scans40. 
The resulting raw files were processed with MaxQuant software (version 1.5.2.18) 
using a reduced database containing only the proteins of interest and giving 
phosphorylation on serine, threonine and tyrosine as variable modification41. A 
false-discovery rate cut-off of 1% was applied at the peptide and protein levels and 
the phosphorylation site decoy fraction.
Cell culture, plasmid transfection, microinjections, immunofluorescence, 
immunoblotting and imaging. HeLa cells or N-terminal localization and 
affinity purification peptide (LAP)-tagged LAP–BUB1 HeLa cells (MCB 2334; 
a gift from A. Hyman) were grown in DMEM (PAN Biotech) supplemented 
with 10% tetracycline-free FBS (PAN Biotech), l-glutamine (PAN Biotech) and 
either penicillin and streptomycin or G418 (GIBCO). Cells were grown at 37 °C 
in the presence of 5% CO2. CDK1 inhibition, microinjections and live imag-
ing were performed in complemented CO2-independent medium (GIBCO) at 
37 °C. For microinjections, a cDNA segment encoding human CENP-A was 
cloned in a pcDNA5/FRT/TO-IRES-mCherry vector, a modified version of 
pcDNA5/FRT/TO (Invitrogen) generated in-house as a C-terminal fusion to 
mCherry (M. Mattiuzzo and A. De Antoni). Transient transfections of pcDNA5/
FRT/TO-IRES-mCherry-CENPA were performed with Lipofectamine 2000 
(Invitrogen) according to the manufacturer’s instructions and the mCherry–
CENPA fusion was expressed by addition of 200 ng/ml doxycycline (Sigma) for 
48 h. Where indicated, nocodazole (Sigma) was used at 3.3 µ M and RO-3306 
(Calbiochem) was used at 9 µ M for 18 h. Microinjections were performed using 
a combination of FemtoJet, InjectMan-NI2 and Femtotip-II, all purchased from 
Eppendorf. Recombinant CFP–BUBR1–BUB3 complex and TAMRA–MAD2 
(or TAMRA) were injected at a concentration of 6 µ M and 2 µ M, respectively. 
The number of cells injected, n, was: for TAMRA, n =  2; for O-MAD2–TAMRA, 
n =  9; for CFP–BUBR1–BUB3, n =  8. Live-cell images were taken before injection 
and 1–10 min after injection.

The plasmid expressing mCherry–MIS12–MAD1WT was a gift from T. Kapoor. 
The same plasmid background was used to transiently express a synthetically 
synthesized MAD1 gene harbouring the various alanine mutations. For this 
assay, HeLa cells growing on coverslips pre-coated with 15 µ g/ml poly-d-lysine 
(Millipore) were transiently transfected with the mCherry fusion plasmids using 
Lipofectamine 2000. Thirty hours after transfection, cells were either prepared for 
immunofluorescence or processed for western blotting analysis. Where indicated, 
cells were treated with 500 nM Reversine for 2 h before fixation. Cells were then 
fixed with PBS with 4% paraformaldehyde, followed by permeabilization with 
PBS/PHEM-Tween 0.3%. The following antibodies were used for immunostain-
ing: anti-α -tubulin (mouse, DM1α , Sigma; 1:500), anti-CREST/anti-centromere 
antibodies (human, Antibodies Inc.; 1:100). DNA was stained with 0.5 µ g/ml DAPI 
(Serva) and coverslips mounted with Mowiol mounting medium (Calbiochem). 
For western blotting analysis the following antibodies were used: anti-α -tubulin 
(DM1α ; 1:10,000), anti-MAD1 (in-house-made mouse monoclonal, clone BB3-8/
e578-589; 1:100). Imaging for microinjection experiments was performed on a 
spinning disk confocal microscope of a 3i Marianas system (Intelligent Imaging 
Innovations) equipped with an Axio Observer Z1 microscope (Zeiss), a CSU-
X1 confocal scanner unit (Yokogawa Electric Corporation), Plan-Apochromat 
63×  or 100× /1.4 NA objectives (Zeiss) and an Orca Flash 4.0 sCMOS Camera 
(Hamamatsu). Images were acquired as Z sections (using Slidebook Software 5.5 
from Intelligent Imaging Innovations or using LCS 3D software from Leica) and 
converted into maximal-intensity-projection TIFF files for illustrative purposes. 
Imaging for the mCherry fusions experiments was performed on a Deltavision Elite 
System (GE Healthcare) equipped with an IX-71 inverted microscope (Olympus), 
a UPlanFLN 40× /1.3 NA objective (Olympus) and a pco.edge sCMOS camera 
(PCO-TECH Inc.). Images were acquired as Z sections (using the softWoRx soft-
ware from Deltavision) and converted into maximal-intensity-projection TIFF 
files for illustrative purposes. Quantification of kinetochore signals was per-
formed on unmodified Z series images using Imaris 7.3.4 software (Bitplane). 
Following background subtraction, a ratio for mCherry-MIS12–MAD1/CREST 
intensity signals was calculated. All ratios were normalized to the mean of  
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mCherry–MIS12–MAD1WT ratio. The HeLa cell line used in this study was regu-
larly checked for mycoplasma contamination. The cell line was not authenticated.
Data availability statement. All uncropped Coomassie-stained gels and western 
blots are provided in the Supplementary Information. All other data that sup-
port the findings of this study are available from the corresponding author upon  
request.
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Extended Data Figure 1 | MCC constituents and MAD2-template 
model. a, Schematic of MCC constituents and their domain structure. 
b, Cartoon model of the crystal structure of the Schizosaccharomyces 
pombe MCC complex11 (Protein Data Bank accession number: 4AEZ). 
CDC20 consists mainly of WD40 β -propeller domains, where the 
N-terminal extension interacts with MAD2 (at the MIM). Mad3 is the 
yeast orthologue of BUBR1. BUBR1, which is constitutively bound to 
BUB3, contains many functional motifs and structural domains, a few of 

which are highlighted in a. c, Cartoon models of the crystal structures of 
O-MAD2 and C-MAD2. The HORMA domain of MAD2 exists in two 
distinct topologies: O-MAD2, when unbound by ligand; and C-MAD2, 
when bound to the MIMs of MAD1 or CDC20 (refs 15,16). The change in 
topology is due to relocation of mobile elements of the structure, indicated 
in grey. d, Schematic representation of MAD1 and MAD1-deletion 
mutants used in this study. e, Schematic representation of the MAD2 
template model.
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Extended Data Figure 2 | Characterizing the MCC using FRET  
sensors. a, Coomassie-stained SDS–PAGE gel of recombinant proteins 
used in this study. b, Fluorescence emission spectrum of MCCS1 excited  
at 430 nm. The concentration of all proteins is 100 nM, expect for the 
CDC20 peptide, which was used in large excess (5 µ M) in competition 
reactions. Signals were normalized to peak donor emission at 470 nm. No 
change in emission was observed in presence of only O-MAD2–TAMRA, 
or when CFP–CDC20 was measured in isolation (black) or with a 
TAMRA-labelled peptide (green). The excess of CDC20 peptide  
competed for MAD2 binding and no FRET was observed (brown).  
c, In an additional control for MCCS1, CFP–CDC20 was tested against 
TAMRA-labelled ‘loopless’ (O-MAD2-LL–TAMRA), a MAD2 mutant  
that is locked in the O-MAD2 conformation and cannot bind CDC20  
(ref. 18). Assay conditions were as described in b. d, MCC formation relies 
on the presence of CDC20. Fluorescence emission spectra of MCCS2  
(or parts thereof) excited at 430 nm. No change in emission was observed 
in the presence of only O-MAD2–TAMRA (no CFP–BUBR1–BUB3, 
blue) or when CFP–BUBR1–BUB3 was measured in isolation (black), 
in the presence of O-MAD2–TAMRA (without CDC20, purple), or in 

the presence of CDC20 and a TAMRA-labelled peptide not conjugated 
to MAD2 (green). The only condition that led to changes in donor and 
acceptor emission spectra was when CFP–BUBR1–BUB3, TAMRA–
MAD2 and CDC20 were present at the same time (red). FRET efficiency 
upon complex formation at equilibrium was 35%. The concentration of 
all proteins was 100 nM. Signals were normalized to peak donor emission 
at 470 nm. e, In an additional control for MCCS2, CFP–BUBR1 was 
tested in the presence of CDC20 against O-MAD2-LL–TAMRA. Assay 
conditions were as described in d. f, Recombinant O-MAD2–TAMRA, 
CDC20 and CFP–BUBR1–BUB3 form the MCC complex. Size-exclusion 
chromatography elution profiles of O-MAD2–TAMRA (dark blue trace), 
CDC20 (green trace), CFP–BUBR1–BUB3 (light blue trace) or all mixed 
to form the MCC complex (orange trace). The shift in the elution profile 
indicates complex formation. g, BUB3 does not affect MCCcore stability. 
A titration experiment determining the binding isotherms of the MCC 
complex, using MCCS2 in the presence (red) or absence (blue) of BUB3, 
showed indistinguishable apparent Kd values. Data are mean ±  s.e.m. of 
three independent technical replicates of the experiments.
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Extended Data Figure 3 | Microinjection of recombinant fluorescent 
MCC proteins. a, b, Recombinant fluorescent MCC proteins injected into 
mitotic cells localize to kinetochores. HeLa cells constitutively expressing 
LAP–BUB1 (a) or transiently expressing mCherry–CENP-A (b) were 
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MAD2 or TAMRA (a), or with CFP–BUBR1–BUB3 (b). Cells were live-
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Extended Data Figure 4 | See next page for caption.
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Extended Data Figure 4 | MCC assembly kinetics. a, The CDC20–MAD2 
complex forms slowly. The time-dependent change of acceptor (left) and 
donor (right) fluorescence (normalized to values at equilibrium) with 
10 nM CFP–BUBR1–BUB3 (see Supplementary Information Section 
G for details of the effects of BUBR1 concentration on reaction rate of 
MCCS2) and 500 nM CDC20 with varying concentrations of O-MAD2–
TAMRA. Signal changes were fitted to single exponential curves. b, After 
the single-exponential fitting of the curves in a, the apparent first order 
rate constants (kobs) were plotted as a function of MAD2 concentration, 
with kon being the slope of the resulting curve. These kon values depend 
on the concentration of BUBR1 (see c and Supplementary Information 
Section G). c, MCC assembly assay performed with MCCS2 with 100 nM 
O-MAD2–TAMRA, 500 nM CDC20 and the indicated concentrations of 
CFP–BUBR1–BUB3. d, BUBR1 does not influence the assembly kinetics 

of the MCC. Monitoring the assembly of CDC20–MAD2 (MCCS1; 
blue), CDC20–MAD2 with dark BUBR1–BUB3 (MCCS1; red) and 
BUBR1–MAD2 with dark CDC20 (green) shows indistinguishable rates. 
e, Catalysis rates scale linearly with catalyst concentration. After pre-
incubation of the catalyst proteins, MCC assembly was monitored with 
MCCS2 (sensor concentrations were 100 nM, except for CDC20, which 
was 500 nM) at varying catalyst concentrations. Initial velocity (Vi) signal 
changes were plotted against catalyst concentration, revealing a linear 
dependency. f, Catalysis of MCC formation could be observed with both 
FRET sensors. After pre-incubation of MAD1–C-MAD2, BUB1–BUB3 
and MPS1 at 1 µ M for 30 min, similar catalysis rates were observed 
with either MCCS1 (blue) or MCCS2 (red). The assay was performed as 
described in Fig. 2b, with all proteins at 100 nM. Data are mean ±  s.e.m. of 
three independent technical replicates of the experiments (b, e).
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Extended Data Figure 5 | Molecular requirements of catalytic MCC 
assembly. a, Catalytic MCC assembly requires MAD1–C-MAD2, MPS1, 
ATP and BUB1–BUB3. MCC assembly was monitored with MCCS2, as 
described in Fig. 2b, using 100 nM catalysts. Individual components 
were omitted as indicated. The same control profiles (black and red 
curves) are shown here and in  Fig. 2. b, MAD1 with the N-terminal 
419 residues deleted (MAD1420-C; red) is a minimal construct capable of 
full catalysis. A reduction in the catalytic rate was observed with MAD1 
with the N-terminal 484 residues deleted (MAD1485-C; purple) compared 

to full-length MAD1 (MAD1FL; yellow) or MAD1420-C. The assay was 
performed with MCCS2 as described in Fig. 2b, using 100 nM catalysts. 
Catalytic activation is salt-sensitive, probably because high salt inhibits 
phosphorylation-mediated polar interactions (see c, d). c, d, Catalysis is 
sensitive to salt concentration. MCC assembly was monitored with MCCS2, 
using 75 mM (red), 150 mM (blue), 300 mM (green) or 500 mM NaCl 
(brown), in the absence (c) or presence (d) of catalysts. The assay was 
performed with MCCS2, as described in Fig. 2b.
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Extended Data Figure 6 | See next page for caption.
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Extended Data Figure 6 | Inhibiting catalysis. a, Inhibiting MPS1 
and BUB1 during pre-incubation strongly reduces catalysis. Adding 
both Reversine and BAY-320 to the pre-incubation solution of catalysts 
strongly reduced the catalysis of MCC formation. Adding the inhibitors 
after pre-incubation but before addition to the MCCS2 components did 
not affect catalysis. Final concentrations of inhibitors were 50 µ M during 
pre-incubation and 5 µ M in the assay. b, As in Fig. 4a, but with the BUB1 
inhibitor BAY-320 rather than Reversine. BUB1 without functional kinase 
activity (BUB1KD) was used as a control. c, Catalysis rates remained 
unchanged when the pre-incubation of catalyst proteins was ‘split’ into two 
reactions (MAD1–C-MAD2 together with MPS1 or BUB1 alone; compare 

green to red). Assay performed with MCCS2, as described in Fig. 2b, 
using 100 nM catalysts. d, MAD1–C-MAD2 is phosphorylated by MPS1. 
Catalysis rates remained unchanged when the pre-incubation of catalyst 
proteins was split into two reactions (MAD1–C-MAD2 together with 
MPS1 or BUB1 alone; compare green to red). Adding the kinase inhibitors 
Reversine (targeting MPS1) and BAY-320 (BUB1) to the pre-incubation 
reaction strongly reduced the rates of catalysis (orange). However, 
inverting the inhibitors had no effect on the catalysis rates (blue). Assay 
performed with MCCS2, as described in Fig. 2b, using 100 nM catalysts. 
Final concentrations of inhibitors are 5 µ M in assay (50 µ M during  
pre-incubation).
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Extended Data Figure 7 | MPS1 phosphorylation of MAD1.  
a, Phosphorylation sites of MAD1 by MPS1. The peptide sequence with 
the phosphorylated residue in bold, the amino acid position within the 
protein, the P value of the posterior error probability for the identified 
peptide (PEP) and the Andromeda search engine score (score) are 
shown. Residue numbers in bold indicate phosphorylation sites found 
in at least two experiments. b–d, In b, HeLa cells were transfected with 
mCherry (Control), mCherry–MIS12–MAD1WT (WT), mCherry–
MIS12–MAD1S428A (S428A), mCherry–MIS12–MAD1RWD-A (RWD-A) or 
mCherry–MIS12–MAD1S428A/RWD-A (S428A, RWD-A) as described and 
quantified in the legend of Fig. 4c. Shown are mitotic cells, representative 
of the mitotic population in each cohort (mCherry control, 59 cells; 
mCherry–MIS12–MAD1WT, 247 cells; mCherry–MIS12–MAD1S428A, 
203 cells; mCherry–MIS12–MAD1RWD-A, 83 cells; mCherry–MIS12–
MAD1S428A/RWD-A, 91 cells). Following a 30-h transfection with the 

indicated constructs, cells were fixed and processed for western blotting (c)  
or immunofluorescence (d and Fig. 4c). Western blot analysis showed 
that expression levels of mCherry–MIS12–MAD1 fusions were lower 
than endogenous MAD1 levels (c). Scale bars, 5 µ m. Quantification of 
the kinetochore signal was performed on unmodified Z series images. 
Following background subtraction, a ratio for mCherry–MIS12–MAD1/
CREST intensity signals was calculated. All ratios were normalized to the 
mean of mCherry–MIS12–MAD1WT ratio. Quantifications are based on 
two independent biological replicates of the experiment, for a total of five 
cells for each condition, where 254 (mCherry–MIS12–MAD1WT), 143 
(mCherry–MIS12–MAD1S428A), 207 (mCherry–MIS12–MAD1RWD-A) or 
188 (mCherry–MIS12–MAD1S428A/RWD-A) kinetochores were analysed. 
Shown is a box-and-whiskers graph, indicating the median, a box with the 
25–75th percentile and hinges indicating the upper and lower limits of the 
data points.

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.
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Extended Data Figure 8 | MAD1 and BUB1 interact to combine 
O-MAD2 and CDC20. a, MAD1–C-MAD2 and BUB1–BUB3 together 
form the MCC enzyme, while MPS1 suffices in sub-stoichiometric 
amounts. Lowering the concentration of all catalysts increased the half-
life (halftime) tenfold (compare conditions 1 and 8). Lowering individual 
components reduces rates to intermediate levels for MAD1–C-MAD2 
(condition 2) and BUB1–BUB3 (condition 3), but not MPS1 (condition 4). 
Lowering both MAD1–C-MAD2 and BUB1–BUB3 (condition 5) mimics 
the reduction of all components (condition 8), whereas reducing MAD1–
C-MAD2 or BUB1–BUB3 in combination with MPS1 (conditions 6 and 7, 
respectively) only resulted in intermediate rates. Assays were performed 
with MCCS2 as described in Fig. 2b, using either 100 nM (1× ) or 10 nM 
(0.1× ) catalysts. b, Excluding BUBR1 does not affect catalytic rates  

(green and blue). Assays were performed using MCCS1, all proteins were 
present at 100 nM. c, The interaction between BUB1 and CDC20 enhances 
binding with MAD2. A BUB1 construct that does not bind CDC20  
(the KEN1-ABBA mutant (BUB1KEN1-ABBAmut); purple) yields similar 
rates as in the absence of BUB1 (grey). Assay performed with MCCS2 
and as described in Fig. 2b, using 100 nM catalysts. d, MAD1–C-MAD2 
and BUB1–BUB3 show an ATP-dependent interaction in the presence 
of MPS1. Pull-down experiment using MBP–MAD1–C-MAD2 as bait. 
Assay was performed with 1 µ M MAD1–C-MAD2, 2 µ M BUB1–BUB3 
and 400 nM MPS1. e, Values of FRET from MCCS2 (1 nM CFP–BUBR1 
and 500 nM CDC20) after equilibration with or without catalysts (25 nM 
catalyst concentration). Data are mean ±  s.e.m. of three independent 
technical replicates of the experiment (b, e).
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Introduction

Molecular motors such as kinesin and cytoplasmic dynein 1 
(hereafter referred to as dynein) hydrolyze ATP to move direc-
tionally on microtubules (MTs), actively transporting different 
cargos to shape the complex spatial organization of eukaryotic 
cells. Dynein, a member of the AAA family of ATPases, is the 
major retrograde (MT minus end–directed) motor in eukaryotic 
cells (Kardon and Vale, 2009; Cianfrocco et al., 2015; Carter 
et al., 2016). Virtually all functions of dynein also require an 
accessory subunit called dynactin, as well as a plethora of adap-
tor proteins that control the recruitment of dynein–dynactin to 
diversely localized cargos while also activating dynein’s motor 
activity (McKenney et al., 2014; Schlager et al., 2014). Under-
standing how adaptors bridge dynein–dynactin and cargo is a 

current challenge of great signi!cance (Kardon and Vale, 2009; 
Cianfrocco et al., 2015; Carter et al., 2016).

During mitosis in metazoans, dynein is recruited to ki-
netochores, complex protein assemblies that link chromosomes 
to spindle MTs. Kinetochores are built on specialized chromo-
somal loci and consist of chromosome-proximal (inner) and 
-distal (outer) domains, respectively hosting the 16-subunit 
constitutive centromere-associated network, which binds di-
rectly to chromatin, and the 10-subunit KNL1, MIS12, NDC-80 
(KMN) assembly, which binds directly to MTs (Pesenti et al., 
2016). Dynein is recruited to an outermost poorly characterized 
domain of metazoan kinetochores named the !brous corona, 
which is clearly visible only before MT attachment (Jokelainen, 
1967; Rieder and Alexander, 1990; McEwen et al., 1993; Cooke 
et al., 1997; Yao et al., 1997; Hoffman et al., 2001; Magidson 
et al., 2015). Functional attributes of the corona are the expan-
sion of the MT-binding surface of kinetochores into extended 
crescents, with the purpose of maximizing the likelihood of MT 
capture (Hoffman et al., 2001; Magidson et al., 2015; Wynne 
and Funabiki, 2015) and the promotion of spindle assembly 
checkpoint (SAC) signaling (Basto et al., 2000; Buf!n et al., 
2005; Kops et al., 2005), which protects genome integrity by  

Kinetochores are macromolecular assemblies that connect chromosomes to spindle microtubules (MTs) during mitosis. 
The metazoan-specific ≈800-kD ROD–Zwilch–ZW10 (RZZ) complex builds a fibrous corona that assembles on mitotic 
kinetochores before MT attachment to promote chromosome alignment and robust spindle assembly checkpoint signal-
ing. In this study, we combine biochemical reconstitutions, single-particle electron cryomicroscopy, cross-linking mass 
spectrometry, and structural modeling to build a complete model of human RZZ. We find that RZZ is structurally related 
to self-assembling cytosolic coat scaffolds that mediate membrane cargo trafficking, including Clathrin, Sec13–Sec31, 
and αβ’ε-COP. We show that Spindly, a dynein adaptor, is related to BicD2 and binds RZZ directly in a farnesylation- 
dependent but membrane-independent manner. Through a targeted chemical biology approach, we identify ROD as the 
Spindly farnesyl receptor. Our results suggest that RZZ is dynein’s cargo at human kinetochores.
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restricting mitotic exit and sister chromatid separation (anaphase) 
to cells with bioriented sister chromatids (Musacchio, 2015).

Dynein may not be strictly required for either of these 
corona functions, but it is crucially involved in corona disas-
sembly (hereafter referred to as “shedding”), which is required 
to silence the SAC and to promote conversion from lateral to 
end-on MT attachment. Corona shedding takes place when MTs 
bind kinetochores, in turn allowing dynein to transport corona 
and SAC components away from kinetochores (Williams et al., 
1996; Howell et al., 2001; Wojcik et al., 2001; Basto et al., 2004; 
Mische et al., 2008; Varma et al., 2008; Sivaram et al., 2009).

The three-subunit ROD–Zwilch–ZW10 (RZZ) complex 
(named after the Drosophila melanogaster genes Rough Deal, 
Zwilch, and Zeste White 10; Fig. 1 A) is a primary corona com-
ponent. Through a poorly understood mechanism, RZZ stabi-
lizes kinetochore localization of the MAD1–MAD2 complex 
(Buf!n et al., 2005; Kops et al., 2005; Matson and Stukenberg, 
2014; Caldas et al., 2015; Silió et al., 2015; Zhang et al., 2015). 
This necessary function of RZZ in SAC signaling terminates 
with corona shedding, which depletes MAD1–MAD2 from ki-
netochores, silencing the SAC (Fig.  1  B; Karess, 2005). Im-
portantly, RZZ is also required for kinetochore recruitment 
of dynein–dynactin, but this additionally requires Spindly, a 
dynein adaptor whose kinetochore localization also depends on 
RZZ (Starr et al., 1998; Grif!s et al., 2007; Gassmann et al., 
2008, 2010; Yamamoto et al., 2008; Chan et al., 2009; Barisic 
et al., 2010; Cheerambathur et al., 2013). Mutations within a 
conserved region of Spindly (the Spindly motif) abrogate ki-
netochore recruitment of dynein–dynactin, effectively blocking 
corona shedding and SAC silencing (Gassmann et al., 2010).

Spindly recruitment to kinetochores requires the post-
translational modi!cation of Cys602 of Spindly with farnesyl, 
an isoprenoid lipid (Holland et al., 2015; Moudgil et al., 2015). 
Farnesylation is typically observed in small GTPases of the 
Ras family, regulators of many signaling and transport func-
tions of eukaryotic cells, where it contributes to the associa-
tion of GTPases with endomembranes (Wang and Casey, 
2016). Precisely how Spindly farnesylation favors its kineto-
chore recruitment is currently unclear. Similarly to BicD2, 
another adaptor whose mode of dynein–dynactin binding is 
better characterized (Chowdhury et al., 2015; Urnavicius et 
al., 2015), Spindly activates dynein motility in vitro and is pre-
dicted to contain extensive coiled-coil segments (McKenney et 
al., 2014; Schlager et al., 2014; Cianfrocco et al., 2015; Hoo-
genraad and Akhmanova, 2016).

The structural organization of the RZZ complex and its in-
#uence on corona assembly are poorly understood. Previously, 
we determined the crystal structure of the smallest of the three 
subunits, Zwilch (Williams et al., 2003), and detected limited se-
quence similarity of ROD with the Clathrin heavy chain (Çivril 
et al., 2010). After reconstituting the RZZ complex (Altenfeld 
et al., 2015), we now report its overall structure by cryo-EM 
at an approximate resolution of 10 Å. By using the EM den-
sity and modeling, we generated a molecular model of the RZZ 
complex that satis!es several experimental spatial restraints. 
We now demonstrate a more general structural relatedness of 
ROD, the largest RZZ subunit, with proteins that oligomerize in 
proximity of biological membranes, including Clathrin, COPI, 
and COP II. We show that Spindly binds directly to the RZZ 
complex and that this requires an interaction of the C-terminal 
farnesyl moiety of Spindly with the ROD N-terminal region. 
Our results suggest a possible molecular basis for corona 

assembly and regulation at human kinetochores and implicate 
RZZ as dynein’s cargo at kinetochores.

Results

Reconstitution and structural analysis of 
the RZZ complex
We generated recombinant versions of the human RZZ complex 
and of several RZZ variants (including #uorescently tagged ver-
sions and deletion mutants) by baculovirus-driven insect cell 
expression (Fig.  1  C; see the Expression and puri!cation of 
RZZ section of Materials and methods; Altenfeld et al., 2015). 
Sedimentation velocity analytical ultracentrifugation (AUC) of 
recombinant RZZ showed a single peak with a predicted molec-
ular mass of 813 kD, very close to the theoretical mass of 812 
kD calculated by assuming a 2:2:2 stoichiometry, con!rming 
and extending less precise previous measurements (Scaërou et 
al., 2001; Çivril et al., 2010).

In negative-stain and cryo-EM, RZZ complexes appeared 
as elongated particles (≈42 nm long and ≈10 nm thick in the 
other two directions; (Fig. 1, E and F; and Fig. S1, A–D). In 
agreement with the 2:2:2 stoichiometry of the RZZ complex, 
a twofold symmetry axis, perpendicular to the long axis of 
the complex, is clearly discernible. We determined the 3D 
structure of the RZZ complex at a resolution of 10.4 Å using 
cryo-EM (Figs. 1 G and S1 C).

Molecular models of RZZ subunits
Probably because of its inherent #exibility (see Video 1), we 
could not obtain EM reconstructions of the RZZ complex at 
higher resolution. To facilitate our understanding of the mo-
lecular organization of the RZZ complex, we built molecular 
models of its subunits. The crystal structure of Zwilch has been 
determined previously (PDB ID 3IF8; Fig. 2 A; Çivril et al., 
2010), but no direct structural information on ZW10 and ROD 
is available. Despite overall limited sequence identity to known 
structural scaffolds, the programs Phyre and HHpred (Söding et 
al., 2005; Kelley et al., 2015) generated high-con!dence struc-
tural models for the majority of ZW10 and ROD (see Table S1 
and Fig. 2 [B and C] for summaries). ZW10 is evolutionarily 
and structurally related to the S. cerevisiae proteins Dsl1 and 
Tip20 (Table S1), subunits of vesicle-tethering complexes con-
sisting of two roughly equally sized helical domains (Tripathi 
et al., 2009). In line with homology modeling, negative-stain 
EM and single-particle analysis of ZW10 demonstrated that it 
consists of two approximately equally sized domains (Fig. 2 D) 
separated by a #exible linker, as was previously shown for Dsl1 
and Tip20 (Tripathi et al., 2009).

Phyre and HHpred identi!ed Sec31, COP1, Sec39, Clath-
rin, and the nucleoporins Nup155 and Nup145 as high-con!-
dence templates for structural modeling of ROD (Table S1 and 
Fig. 2 B). A common feature of these proteins is that they self- 
assemble in oligomeric/polymeric structures at or near cellular 
membranes. All these proteins share similar overall architectures, 
consisting of an N-terminal seven-bladed β-propeller domain and 
an extended α-helical domain built from tandem α-helical hair-
pins often separated by a structurally variable linker (ter Haar et 
al., 1998; Fotin et al., 2004; Stagg et al., 2006, 2007; Fath et al., 
2007; Brohawn et al., 2008; Lee and Goldberg, 2010). In ROD, 
the predicted β-propeller domain occupies ≈350 residues from 
the N terminus and is followed by a predicted helical domain 
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Figure 1. Reconstitution and structural analysis of the RZZ complex. (A) Schematic organization of the three RZZ subunits. (B) Biological functions of RZZ 
and Spindly. IP, inner plate of kinetochore; KT, kinetochore; OP, outer plate of kinetochore. (C) SDS-PAGE analysis of various RZZ complexes used in this 
paper. M, molecular weight marker. (D) Sedimentation velocity AUC profiles of the recombinant RZZ complex. “Mass (app)” denotes the apparent mass of 
RZZ derived from the velocity runs; “s” denotes the sedimentation coefficient; “Frict. ratio” is the frictional ratio of the RZZ particle. The calculated molec-
ular mass for a complex containing two copies of each subunit is shown. The sedimentation velocity absorbance profiles and residuals of the fit showing 
the deviation of the c(S) model from the observed signals are shown, for this and other AUC profiles in this paper, in Fig. S1 E. AU, arbitrary units. (E) 
Typical class averages of negatively stained RZZ complexes. A clear twofold symmetry is evident. (F) Typical class averages of vitrified RZZ complexes. 
Bars, 10 nm. (G) Cryo-EM 3D reconstruction of the RZZ complex. The complex is ∼42 nm long and 10 nm wide. The position of a twofold symmetry axis 
is indicated in the top panel. The density maps of RZZ (here) and R1–1,250ZZ (Fig. 4 B) have been deposited into EMDataBank with the accession codes 
EMD-4103 and EMD-4104, respectively. 
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Figure 2. Summary of modeling. (A) Cartoon model of Zwilch (PDB ID: 3IF8). (B) Models of ROD were generated by a structure prediction program  
(I-TAS SER). (C) Structures of the yeast homologue of ZW10 (Dsl1p), the N terminus (37–355; PDB ID: 3ETU), and the C terminus (333–684; PDB ID: 3K8P), 
were used for ZW10. NRH, NAG–ROD homology. (D) Typical negative-stain class averages of ZW10 obtained from ISAC. The averages highlight the 
inherent flexibility in the sample. Bar, 10 nm.
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of ≈1,850 residues, in which a few subdomains are recogniz-
able (Fig. 2 B). ROD was unstable in the absence of other RZZ 
subunits, and we could not yet address its structure in isolation. 
However, the results from homology modeling, and especially 
the observation that models based on tandem α-helical hairpin 
repeats are consistently predicted along the entire length of ROD 
after the N-terminal β-propeller, give con!dence to the model and 
strongly suggest that ROD shares common ancestry with these 
proteins, despite limited overall sequence identity (Table S1).

Building a structural model of the 
RZZ complex
We used the Fit in Map rigid body !tting tool of program UCSF 
Chimera (Pettersen et al., 2004) to position experimental or ho-
mology models of Zwilch, ZW10, ROD396–1,191, and ROD1,319–1,797 
(see Table S2 for !tting scores and an explanation of !tting pro-
cedures). We then manually positioned the homology models for 
ROD1–376 (β-propeller) and ROD1,798–2,189 in the residual density. 
Uninterrupted ribbons of density suggest that ROD spans the 
entire length of the complex, adopting an antiparallel con!gu-
ration, with the ROD β-propellers at opposite ends (Fig. 3 A and 
Video 2). Zwilch !ts snugly in the density from which it directly 
contacts the β-propeller and the C-terminal region of the !rst and 
second ROD protomers, respectively, in agreement with previous 
observations that the N-terminal region of ROD binds Zwilch 
(Çivril et al., 2010; Cheerambathur et al., 2013). ZW10 is posi-
tioned near the middle of the structure and of the twofold axis, 
where it interacts with the central domain of ROD in agreement 
with a previous yeast two-hybrid analysis (Scaërou et al., 2001).

Validation of the structural model
At an equivalent resolution, a map calculated from our molec-
ular model of the RZZ complex displayed excellent correlation 
with the experimental map of the RZZ complex, testifying to 
the reliability of the model (Fig. 3 B and Table S2). As a fur-
ther validation strategy, we used disuccinimidyl suberate, a 
bifunctional cross-linker, to cross-link the primary amines of 
neighboring lysines in the RZZ complex, and we identi!ed 
cross-links by mass spectrometry (MS; cross-linking MS [XL-
MS]; Herzog et al., 2012). The majority of observed cross-links 
(listed in Table S3 and displayed schematically in Fig. 3, C–E) 
were consistent with the organization and physical interactions 
of RZZ subunits predicted by molecular modeling, con!rming 
the antiparallel organization of ROD as well as interactions of 
ZW10 with the central domain of ROD and of Zwilch with the 
N and C termini of ROD. Furthermore, a large majority of ob-
served cross-links were compatible with lysine–lysine distances 
calculated from the molecular model of RZZ (Table S3), indi-
cating that in spite of limited resolution of the EM map, the 
model is largely consistent with experimental spatial restraints.

The relative orientation of ZW10 and Zwilch in the model 
further suggests that they do not interact, or do so weakly. 
Size-exclusion chromatography (SEC) of individually ex-
pressed and puri!ed ZW10 and Zwilch showed that they did not 
coelute, con!rming the prediction (Fig. 4 A). In agreement with 
the cross-linking and EM data, a recombinant RZZ variant in-
corporating a ROD deletion mutant lacking the central domain 
(RODΔ754–1,796; Fig.  1  C, lane 6; shown schematically in Fig. 
S2 A) was suf!cient to bind Zwilch but failed to interact with 
ZW10 in SEC experiments (Fig. S2 B). Conversely, a ROD dele-
tion mutant consisting of the 1,250 N-terminal residues of ROD 
(ROD1–1,250, shown schematically in Fig. S2 A) was suf!cient to 

bind both Zwilch and ZW10 (Fig. 1 C, lane 5), even if XL-MS 
predicted the existence of additional interactions of ZW10 with 
downstream segments of ROD (Fig. 3 D). A negative-stain EM 
3D reconstruction of the ROD1–1,250–Zwilch–ZW10 (R1–1,250ZZ) 
complex revealed a structure with an overall extension of 26 
nm, approximately half that of the full-length RZZ complex 
(Fig.  4  B, top; and Fig. S2, C and D). The reconstruction is 
shown together with the portion of the cryo-EM reconstruc-
tion of the complete RZZ that corresponds to an RZZ model in 
which ROD was truncated at residue 1,250 (Fig. 4 B, bottom).

Further validation of the RZZ model included visualiza-
tion, by gold or antibody labeling, of the N terminus of ROD 
and of the N and C termini of ZW10 (Fig. 4, C–E), with results 
that were again in very good agreement with the proposed model 
(summarized in Fig. 3 F). Thus, we generated a molecular model 
of the RZZ complex that relies on experimental and high-con-
!dence homology models and that accounts for various spatial 
restraints derived from EM and cross-linking experiments. Al-
though the RZZ model we have described cannot yet provide 
atomic detail, it provides a !rst reference to understanding the to-
pology and general organization of the RZZ complex (Fig. 3 F).

A direct RZZ–Spindly interaction
Recombinant GFP-RZZ (Fig. 1 C, lane 3) brightly decorated 
kinetochores after injection in HeLa cells, whereas Reversine, a 
small-molecule inhibitor of the SAC kinase MPS1 (Santaguida 
et al., 2010), suppressed recruitment (Fig. 5 A). These results 
further con!rm that we have reconstituted a native or near-na-
tive recombinant version of RZZ, which can reach its natural 
destination in the cellular environment.

Because direct binding partners of the RZZ are currently 
unknown, we incubated mitotic lysates from SIL AC (stable iso-
tope labeling with amino acid in culture; Ong et al., 2002)-labeled 
HeLa cells with recombinant baits consisting of immobilized GFP 
(negative control) or GFP-RZZ. This identi!ed Spindly as the 
most prominent binding partner of GFP-RZZ. The kinetochore 
protein CENP-F was the only other enriched binder identi!ed 
(Fig. 5 B). Both interactions of GFP-RZZ were strongly reduced 
in the presence of detergents in the lysis buffer (Fig. 5 C).

Human Spindly is 605 residues and contains extensive 
coiled-coil segments. The “Spindly motif” (residues 251–267; 
Fig. 5 D) is required for the interaction with dynein–dynactin, 
and its mutation prevents the release of MAD1–MAD2 from 
kinetochores and SAC silencing (Gassmann et al., 2010). 
Other dynein adaptors, including members of the bicaudal D 
(BICD) and BICD-related (BIC DR) families such as BicD2, 
also contain several predicted coiled-coil segments (Fig. 5 D). 
The BicD2 N-terminal region (∼270 residues) interacts directly 
with dynein–dynactin (Urnavicius et al., 2015), and a strongly 
conserved sequence signature is identi!ed in this region (Hoo-
genraad and Akhmanova, 2016). Interestingly, we found that 
Spindly and BicD2 are clearly evolutionarily related, with 
extensive sequence similarity all along their sequences and a 
strictly conserved N-terminal signature (Fig. 5 D and Table S4). 
Thus, Spindly and BicD2 are likely to bind dynein in structur-
ally similar ways, i.e., by engaging their N termini and using 
their C termini for interactions with cargo.

RZZ interaction with Spindly is direct and 
requires farnesylation
As Spindly is the most prominent binding partner of GFP-RZZ 
(Fig. 5, B and C), we asked whether stoichiometric amounts of 
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RZZ and Spindly coeluted from an SEC column (Fig. 6 A). A 
partial shift in the elution volume of Spindly suggested a low- 
af!nity substoichiometric interaction. Because recruitment of 
Spindly to kinetochores requires farnesylation (Holland et al., 
2015; Moudgil et al., 2015), we subjected Spindly to farnesyla-
tion in vitro with farnesyl transferase (FTase) and farnesyl pyro-
phosphate (Fpp) as substrate (Nguyen et al., 2007). By MS, we 
found Spindly to be homogeneously modi!ed at Cys602 in this 

reaction (Fig. S3, A and B). Prominent shifts in the SEC elution 
volumes of both farnesylated Spindly (SpindlyFarn) and RZZ 
demonstrated that SpindlyFarn and RZZ bind stoichiometrically, 
thus identifying Spindly farnesylation as a crucial determinant 
of the interaction (Fig. 6 A). The modest interaction of Spindly 
with RZZ observed in the absence of FTase and Fpp is probably 
caused by a low degree of farnesylation of Spindly upon its ex-
pression in insect cells (detected by MS; not depicted). Spindly 

Figure 3. A molecular model of the RZZ complex. (A) The molecular model of the RZZ, consisting of a combination of experimental (for Zwilch) or 
homology models (for ROD and ZW10) of RZZ subunits was fitted in the cryo-EM density. (B) Map calculated from the molecular model at a resolution 
of 10.4 Å.  (C–E) Summary of XL-MS data reporting various classes of intersubunit cross-links (listed in Table S3). (F) Schematic view of the organiza-
tion of the RZZ complex.
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Figure 4. Validation of the RZZ model. (A) Elution profiles and SDS-PAGE of SEC experiments on Zwilch, ZW10, or their stoichiometric combination. Mo-
lecular mass is indicated in kilodaltons. AU, arbitrary units. (B) Top: 3D reconstruction of the negatively stained ROD1–1,250ZZ complex. Bottom: the density 
corresponding to a model of the ROD1–1,250ZZ complex was cut out of the complete RZZ complex for comparison. (C) NiNTA-gold labeling of the N-terminal 
histidine tag of ROD. The bottom-right panel represents part of a field in which labeling of ROD was performed after proteolytic removal of the His tag.  
(D) Micrographs of negatively stained GFP-RZZ or ROD–Zwilch–GFP-ZW10 complexes. Bars, 10 nm. (E) Summary of positions identified in experiments in 
C and D mapped onto the molecular model of RZZ.
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Figure 5. RZZ interacts with Spindly. (A) Representative images of the localization of the recombinant GFP-RZZ complex injected in mitotic HeLa cells tran-
siently expressing mCherry-CEN PA (to visualize kinetochores). Cells were synchronized in G2 by treatment with the Cdk1 inhibitor RO3306 and released into 
mitosis in the presence of the indicated drugs. Mitotic cells were live imaged before (Pre) and after (Post) microinjection with recombinant GFP or GFP–RZZ. 
Bars: (main images) 2 µm; (insets) 0.5 µm. Numbers of cells injected: for GFP, n = 2; for GFP-RZZ n = 8; for GFP in Reversine-treated cells, n = 2 (not depicted); 
for GFP-RZZ in Reversine-treated cells, n = 8. (B and C) Forward (For) and reverse (Rev) SIL AC experiments (see the SIL AC immunoprecipitation experiments 
section in Materials and methods) were performed as indicated in the upper part of the figure. Spindly is the most prominent component of the “Interactors” 
quadrant, which identifies specific binders of the GFP-RZZ complex in comparison with GFP. The experiments were performed in the absence (B) or presence 
(C) of detergent in lysis buffer. Baits are shown in green, interaction partners in red, and all quantified background proteins in gray. (D) Coiled-coil content 
of human Spindly and BicD2 predictions obtained with the program COI LS (Lupas et al., 1991). Sequence alignment of Spindly and BicD2 shows excellent 
conservation in Spindly of a highly conserved motif previously identified in BicD2 (Hoogenraad and Akhmanova, 2016). Residues shown in red indicate 
conservation of signatures within motifs, but sequence conservation is more extensive and extends to the entire dynein-binding domain (not depicted).
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and SpindlyFarn showed essentially identical elution volumes 
(Fig. 6 A), suggesting that prenylation does not grossly change 
the oligomerization or structural organization of Spindly.

XL-MS analysis of the SpindlyFarn–RZZ identi!ed mul-
tiple contacts between SpindlyFarn and ROD but not other RZZ 
subunits (Fig.  6  B and Table S3, section C). Neither Zwilch 
nor ZW10 bound SpindlyFarn in isolation in SEC experiments 
(Fig. S2, G and H), whereas the RODΔ1,251-CZZ complex bound 
SpindlyFarn, con!rming a prominent role for ROD and also 
suggesting that the C-terminal region of ROD is dispensable 
for SpindlyFarn binding (Fig. S2 I). The pattern of cross-links 
suggests that Spindly projects its C-terminal region (where the 
farnesyl acceptor residue Cys602 resides) in the direction of 
the ROD β-propeller. Residues 294–605 of Spindly have been 
previously identi!ed as the minimal kinetochore recruitment 
domain (Moudgil et al., 2015), suggesting that farnesylation 
augments the binding af!nity of the interaction but is not its 
sole determinant. Indeed, RZZ did not bind to a variety of short 
(<6 residues) farnesylated peptides (unpublished data).

Isolated nonfarnesylated mCherry–Spindly behaved 
as a monomer in sedimentation velocity AUC experiments 
(Fig. 6 C). Conversely, the RZZ–SpindlyFarn and RZZ–mCherry–
SpindlyFarn complexes (at a concentration of 5  µM) showed 
monodisperse samples with very good agreement of the appar-
ent molecular mass with that calculated assuming two copies of 
each subunit (Fig. 6, D and E). When bound to dynein–dynactin, 
BicD2 forms a dimeric, parallel coiled-coil (Urnavicius et al., 
2015), and we speculate that dimerization on RZZ promotes 
a similar transition in the N-terminal region of Spindly. Both 
RZZ–SpindlyFarn and RZZ–mCherry–SpindlyFarn complexes 
had slightly increased frictional ratios (i.e., they behaved as 
more elongated particles) in comparison with the isolated RZZ 
complex (2.14 and 2.34 against 1.99; Fig. 6, D and E), which 
likely explains the reduced elution volume of RZZ–SpindlyFarn 
in comparison with RZZ in SEC experiments. Negative-stain 
EM analysis at low sample concentration did not reveal major 
structural changes of RZZ–SpindlyFarn in comparison with RZZ 
(Fig. S1 F), suggesting that the increased frictional ratio may be 
caused by regions of Spindly that do not occupy a !xed position 
relative to the core of the complex. At higher concentrations (10 
and 15 µM), RZZ–mCherry–SpindlyFarn complexes sedimented 
in broader peaks (Fig. 6, F and G), suggesting initial aggrega-
tion- or concentration-driven high-order oligomerization.

Mapping the RZZ–Spindly interaction
To begin to shed light on how prenylation contributes to the 
interaction of the RZZ complex with Spindly, we resorted to 
a chemical biology approach exploiting pyrophosphate precur-
sors of farnesyl derivatives carrying UV-activatable cross-link-
ing groups (benzophenone 1 [BPP1], benzophenone 2 [BBP2], 
and diazirine [DPP], shown in Fig.  7  A; Kuhlmann et al., 
2002). After applying the !rst step of the protocol schema-
tized in Fig. 7 B, we found by MS that FTase had ef!ciently 
incorporated all three farnesyl derivatives on Spindly (Fig. S3, 
C–E). The RZZ–SpindlyFarn mixes were separated by SEC, 
and each fraction was exposed to UV. RZZ–SpindlyFarn com-
plexes harboring photoactivatable cross-linkers revealed slow- 
migrating bands in SDS-PAGE gels, suggestive of successful 
cross-linking. No equivalent bands were observed upon UV 
treatment of the unmodi!ed RZZ–SpindlyFarn complex (Figs. 
7 D and S4, A–H). By Western blotting, we determined that 
the slow-migrating bands contain ROD and Spindly (Figs. 7 D 

and S4, A–H), suggesting that ROD acts as the receptor for the 
Spindly farnesyl moiety.

We used MS to identify covalent adducts between Spindly 
and ROD. Peaks corresponding to (unmodi!ed) photoactivat-
able cross-linkers conjugated to Cys602 were readily identi!ed 
in the absence of UV but disappeared when UV was applied to 
the Spindly–RZZ samples (this is shown for diazirine in Fig. 7, 
E and F; and for BPP1 and BPP2 in Fig. S4, I–L; tandem MS 
[MS/MS] fragmentation spectra are shown in Fig. S3, C–H). 
Correspondingly, new peaks appearing after exposure to UV 
revealed that all three photoactivatable farnesyl derivatives had 
become cross-linked with Leu120 in the β-propeller of ROD. 
Thus, our analysis identi!es the β-propeller of ROD as the 
farnesyl receptor of Spindly.

Discussion

In this study, we have taken advantage of a cryo-EM map, ex-
tensive homology modeling, and a comprehensive validation 
strategy to generate the !rst structural model of the RZZ com-
plex. ROD, the largest RZZ subunit, is structurally related to 
proteins that toggle between monomeric and polymeric states, 
including Clathrin, the αβ’ε-COP (COPI) complex, and the 
Sec13–Sec31 complex (COP II; Fig. 8 A; Stagg et al., 2007). 
Underlying the polymerization behavior of these proteins is a 
common structural design of precursor cage proteins, consist-
ing of an N-terminal β-propeller domain and an extended C-ter-
minal helical domain. The organization of the COP II assembly 
unit, an inverted dimer of the Sec13–Sec31 complex, with 
β-propeller domains capping each end, is strongly reminiscent 
of the dimeric antiparallel arrangement of ROD in RZZ (Stagg 
et al., 2006, 2007; Fath et al., 2007). These observations make 
us speculate that RZZ, in analogy to these proteins, may act as 
the structural precursor of the corona and drive the expansion of 
the kinetochore into a crescent, as explained in the Introduction 
(Fig. 8 A). Importantly, there is no evidence at present that the 
corona exhibits a regular lattice, but this may not be a precondi-
tion for its establishment.

If RZZ assembles in higher-order oligomers, is seems 
likely that kinetochores may be required to limit the process 
spatially. A speculative working model is that full display of 
high-order oligomerization by RZZ is only possible after ki-
netochore recruitment and local activation. Kinetochore- 
localized mitotic kinases have been implicated in kinetochore 
expansion and may trigger the self-assembly process to limit 
it to kinetochores (Wynne and Funabiki, 2015). In the process 
of cargo-stimulated assembly of coated vesicles, coat units are 
cytosolic and their self-assembly in cells is strictly controlled 
by interaction with speci!c cargo adaptors near membranes 
(Russell and Stagg, 2010; McMahon and Boucrot, 2011; Jack-
son, 2014). In view of the structural similarity of the RZZ with 
Clathrin and COPs, we speculate that kinetochore-localized 
assembly of the corona bears similarity with processes best 
known to happen near membranes. The exact mechanism of 
kinetochore recruitment of the RZZ has not yet been unveiled, 
but previous studies demonstrated a requirement for the outer 
kinetochore NDC-80 complex, the main MT receptor (Miller 
et al., 2008; Chan et al., 2009; Cheerambathur et al., 2013; 
Samejima et al., 2015). This, however, may also re#ect an in-
direct requirement, as the NDC-80 complex acts as recruitment 
platform for the MPS1 kinase, whose activity is necessary for 
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Figure 6. RZZ interaction with Spindly is direct and requires farnesylation. (A) Elution profiles and SDS-PAGE analysis of SEC experiments with the indi-
cated proteins. The elution volume of the RZZ–Spindly complex after treatment with FTase and Fpp as substrate shifts significantly, whereas farnesylated 
Spindly (SpindlyFarn) elutes like unmodified Spindly. (B) Summary of XL-MS data reporting ROD–Spindly intersubunit cross-links. (C) Sedimentation velocity 
AUC profiles of recombinant mCherry-Spindly. The calculated molecular mass for a complex containing two copies of each subunit is shown. (D) Sedimen-
tation velocity AUC profiles of the RZZ–SpindlyFarn complex. The calculated molecular mass for a complex containing two copies of each subunit is shown. 
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RZZ kinetochore recruitment (see, e.g., Martin-Lluesma et al. 
[2002], Santaguida et al. [2010], and this study). We speculate 
that once established, the corona, through the oligomeric struc-
ture of RZZ, facilitates the formation of multiple cooperative 
low-af!nity interactions that “trap” additional corona proteins 
(most of which are themselves coiled-coil–rich oligomers, like 
the MAD1–MAD2 tetramer and the CENP-E and CENP-F di-
mers; Fig. 8 B). Because the !brous network of the corona only 
exists at kinetochores and dissolves rapidly upon cell lysis, this 
might explain previous dif!culties in precisely de!ning the ki-
netochore receptors of these proteins. Thus, an important goal 
of future studies will be the identi!cation of binding partners 
and regulators of RZZ at kinetochores capable of unleashing 
its predicted high-order oligomerization potential. We aim to 
approach this problem by reconstituting corona assembly on 
arti!cial kinetochores (Weir et al., 2016).

Recent work reported that Spindly farnesylation is re-
quired for kinetochore recruitment and its interaction with the 
RZZ (Holland et al., 2015; Moudgil et al., 2015). Our results 
extend these previous !ndings by showing that the interaction 
of Spindly with RZZ is direct and requires Spindly farnesyla-
tion. Furthermore, by using a chemical biology approach, we 
mapped the binding site for the Spindly farnesyl group to the 
ROD β-propeller domain. Thus, ROD is a new example of a 
very small cohort of isoprenoid-binding proteins that also in-
cludes PDEδ, the guanine–nucleotide dissociation inhibitor 
(GDI) for the small GTPases Rab and Rho, and a 14-3-3 protein 
(Wang and Casey, 2016). PDEδ has high binding af!nity for the 
isolated isoprenoid moiety (Ismail et al., 2011); RabGDI and 
RhoGDI require the GTPase domain in addition to the prenyl 
group for tight binding (Hoffman et al., 2000; Rak et al., 2003); 
!nally, 14-3-3 recognizes a hybrid phosphorylated and pre-
nylated motif in the target RND GTPase (Riou et al., 2013). Our 
results, combined with the previous observation that the mini-
mal kinetochore-binding region of Spindly comprises the entire 
second half of Spindly (Moudgil et al., 2015), strongly suggest 
that the binding af!nity of ROD for Spindly results from the 
combined recognition of the farnesyl group and of an extended 
interaction interface on Spindly. An interaction of Spindly with 
the kinetochore and dynein-binding protein CENP-F, FTase, 
and the MAD1–MAD2 spindle checkpoint complex in cellu-
lar lysates has been previously described (Holland et al., 2015). 
Like Spindly, CENP-F is also farnesylated (Ashar et al., 2000; 
Hussein and Taylor, 2002), and its identi!cation as a binding 
partner of RZZ raises the possibility that RZZ acts as a more 
general receptor for farnesylated proteins.

The evolutionary relationship of Spindly with BicD2, 
which had escaped previous analyses, suggests that Spindly, 
like BicD2, binds dynein through its N-terminal domain while 
interacting with cargo via its C-terminal region (Fig.  8  B). 
This hypothesis is consistent with the suf!ciency of the Spin-
dly C-terminal region in kinetochore binding (Moudgil et al., 
2015). In light of our result that Spindly binds RZZ directly and 
of previous evidence that RZZ is required for recruitment of 
Spindly to the kinetochore, it can be predicted that the C-termi-
nal region of Spindly is suf!cient for an interaction with RZZ. 
Our identi!cation of ROD as the Spindly farnesyl–binding site 

is consistent with this prediction. This network of interactions 
suggests that the RZZ is a dynein cargo at kinetochores, an in-
terpretation that raises the interesting question of whether RZZ 
augments the relatively modest ability of the Spindly adap-
tor to turn dynein into a processive motor (McKenney et al., 
2014). Our future studies will address these important unre-
solved mechanistic questions.

Materials and methods

Expression and purification of mCherry–Spindly
Spindly was produced as an mCherry fusion using the biGBac system 
for baculovirus expression (Weissmann et al., 2016). Speci!cally, the 
coding sequence of Spindly was subcloned into the multiple cloning 
site of pLIB. The mCherry coding sequence was then inserted by PCR 
at the 5′ end of Spindly. Bacmid was produced from EMBacY cells 
and subsequently used to transfect Sf9 cells and produce baculovirus. 
The latter was ampli!ed through three rounds of ampli!cation and used 
to infect TnaO38 cells (Hashimoto et al., 2012). Cells infected with 
the mCherry–Spindly virus were cultured for 72 h before harvesting. 
Cells were resuspended in lysis buffer (50 mM Hepes, pH 8, 250 mM 
NaCl, 10% glycerol, 20 mM imidazole, and 2 mM tris(2-carboxyethyl)
phosphine [TCEP]). Resuspended cells were lysed by sonication in 
the presence of the protease inhibitor mix HP Plus (Serva), DNaseI 
(Roche), and 1 mM PMSF before clearance at 100,000 g at 4°C for 45 
min. The cleared lysate was applied to a 5-ml NiNTA Fast Flow col-
umn (GE Healthcare) preequilibrated in lysis buffer. The column was 
washed with 100 column volumes of lysis buffer, and the bound protein 
was eluted with lysis buffer supplemented with 300 mM imidazole. The 
eluate was diluted !ve times with dilution buffer (50 mM Hepes, pH 8, 
and 2 mM TCEP) to a !nal NaCl concentration of 50 mM and applied 
to a 6-ml Resource Q anion exchange column (GE Healthcare) pre-
equilibrated in buffer A (50 mM Hepes, pH 8, 50 mM NaCl, and 2 mM 
TCEP). Elution of bound protein was achieved by a linear gradient from 
50–400 mM NaCl in 20 column volumes. Relevant fractions were con-
centrated in 30-kD molecular mass cutoff Amicon concentrators (EMD 
Millipore) and applied to a Superose6 10/300 column (GE Healthcare) 
equilibrated in SEC buffer (50 mM Hepes, pH 8, 250 mM NaCl, and 
2 mM TCEP). SEC was performed under isocratic conditions at a #ow 
rate of 0.4  ml/min, and the relevant fractions were pooled, concen-
trated, #ash frozen in liquid nitrogen, and stored at −80°C.

Expression and purification of Spindly
Expression of human Spindly was performed with the biGBac system 
in TnaO38 cells. Lysis of a pellet from 500 ml expression culture was 
performed by sonication in 100 ml lysis buffer (50 mM Hepes, pH 8.5, 
200 mM NaCl, 10% glycerol, 20 mM imidazole, 5 mM β-mercaptoetha-
nol [βMe], 1 mM PMSF, and 1 mM protease inhibitor cocktail [Serva]). 
The cleared lysate was loaded onto an equilibrated 5-ml HisTrap Fast 
Flow column (GE Healthcare) using a peristaltic pump (2  ml/min 
#ow rate). The column was washed with 500 ml wash buffer (50 mM 
Hepes, pH 8.5, 200 mM NaCl, 10% glycerol, 20 mM imidazole, and 
5 mM βMe). Elution was performed with wash buffer supplemented 
with 250 mM imidazole. The 2-ml fractions were analyzed by SDS-
PAGE, and those containing Spindly were concentrated up to a volume 
of 10 ml. The protein solution was diluted !ve times with buffer A and 

(E–G) Sedimentation velocity AUC profiles of the RZZ–mCherry–SpindlyFarn at 5, 10, and 15 µM. “Mass (app)” denotes the apparent mass of RZZ derived 
from the velocity runs; “s” denotes the sedimentation coefficient; “Frict. ratio” is the frictional ratio of the Spindly particle. In E, the calculated molecular 
mass for a complex containing two copies of each subunit is shown. AU, arbitrary units.
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subsequently puri!ed on a Resource Q anion exchange column. Peak 
fractions were analyzed by SDS-PAGE, and those containing Spindly 
were concentrated up to 500  µl and applied to a Superose 6 10/300 

column. The peak fractions were analyzed by SDS-PAGE, and those 
containing pure Spindly were concentrated up to 20 mg/ml, #ash fro-
zen in liquid nitrogen, and stored at −80°C.

Figure 7. ROD binds the Spindly farnesyl group. (A) Chemical structure of Fpp analogues incorporating photoactivatable cross-linking groups. (B) Sche-
matic of the UV-induced RZZ–SpindlyFarn cross-linking experiment. PP, pyrophosphate. (C) FTase was incubated with Spindly (also in presence of RZZ) to 
incorporate farnesyl or a modified farnesyl harboring the cross-linking group BPP1 in Spindly. After separation by SEC, elution fractions were subjected to 
UV irradiation and visualized by Coomassie staining of SDS-PAGE gels. UV-induced cross-linked bands (the most prominent of which are indicated by red 
arrows) appear in the sample containing BPP1. Equivalent experiments with BPP2 and diazirine are shown in Fig. S4 (A–H). (D) Western blotting (WB) 
analysis of the indicated selected fractions (from SDS-PAGE in C) with antibodies against ROD, ZW10, Zwilch, and Spindly. Molecular mass is indicated 
in kilodaltons. (E and F) MS identifies UV-induced cross-links of Spindly’s farnesyl diazirine with residues Leu120 of ROD (shown in red). For each panel, 
left traces show the chromatographic peak and right traces show the isotopic pattern of the corresponding peptide identified in the MS survey scan. Upper 
traces represent samples before UV treatment (−UV) and lower traces after UV treatment (+UV). Corresponding MS/MS spectra containing sequence 
information are shown in Fig. S3 E. Equivalent MS analyses with BPP1 and BPP2 are shown in Fig. S4 (I–L) and MS/MS spectra in Fig. S3 (C and D). 
RA, relative abundance.
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Expression and purification of RZZ
A protocol for the expression of RZZ has been described previously 
(Altenfeld et al., 2015). For a pellet of 500 ml of expression culture, 
cell lysis was performed in 100  ml lysis buffer (50  mM Hepes, pH 
8.5, 200  mM NaCl, 10% glycerol, 20  mM imidazole, 5  mM βMe, 
1  mM PMSF, and 1  mM protease inhibitor cocktail) by sonication. 

The cleared lysate was loaded onto an equilibrated 5-ml HisTrap Fast 
Flow column using a peristaltic pump (2 ml/min #ow rate). The column 
was washed with 500 ml wash buffer (50 mM Hepes, pH 8.5, 200 mM 
NaCl, 10% glycerol, 20 mM imidazole, and 5 mM βMe), and elution 
was generally performed by an overnight on-column cleavage with Pre-
scission protease at a ratio of 1:10 (protease/target) and in a circulating 

Figure 8. Comparison of self-assembly properties of coat proteins and implications for RZZ–Spindly. (A) The units of self-assembly in COPI, COP II, and 
Clathrin cages are proteins consisting of an N-terminal β-propeller followed by an α-solenoid. These units often form oligomers (e.g., the inverted tetramers 
of Sec13–31), which further self-assemble to create finite structures like cages. Whether the kinetochore fibrous corona reflects an ordered assembly of 
RZZ–Spindly complexes is currently unclear. Kinetochores may act to nucleate self-assembly of cytosolic RZZ–Spindly units and to promote the formation of 
crescents. (B) Summary of interactions and pathways discussed in this paper.
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buffer volume of 20 ml (15 h, #ow rate = 1 ml/min). The eluate was 
analyzed by SDS-PAGE, concentrated up to a volume of 2 ml, and di-
luted 1:5 in buffer A (25 mM Hepes, pH 8.5, 25 mM NaCl, and 4 mM 
TCEP) before loading onto a Resource Q anion exchange column. The 
diluted sample was loaded onto the column at a #ow rate of 1 ml/min 
and washed (3 column volumes) with buffer A. The buffer was adjusted 
to a concentration of 50% buffer B (25 mM Hepes, pH 8.5, 1 M NaCl, 
and 4 mM TCEP) in 20 column volumes. The resulting fractions were 
pooled and loaded on a Superose 6 10/300 SEC column in SEC buffer 
(25 mM Hepes, pH 8.5, 250 mM NaCl, and 4 mM TCEP). The eluted 
RZZ complex was concentrated up to 8–10 mg/ml, #ash frozen in liq-
uid nitrogen in aliquots of 20 µl, and then stored at −80°C. 

Cell culture, plasmid transfection, microinjections, and imaging
HeLa cells were grown in DMEM (PAN Biotech) supplemented with 
10% tetracycline-free FBS (PAN Biotech), penicillin/streptomycin 
(Gibco), and l-glutamine (PAN Biotech). Cells were grown at 37°C in 
the presence of 5% CO2. Cdk1 inhibiton, microinjections, and live imag-
ing were performed in complemented CO2-independent media (Gibco) 
at 37°C. A cDNA segment encoding human CENP-A was cloned in a 
pcDNA5/FLP recombination target/tetracycline operator–internal ribo-
some entry site–mCherry (pcDNA5/FRT/TO-IRES-mCherry) vector, a 
modi!ed version of pcDNA5/FRT/TO vector (Invitrogen) generated in 
house by M.  Mattiuzzo and A.  De Antoni as a C-terminal fusion to 
mCherry. Transient transfections of pcDNA5/FRT/TO-IRES-mCherry 
were performed with Lipofectamine 2000 (Invitrogen) according to the 
manufacturer’s instructions, and the mCherry–CENP-A fusion was ex-
pressed by addition of 200 ng/ml doxycycline (Sigma-Aldrich) for 48 h.

Where indicated, nocodazole (Sigma-Aldrich) was used at 
3.3 µM, RO-3306 (EMD Millipore) was used at 9 µM for 18 h, MG-
132 (EMD Millipore) was used at 10  µM, and Reversine (Cayman 
Chemical) was used at 500 nM. Microinjections were performed using 
a combination of FemtoJet, InjectMan-NI2, and Femtotip-II, all pur-
chased from Eppendorf. Recombinant GFP and GFP-RZZ complex 
were injected at concentrations of 4 µM and 10 µM, respectively. Live-
cell images were taken before injection and 1–3 min after injection 
using the spinning-disk confocal microscopy of a Marianas system (In-
telligent Imaging Innovations, Inc.) equipped with an Axio Observer 
Z1 microscope (ZEI SS), a CSU-X1 confocal scanner unit (Yokogawa 
Electric Corporation), Plan-Apochromat 63× or 100×/1.4 NA objec-
tives (ZEI SS), and an Orca Flash 4.0 sCMOS Camera (Hamamatsu 
Photonics). Images were acquired as Z sections using Slidebook Soft-
ware (5.5; Intelligent Imaging Innovations, Inc.) or LCS 3D software 
(Leica Microsystems) and converted into maximal intensity projection 
TIFF !les for illustrative purposes.

FTase α/β
Escherichia coli BL21(DE3)-Codon-plus-RIPL cells containing 
the pGAT EV plasmid encoding the GST fusion of the FTase mutant 
(W102T/Y154T) were grown in Luria–Bertani medium at 37°C to an 
OD600 of 1. Protein expression was induced by the addition of 0.1 mM 
IPTG, and cells were incubated at 37°C for 5 h before harvesting. Cells 
were resuspended in lysis buffer (50  mM Hepes, pH 7.5, 500  mM 
LiCl, and 2 mM TCEP). Resuspended cells were lysed by sonication 
in the presence of protease-inhibitor mix HP Plus and 2 mM of PMSF 
before clearance at 100,000 g at 4°C for 45 min. The cleared lysate 
was applied to a 20-ml GSH4 Fast Flow column (GE Healthcare) pre-
equilibrated in lysis buffer. The column was washed with 20 column 
volumes of lysis buffer, and the bound protein was eluted with 30 ml 
lysis buffer supplemented with 20 mM glutathione. The GST tag was 
then cleaved by addition of tobacco etch virus protease to the eluate 
for 3 h at 4°C. The eluate concentrated in 10-kD molecular mass cut-

off Amicon concentrators (EMD Millipore) and was applied to a Su-
perdex200 16/60 column (GE Healthcare) equilibrated in SEC buffer 
(25 mM Hepes, pH 7.5, 150 mM NaCl, and 2 mM TCEP). SEC was 
performed under isocratic conditions at a #ow rate of 1 ml/min, and 
the relevant fractions were pooled, concentrated, #ash frozen in liquid 
nitrogen, and stored at −80°C.

In vitro farnesylation and cross-linking reactions
Spindly constructs were incubated with RZZ and FTase for 90 min at 
25°C in the reaction buffer (50  mM Hepes, pH 8.0, 250  mM NaCl, 
10  mM MgCl2, and 2  mM TCEP) containing Fpp, BPP1 pyrophos-
phate, BPP2 pyrophosphate, or DPP pyrophosphate. Samples were 
then loaded onto a Superose 6 5/150 column (GE Healthcare) preequil-
ibrated in the reaction buffer. Eluted fractions containing proteins were 
then either directly analyzed on SDS-PAGE or exposed to UV (60 min 
for Fpp, BPP1, and BPP2 and 15 min for DPP) before SDS-PAGE and 
immunoblotting analysis.

SIL AC immunoprecipitation experiments
For SIL AC, light cells were grown under normal conditions in DMEM 
without lysine and arginine and supplemented with 10% FCS and 1% 
penicillin/streptomycin. FCS was dialyzed against a 10-kD cutoff !lter 
to remove possible residual sources of amino acids and ensure ef!cient 
labeling. Heavy labeled cells were grown in medium supplemented 
with [15N2],[13C6]lysine and [15N4],[13C6]arginine. To ensure complete 
incorporation of labeled amino acids into cellular proteins, cells were 
passaged at least !ve times in the corresponding medium. To generate 
mitotic populations for immunoprecipitation experiments, cells were 
treated with 330 nM nocodazole for 16 h. Mitotic cells were then har-
vested by shakeoff and lysed by sonication in lysis buffer (150 mM 
KCl, 75  mM Hepes, pH 7.5, 1.5  mM EGTA, 1.5  mM MgCl2, 10% 
glycerol, and 0.075% NP-40) or in lysis buffer without detergents 
(20 mM Hepes-KOH, pH 7.5, 10 mM KCl, 1 mM MgCl2, 1 mM EGTA, 
and 1 mM EDTA) supplemented with protease inhibitor cocktail and 
PhosSTOP phosphatase inhibitors (Roche). Extracts were precleared 
with a mixture of protein A–Sepharose (CL-4B; GE Healthcare) and 
protein G–Sepharose (rec-Protein G Sepharose 4B; Invitrogen) for 1 h 
at 4°C and incubated with GFP-trap beads (3 µl/mg of extract; Chro-
moTek) presenting GFP-RZZ (2 µg) or GFP (in equimolar amounts) for 
15 h at 4°C. After three washing steps, the “light” immunoprecipitate 
of the reference (GFP alone) was mixed with the “heavy” immunopre-
cipitate of the bait (GFP-RZZ) in a 1:1 ratio (experiment 1; “For”). In 
a second experiment with swapped labels, the “heavy” immunoprecip-
itate of the reference (GFP alone) was mixed with the “light” immuno-
precipitate of the bait (GFP-RZZ) in a 1:1 ratio (experiment 2; “Rev”). 
After two more washes, the respectively combined immunoprecipitates 
were prepared for analysis by liquid chromatography (LC)–MS/MS.

Sample preparation for MS
Samples of in vitro farnesylated Spindly alone or in complex with RZZ 
before and after UV treatment were adjusted to a !nal concentration 
of 6  M urea and treated with 10  mM DTT and 55  mM chloroacet-
amide to reduce disul!de bridges. Then, urea was lowered to 4 M, and 
LysC (129-02541; Wako Pure Chemical Industries) was added for 3 h 
(protein/enzyme ratio, 50:1). After dilution with 2 vol of 50 mM am-
monium bicarbonate, pH 8.3, to a !nal concentration of 2.0 M urea, 
peptides were digested overnight at 25°C with sequencing-grade 
modi!ed trypsin (03708985001; Roche) at a protein/enzyme ratio of 
50:1. Resulting peptides were desalted on C18 stage tips (Rappsilber 
et al., 2007). Approximately 100–200 ng of peptides were injected 
for every MS run. For GFP/GFP-RZZ pull-downs, 8 M urea was di-
rectly applied to the beads, and samples were reduced and alkylated. 
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Bound proteins were then digested in 4 M urea directly from the beads 
using LysC for 1  h.  Subsequently, urea was further diluted to 2  M 
with 50 mM ammonium bicarbonate, pH 8.3, and proteins bound to 
the beads were additionally digested with trypsin for 1 h. Supernatants 
from LysC and trypsin were further digested for 15  h with trypsin. 
Samples were puri!ed on C18 stage tips, and half of the sample was 
injected for every MS run.

LC-MS/MS
Peptides were separated on either an UltiMate 3000 Nano LC system 
or an EASY-nLC 1000 Nano LC System (Thermo Fisher Scienti!c). 
Columns (75-µm inner diameter and 25-cm length) were obtained from 
New Objective (FS36PF7508-250H363). Peptides were loaded in buffer 
A (double-distilled H2O and 0.1% formic acid) and separated with a gra-
dient from 5–60% buffer B (100% acetonitrile [ACN] and 0.1% formic 
acid) within 50 min (in vitro farnesylation) or 120 min (for pull-downs) 
at 200 nl/min. The column temperature was set to 40°C. A quadrupole 
Orbitrap mass spectrometer (Q Exactive or Q Exactive HF; Thermo 
Fisher Scienti!c; Scheltema et al., 2014) was directly coupled to the LC 
via a nanoelectrospray source. The Q Exactive machines were operated 
in the data-dependent mode after choosing, from one survey scan, the 
most abundant precursors for sequencing. The survey scan range was set 
from 300 to 1,650 Th, with a resolution of 70,000 at m/z 200 for the Q 
Exactive and 60,000 at m/z 200 for the Q Exactive HF. The target value 
was set to 3 × 106 and maximum injection time to 20 ms. For sequencing, 
up to 10 (Q Exactive) or up to 15 (Q Exactive HF) of the most abun-
dant isotope patterns with a charge ≥2 were subjected to higher-energy 
collisional dissociation with a target value of 1e5. Normalized collision 
energy was set to 25, and an isolation window of 3 Th for the Q Exactive 
and 1.4 Th for the Q Exactive HF was used. Resolution for higher-energy 
collisional dissociation spectra was set to 17,500 at m/z 200 with a max-
imum ion injection time of 120 ms on the Q Exactive and 15,000 at m/z 
200 with maximum ion injection time of 25 ms on the Q Exactive HF. 
Dynamic exclusion of sequenced peptides was set to 20 s.

Data analysis
To process MS raw !les, MaxQuant software (1.5.2.18) was used (Cox 
and Mann, 2008). We used the Andromeda search engine, which is in-
tegrated into MaxQuant, to search MS/MS spectra. For in vitro sam-
ples, we searched against a reduced database containing only Spindly 
and RZZ. Pull-downs were searched against the human UniProt FAS 
TA database (version January 2015). Enzyme speci!city was set to 
C-terminal lysine and arginine and up to two miscleavages were al-
lowed. Peptides had to have a minimum length of seven amino acids to 
be considered hits. For in vitro samples, carbamidomethylation of cys-
teine, deamidation (NQ), and oxidation of methionine were always set 
as variable modi!cations. Farnesylation or farnesyl-like modi!cations 
containing the UV-active compounds (diazirine pyrophosphate, BPP1, 
and BPP2) were set as variable modi!cation on cysteine according to 
the experiment. To identify UV-induced cross-links between Spindly 
and RZZ, the mass of the C-terminal peptide of Spindly containing 
the farnesyl-modi!ed cysteine plus the mass of the different UV-ac-
tive compounds were given as variable modi!cations for the database 
search. In addition, the y3 ion fragment (PQQ; 372.1878 Th) of Spin-
dly was used as diagnostic marker to identify possible cross-links with 
RZZ subunits. Because the compounds react in a sequence-independent 
manner with the backbone of amino acids, searches for every amino 
acid were performed individually to avoid an exponential increase of 
the database. MS and MS/MS spectra of possible cross-links were care-
fully inspected manually, and precursors were required to have a charge 
state of >2. For pull-down experiments, carbamidomethylation of Cys 
was given as !xed modi!cation. Deamidation (NQ), oxidation of Met, 

and N-terminal acetylation of proteins were given as variable modi!-
cations. A false discovery rate cutoff of 1% was applied at the peptide, 
protein levels, and the modi!ed site fraction. An initial precursor mass 
deviation of up to 4.5 ppm and a fragment mass deviation up to 20 
ppm were allowed. Precursor ion mass accuracy was improved by time- 
dependent recalibration algorithms in MaxQuant.

Negative-stain EM
4 µl of the sample was adsorbed for 1 min at 25°C onto freshly glow- 
discharged carbon-coated grids (G2400C; Agar Scienti!c). The sample 
was blotted (no. 4; Whatman), and the grids were subsequently washed 
with the SEC buffer (respective buffers in which each of the samples 
was prepared otherwise; Bröcker et al., 2012). All the images for neg-
atively stained specimens were collected on an electron microscope 
(JEM1400; JEOL) equipped with a LaB6 cathode operated at 120 kV. 
All the images were collected under low-dose conditions (19 e/Å2) at 
a magni!cation of 67,200× on a 4,000 × 4,000 camera (F416; TVI PS).

Image processing of negative stained samples
All micrographs were recorded with a pixel size of 2.32 Å/pixel, un-
less stated otherwise. Particles were manually selected, aligned, and 
classi!ed using reference-free alignment and K-means classi!cation 
procedures implemented in SPA RX (Hohn et al., 2007) and EMAN2 
(Ludtke, 2010). For the ZW10 dataset, we used the iterative stable 
alignment and clustering (ISAC) procedure implemented in SPA RX, 
as the K-means classi!cation procedure failed to give well-de!ned 2D 
averages (Yang et al., 2012).

For the 3D reconstructions of the RZZ and the miniRZZ com-
plexes, tilt pairs were collected at tilt angles of 55° and 0°, and par-
ticle pairs were selected respectively using the e2RCTboxer program 
in EMAN2. Random conical tilt reconstructions of the tilted particles 
were calculated from the respective best class average by back pro-
jection followed by back projection re!nement (Radermacher et al., 
1987). The resulting reconstructions were then submitted to several 
rounds of 3D multireference projection matching against the untilted 
datasets, respectively, using SPA RX. The resolution of the !nal recon-
structions was estimated by the Fourier shell correlation (FSC) crite-
rion of 0.5. Table 1 lists the number of particles and other parameters 
for the various datasets.

Fitting of homology models in EM densities
Homology models of ROD, ZW10, and the crystallographic structure 
of Zwilch (PDB ID: 3IF8) were automatically !tted in the density 
using UCSF Chimera Fit in Map tool. Individual rigid-body !ttings 
were performed using the systematic global search option starting 
from 10,000 random initial placements of a simulated 10.5-Å map of 
the proteins within the EM map. The cross-correlation score between 
the simulated map and the EM map was used as a !tting metric. For 
each of the placements, local optimization was performed. The best- 
!tting structures had the best cross-correlation (Table S2) and upon 
visual examination showed excellent correspondence between the !t-
ted model and the EM map.

Sample preparation for cryo-EM
Holey carbon grids (Quantifoils R2/1; Protochips) were freshly glow 
discharged (two times on the darker side and once on the lighter side 
of the grid), and 4 µl of the RZZ was applied. 0.02% (wt/vol) Triton 
was added to the sample just before its application onto the grid. After 
30 s, the sample was manually blotted (no. 4; Whatman) followed by 
application of another 1.7 µl of the sample that was vitri!ed by plung-
ing (1-s blotting) into liquid ethane using a Cryoplunge3 (Cp3; Gatan). 
The humidity was maintained to be ∼90%.
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Image processing of the cryo-EM dataset
For optimizing the best conditions, images were collected on an elec-
tron microscope (3200FSC; JEOL) equipped with a !eld-emission gun 
at an operation voltage of 200 kV and an underfocus range of 1.5–3.5 
µm. The omega in-column energy !lter of the microscope was used to 
estimate the best ice conditions (∼40–60 nm thickness). A test dataset 
was collected where the images were recorded manually on an 8,000 
× 8,000 CMOS camera (F816; TVI PS) at a pixel size of 1.25 Å/pixel 
using minimal dose conditions (∼20 e− Å−2).

The !nal dataset was collected on a spherical aberration–cor-
rected transmission electron microscope (Titan Krios; FEI) equipped 
with an extra-high brightness !eld emission gun and operated at a 
voltage of 300 kV at the Netherlands Centre for Electron Nanoscopy 
(NeCEN), Leiden, Netherlands. Images were recorded on a back-
thinned 4,000 × 4,000 direct detection camera (FalconII) under mini-
mal dose conditions using the automatic data collection software EPU 
(FEI). The images were recorded at a magni!cation of 122,807×, cor-
responding to a pixel size of 1.14 Å. We collected seven consecutive 
frames during each exposure corresponding to a dose of 2.1 e− Å2 per 
frame. The frames were collected from 85–475 ms of exposure. A !nal 
integrated 1-s image with a total dose of ∼38.2 e− Å−2 was also re-
corded. A total number of 7,575 images with a defocus range of 1.5–3.0 
µm were acquired automatically using the EPU software. The frames 
of the micrographs collected with the Falcon II detector were aligned 
to each other using the program MotionCorr to reduce beam-induced 
blurring of the images (Li et al., 2013). All seven frames were used 
for processing of the data. The defocus of the micrographs was deter-
mined using both CTF FIND4 and “sxcter” program (SPA RX; Hohn et 
al., 2007). We excluded micrographs whose relative defocus error and 
astigmatism angular error as estimated by sxcter was larger than the de-
focus and astigmatism error percentage. The error is computed as (SD 
defocus)/defocus*100%. 49,718 particles were manually handpicked 
using e2boxer. Particle alignment, classi!cation, and 3D reconstruction 
were performed in SPA RX. The dataset was extensively cleaned up by 
2D alignment and classi!cation procedure. In brief, the electron den-
sity map from the negative-stain reconstruction was low-pass !ltered to 
70 Å and used as a starting reference. C2 symmetry was applied during 
re!nement. Re!nement of orientation parameters and reconstruction 
was performed where an FSC-based !lter was applied to each volume 
(Scheres and Chen, 2012). The !nal reconstruction was calculated from 
11,666 particles to a mean resolution of 10.4 Å (FSC0.5 Criterion).

Visualization and analysis of EM density
For analysis, visualization, and segmentation of densities, the program 
Chimera (Pettersen et al., 2004) was used.

Immunoblotting
Samples were diluted in Laemmli sample buffer, boiled at 95°C, re-
solved on SDS-PAGE with NuPAGE Bis-Tris 4–12% gradient gels 

(Invitrogen), and transferred onto nitrocellulose membranes (GE 
Healthcare). The following primary antibodies were used: anti-ROD 
(mouse monoclonal; clone CB22-1; 1:500), anti-Zwilch (mouse mono-
clonal; clone CE47-3; 1:500), anti-ZW10 (mouse monoclonal; clone 
CO-45-2; 1:500), and anti-Spindly (rabbit polyclonal; A301-354A; 
1:5,000; Bethyl Laboratories, Inc.). Mice immunized with recombinant 
full-length RZZ complex were used to generate anti-ROD, anti-ZW10, 
and anti-Zwilch antibodies. Antibodies were then af!nity puri!ed from 
sera by using immobilized antigens. Antibody productions, puri!ca-
tions, and biochemistry were performed at the Istituto FIRC di Oncolo-
gia Molecolare–Instituto Europeo de Oncologia (IFOM-IEO) Campus 
Biochemistry Unit. Secondary antibodies were anti–mouse and anti–
rabbit (working dilutions, 1:10,000; GE Healthcare). After incubation 
with the ECL Western blotting system (GE Healthcare), images were 
acquired with the ChemiDoc MP Imaging System (Bio-Rad Laborato-
ries) in 8-bit Tiff format.

AUC
Sedimentation velocity experiments were performed in an analytical 
ultracentrifuge (Optima XL-A) with epon charcoal-!lled double-sector 
quartz cells and an An-60 Ti rotor (Beckman Coulter). Samples were 
centrifuged at 203,000 g at 20°C, and 500 radial absorbance scans were 
collected with a time interval of 1 min. Data were analyzed using the 
SED FIT software (Brown and Schuck, 2006) in terms of continuous 
distribution function of sedimentation coef!cients (c(S)). The protein 
partial speci!c volume was estimated from the amino acid sequence 
using the program SED NTE RP. Data were plotted using the program 
GUS SI comprised in the SED FIT software (Brown and Schuck, 2006). 
Analysis of Spindly constructs bound to RZZ was performed at 20°C 
in 50 mM Hepes, pH 8, 250 mM NaCl, and 2 mM TCEP, leading to 
values of buffer density of 1.01306  g/ml and viscosity of 1.002 cP 
(centipoise). The values of the partial speci!c volume of mCherry– 
Spindly–RZZ and Spindly–RZZ are 0.74268 and 0.74335  ml/g at 
20°C, respectively (assuming 1:1 stoichiometry).

Expression and purification of ROD1–1,250ZZ and RODΔ754–1,796

The expression and puri!cation of ROD1–1,250ZZ was performed al-
most identically to the RZZ complex by coexpression from individ-
ual viruses. Puri!cation was performed within 1 d to limit the effects 
of reduced stability of the complex. Elution from the NiNTA column 
was performed by step elution using 250 mM imidazole, and no ion 
exchange chromatography was performed. To build RODΔ754–1,796, we 
fused ROD segments 1–753 and 1,797–2,209 with a (GGSG)4 linker 
(ROD1–753-(GGSG)4-1,797–2,209) and subcloned it in the His6-POP IN vec-
tor. To assemble a complex with Zwilch, we coinfected TnaO38 cells. 
Further coinfection with virus for expression of ZW10 did not lead 
to incorporation of ZW10 in the complex with ROD–Zwilch, indica-
tive of a lack of interaction. For a 500-ml expression culture, cell lysis 
was performed in 100 ml lysis buffer (50 mM Hepes, pH 8.5, 200 mM 

Table 1. Number of particles and other parameters for the various datasets

Dataset Particles Defocus Other details

µm
RZZ 4,000 −1.5
RZZ (tilt-pairs, RCT) 1,700 −1.8 and −1.5 Tilted and untilted images were recorded at 55° and 0°, with a nominal negative 

defocus of 1.8 and 1.5, respectively.
ZW10 10,111 −1.5
R1–1,250ZZ 3,424 −1.5
R1–1,250ZZ (tilt-pairs, RCT) 1,200 −1.8 and −1.5 Tilted and untilted images were recorded at 55° and 0°, with a nominal negative 

defocus of 1.8 and 1.5, respectively.
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NaCl, 10% glycerol, 20 mM imidazole, 5 mM βMe, 1 mM PMSF, and 
1 mM protease inhibitor cocktail) by sonication. The cleared cell ly-
sate was loaded on a HisTrap Fast Flow column previously equilibrated 
with wash buffer (50 mM Hepes, pH 8.5, 200 mM NaCl, 10% glycerol, 
20 mM imidazole, and 5 mM βMe) using a peristaltic pump at 4°C and a 
#ow rate of 2 ml/min, and the column was washed with 500 ml of wash 
buffer. Elution was performed with 250 mM imidazole added to wash 
buffer and collecting 1.5-ml fractions. The fractions were analyzed by 
SDS-PAGE, and those containing RODΔ754–1,796–Zwilch were concen-
trated up to 500 µl and applied to a Superose 6 10/300 column using 
SEC buffer (25 mM Hepes, pH 8.5, 250 mM NaCl, and 4 mM TCEP). 
Peak fractions were analyzed by SDS-PAGE, and those containing pure 
RODΔ754–1,796–Zwilch were concentrated up to 5 mg/ml and #ash frozen 
in liquid nitrogen in aliquots of 20 µl and stored at −80°C.

Chemical cross-linking and MS of the RZZ–Spindly complex
Cross-linking of the RZZ–(farnesyl)Spindly complex was performed 
by mixing 60 µg of the complex (at 0.3 mg/ml) with 450 µM of an equi-
molar mixture of isotopically light (d0) and heavy (d6) labeled disuc-
cinimidyl suberate (Creative Molecules) for 30 min at 37°C or at 4°C 
for 15 h. The reactions were quenched by adding a !nal concentration 
of 100 mM ammonium bicarbonate for 20 min at 37°C. Cross-linked 
proteins were enzymatically digested, and cross-linked peptides were 
identi!ed by LC coupled to MS/MS as reported previously (Herzog 
et al., 2012). In brief, cross-linked proteins were denatured by adding 
two sample volumes of 8 M urea (Sigma Aldrich) and were reduced by 
incubating with 5 mM TCEP (Thermo Fisher Scienti!c) at 35°C for 
15 min. Proteins were alkylated with 10  mM iodoacetamide (Sigma 
Aldrich) for 35 min at room temperature in the dark. Samples were 
proteolytically digested by incubating with lysyl endopeptidase (1:50, 
wt/wt; Wako Pure Chemical Industries) for 2 h at 35°C followed by 
adding trypsin (1:50, wt/wt; Promega) overnight at a !nal concentra-
tion of 1 M urea. Proteolysis was stopped by the addition of 1% (vol/
vol) tri#uoroacetic acid (Sigma Aldrich). Acidi!ed peptides were pu-
ri!ed by reversed-phase chromatography on C18 columns (Sep-Pak; 
Waters). Eluates were dried and reconstituted in 20 µl of mobile phase 
(water/ACN/tri#uoroacetic acid, 75:25:0.1), and cross-linked peptides 
were enriched on a Superdex Peptide PC 3.2/30 column (GE Health-
care) at a #ow rate of 50 µl/min. Fractions of the cross-linked peptides 
were analyzed by LC-MS/MS using an LTQ Orbitrap Elite (Thermo 
Fisher Scienti!c) instrument. Finally, the cross-link fragment ion 
spectra were searched, and the peptides were identi!ed by the open 
source software xQuest (Walzthoeni et al., 2012). False discovery rates 
were calculated using xProphet, and results were !ltered using the fol-
lowing parameters: delta score <0.85, MS1 tolerance window of −4 
to 4 ppm and score >22.

Synthesis of photoactivatable compounds
All commercially available compounds were used as provided without 
further puri!cations. Chemicals and solvents were purchased from the 
companies Acros Organics, Alfa Aesar, Sigma-Aldrich, TCI Europe, 
and Thermo Fisher Scienti!c. Dry solvents (e.g., tetrahydrofuran [THF] 
and ACN) were used without further puri!cations. Dichloromethane 
was freshly distilled over calcium hydroxide. Analytical thin-layer 
chromatography was performed on silica gel aluminum plates (Merck) 
with F254 indicator (Sigma-Aldrich). Compounds were visualized by 
irradiation with UV light or potassium permanganate staining. Column 
chromatography was performed using silica gel Acros 60 A. [1H]NMR, 
[13C]NMR, and [31P]NMR were measured on a DRX-400 (400 MHz), 
DRW-500 (500 MHz; Bruker), or INO VA 600 (600 MHz; Agilent 
Technologies) using CDCl3 or 25  mM ND4OD as solvent and inter-
nal standard. The high-resolution mass spectra were recorded on an 

LTQ Orbitrap mass spectrometer. The preparative HPLC puri!cations 
were performed on an Agilent HPLC (1100 series; Agilent Technolo-
gies) using a reversed-phase C4 column (NUC LEO DUR C4). Method: 
#owrate 6.0 ml/min from 10% to 100% ACN over 25 min, with 25 mM 
NH4OH water as cosolvent.

Synthesis of the photoactivatable probes
Synthesis of 8-hydroxy-geranyl-t-butyldimethylsilylether (1).  8-Hy-
droxy-geranyl-t-butyldimethylsilylether 1 was synthesized according 
to a previous study (Alexander et al., 2009). See Fig. S5 A.

Synthesis of 8-(4-benzoylphenyloxy)-geraniol (2).  8-(4-Benzo-
ylphenyloxy)-geraniol 2 was synthesized according to a previous study 
(Alexander et al., 2009). See Fig. S5 B.

Synthesis of 8-(4-benzoylphenyloxy)-geranyl-1-diphosphate 
(3).  The compound 2 (104 mg and 0.3 mmol) and PPh3 (polymer-sup-
ported beads; 503.5 mg and 0.86 mmol) were dissolved in CH2Cl2 
(5 ml) and stirred for 30 min to allow the beads to swell. Afterward, 
a solution of tetrabromomethane (170.3 mg and 0.5 mmol, in 2  ml 
CH2Cl2) was added, and the mixture was stirred overnight at room tem-
perature. After !ltration of the beads, the crude product was extracted 
with ethyl acetate. The organic phases were combined, and the solvent 
was removed under reduced pressure. Because of the instability of the 
allylic bromide, it was directly used without any puri!cation step. See 
Fig. S5 C.

Therefore, the bromide was dissolved in 6  ml ACN, and 
(n-Bu4N)3HP2O5 (714 mg and 0.79 mmol) was added slowly. The reac-
tion was allowed to stir for 3 h, and then the solvent was removed under 
reduced pressure. An ion-exchange column (AG 50W-X8; Bio-Rad 
Laboratories) was used to convert the product to its ammonium form. 
The resin was packed and washed using 3 column volumes of 25 vol% 
NH3 in water, followed by an equilibration step with 3 column volumes 
of 2 vol% propanol in aqueous 25 mM NH4HCO3 solution. The dark 
red residue was dissolved in a minimal volume of solvent and loaded 
on the column. 3 column volumes of the equilibration solution were ap-
plied to the column to convert the product in its ammonium form. Frac-
tions containing the product were combined and lyophilized to dryness. 
The resulting white powder was puri!ed using preparative HPLC.

Yield: 17%.
[1H]NMR: (600 MHz and 25 mM ND4OD): δ = 7.85–7.82 (m, 

2H), 7.78–7.75 (m, 2H), 7.67–7.62 (m, 2H), 7.13 (m, 2H), 5.69 (t, J = 
7.0 Hz, 1H), 5.55 (t, J = 6.5 Hz, 1H), 4.63 (s, 2H), 4.56 (t, J = 6.5 Hz, 
2H), 2.30 (t, J = 7.3 Hz, 2H), 2.19 (t, J = 7.6 Hz, 2H), and 1.80 (s, 6H).

[13C]NMR: (150 MHz and 25 mM ND4OD): δ = 199.51, 162.81, 
142.15, 137.36, 133.16, 133.09, 130.67, 130.01, 129.94, 129.42, 
128.58, 120.35, 120.29, 114.98, 114.92, 74.31, 62.44, 62.41, 38.35, 
25.57, 22.74, 15.74, and 13.15.

[31P]NMR: (243 MHz and 25  mM ND4OD): δ = −6.33 (d,  
J = 22.2 Hz) and −10.32 (d, J = 22.2 Hz).

HRMS: calculated exact mass for C23H29O9P2 m/z 511.1281 [M 
+ H]+; found m/z 511.1288 [M + H]+.

Synthesis of 8-(3-(methyl)-benzophenone)-geranyl-t-butyldi-
methylsilylether (4).  The alcohol 1 (300 mg and 1.1 mmol) was slowly 
added under ice cooling to a solution of NaH (84.3 mg and 2.1 mmol) 
in THF (15 ml). The mixture was stirred for 30 min under ice cooling 
before 3-(bromomethyl) benzophenone (580.2 mg and 2.1 mmol) was 
slowly added. After 2 h at 40°C, the mixture was brought to room tem-
perature and quenched with water (30 ml). The solution was extracted 
three times with diethyl ether (each 30 ml). Afterward, the combined 
organic phases were dried over MgSO4. The solvent was removed 
under reduced pressure and puri!ed using #ash chromatography on sil-
ica gel (cyclohexane/ethyl acetate). See Fig. S5 D.

Yield: 88%.
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Rf: 0.16 (5:1, cyclohexane/ethyl acetate [vol/vol]).
[1H]NMR: (400 MHz and CDCl3): δ = 7.82–7.76 (m, 4H), 7.63–

7.55 (m, 1H), 7.53–7.43 (m, 4H), 5.50–5.40 (m, 1H), 5.36–5.26 (m, 1H), 
4.53 (d, J = 6.6 Hz, 2H), 4.19 (d, J = 6.3 Hz, 2H), 3.94 (s, 2H), 2.25–
2.01 (m, 4H), 1.70 (s, 3H), 1.64 (s, 3H), 0.90 (s, 9H), and 0.07 (s, 6H).

Synthesis of 8-(3-(methyl)-benzophenone)-geraniol (5).  The sily-
lether 4 (517 mg and 1.08 mmol) was dissolved in 5 ml THF. Tetrabu-
tylammonium#uoride (1.296 ml and 1.3 mmol, 1 M in THF) was added 
dropwise over 30 min under ice cooling. After 4 h at room temperature, 
the solution was quenched with brine (20 ml), and the crude product 
was extracted with diethyl ether (30 ml). The pooled organic phases 
were dried over MgSO4, and the solvent was removed under reduced 
pressure. The product was puri!ed using #ash chromatography on sil-
ica gel (cyclohexane/ethyl acetate). See Fig S5 E.

Yield: 95%.
Rf: 0.18 (2:1, cyclohexane/ethyl acetate [vol/vol]).
[1H]NMR: (500 MHz and CDCl3): δ = 7.82–7.77 (m, 4H), 7.61–

7.57 (m, 1H), 7.51–7.43 (m, 4H), 5.45–5.40 (m, 2H), 4.80 (s, 1H), 4.53 
(s, 2H), 4.15 (d, J = 6.9 Hz, 2H), 3.94 (s, 2H), 2.24–2.06 (m, 4H), 1.70 
(s, 3H), and 1.69 (s, 3H).

[13C]NMR: (125 MHz and CDCl3): δ = 196.61, 143.63, 139.30, 
137.85, 136.86, 132.49, 132.37, 130.54, 130.38, 130.15, 128.42, 
128.40, 128.28, 127.33, 126.54, 123.90, 76.77, 71.00, 59.51, 39.20, 
26.09, 16.39, and 14.14.

HRMS: calculated exact mass for C24H29O3 m/z 365.2111 (M + 
H)+; found m/z 365.2119 (M + H)+.

Synthesis of 8-(3-(methyl)-benzophenone)-geranyl-1-diphos-
phate (6).  The compound 5 (150 mg and 0.41 mmol) and PPh3 (poly-
mer-supported beads; 484 mg and 0.82 mmol) were dissolved in 
CH2Cl2 (5 ml) and stirred for 30 min to allow the beads to swell. A 
solution of tetrabromomethane (164 mg and 0.5 mmol in 2 ml CH2Cl2) 
was added, and the mixture was allowed to stir overnight at room tem-
perature. After !ltration of the beads, the crude product was extracted 
three times with ethyl acetate (each 20 ml). The organic phases were 
combined and the solvent was removed under reduced pressure. Be-
cause of the instability of the allylic bromide, it was directly used with-
out any puri!cation step. See Fig S5 F.

The bromide was dissolved in 6  ml ACN, and then 
(n-Bu4N)3HP2O5 (680.73 mg and 0.75 mmol) was added slowly. 
The reaction was allowed to stir for 3 h, and afterward the solvent 
was removed under reduced pressure. An ion-exchange column 
(AG 50W-X8; Bio-Rad Laboratories) was used to convert the prod-
uct to its ammonium form. The resin was packed and washed using 
3 column volumes of 25 vol% NH3, followed by an equilibration 
step with 3 column volumes of 2 vol% propanol in aqueous 25 mM 
NH4HCO3. The dark red residue was solved in a minimal volume 
of solvent and loaded on the column. 3 column volumes of equili-
bration solvent were applied to the column to convert the product in 
its ammonium form. Fractions containing the product were pooled 
and lyophilized to dryness. The resulting white powder was puri!ed 
using preparative HPLC.

Yield: 32%.
[1H]NMR: (600 MHz and 25 mM ND4OD): δ = 7.93–7.88 (m, 

4H), 7.85–7.80 (m, 1H), 7.71–7.62 (m, 4H), 5.62 (t, J = 6.7 Hz, 1H), 5.58 
(t, J = 6.7 Hz, 1H), 4.69 (s, 2H), 4.59–4.54 (m, 2H), 4.11 (s, 2H), 2.32 (t, 
J = 7.1 Hz, 2H), 2.22 (t, J = 7.4 Hz, 2H), 1.82 (s, 3H), and 1.78 (s, 3H).

[13C]NMR: (150 MHz and 25  mM ND4OD): δ = 200.67, 
143.53, 142.27, 136.92, 136.36, 133.59, 131.72, 130.72, 130.34, 
130.27, 128.65, 128.25, 120.34, 120.28, 76.57, 70.37, 62.39, 38.41, 
25.55, 15.66, and 13.31.

[31P]NMR: (243 MHz and 25 mM ND4OD): δ = −6.35 (d, J = 
22.3 Hz) and −10.38 (d, J = 22.4 Hz).

HRMS: calculated exact mass for C24H31O9P2 m/z 525.1438 
(M + H)+; found m/z 525.1446 (M + H)+. Calculated exact mass for 
C24H30O9NaP2 m/z 547.1257 (M + Na)+; found m/z 547.1265 (M + Na)+.

Synthesis of 8-(3-trifluoromethyl-3-phenyl-diazirine)-geranyl- 
t-butyldimethylsilylether (7).  The alcohol 1 (300 mg and 1.05 mmol) 
was slowly added under ice cooling to a solution of NaH (51 mg and 
2.1 mmol) in THF (7.5 ml). The mixture was stirred for 30 min under 
ice cooling before the 4-(3-(tri#uoromethyl)-3H-diazirin-3-yl)ben-
zyl bromide (589 mg and 2.1 mmol) was slowly added. After 4 h at 
room temperature, the mixture was brought to room temperature and 
quenched with water. The solution was extracted three times with di-
ethyl ether (each 20 ml), and the combined organic phases were dried 
over MgSO4. The solvent was removed under reduced pressure and 
puri!ed using #ash chromatography on silica gel (cyclohexane/ethyl 
acetate). See Fig. S5 G.

Yield: 81%.
Rf: 0.20 (10:1, cyclohexane/ethyl acetate).
[1H]NMR: (500 MHz and CDCl3): δ = 7.37 (d, J = 8.7 Hz, 

2H), 7.17 (d, J = 7.9 Hz, 2H), 5.40 (d, J = 7.0 Hz, 1H), 5.34–5.29 
(m, 1H), 4.44 (s, 2H), 4.19 (dd, J = 6.3, 0.8 Hz, 2H), 3.88 (s, 2H), 
2.22–2.14 (m, 2H), 2.08–2.02 (m, 2H), 1.67 (s, 3H), 1.63 (s, 3H), 0.90 
(s, 9H), and 0.06 (s, 6H).

HRMS: calculated exact mass for C25H38F3N2O2Si m/z 483.2655 
(M + H)+; found m/z 483.2649 (M + H)+.

Synthesis of 8-(3-Trifluoromethyl-3-phenyl-diazirine)-geraniol 
(8).  The silylether 7 (320 mg and 0.66 mmol) was dissolved in 6 ml 
THF. Tetrabutylammonium#uoride (796 µl and 0.8 mmol, 1 M in THF) 
was added dropwise over 30 min under ice cooling. After 4 h at room 
temperature, the solution was quenched with brine (20  ml), and the 
crude product was extracted with diethyl ether (30 ml). The combined 
organic phases were dried over MgSO4, and the solvent was removed 
under reduced pressure. The product was puri!ed using #ash chroma-
tography on silica gel (cyclohexane/ethyl acetate). See Fig. S5 H.

Yield: 91%.
Rf: 0.67 (2:1, cyclohexane/ethyl acetate).
[1H]NMR: (500 MHz and CDCl3): δ = 7.37 (d, J = 8.5 Hz, 2H), 

7.17 (d, J = 7.8 Hz, 2H), 5.41 (d, J = 7.3 Hz, 2H), 4.44 (s, 2H), 4.15 (d, 
J = 6.7 Hz, 2H), 3.88 (s, 2H), 2.24–2.15 (m, 2H), 2.11–2.04 (m, 2H), 
1.68 (d, J = 6.9 Hz, 3H), and 1.67 (s, 3H).

HRMS: calculated exact mass for C19H22F3N2O1 m/z 351.1679 
([M − H2O] + H)+; found m/z 351.1679 ([M − H2O] + H)+.

Synthesis of 8-(3-trifluoromethyl-3-phenyl-diazirine)-geranyl- 
1-diphosphate (9).  The compound 8 (50 mg and 0.14 mmol) and PPh3 
(polymer-supported beads; 159.68 mg and 0.27 mmol) were dissolved 
in CH2Cl2 (5 ml) and stirred for 30 min to allow the beads to swell. A 
solution of tetrabromomethane (57 mg and 0.16 mmol in 2 ml CH2Cl2) 
was added, and the mixture was stirred overnight at room tempera-
ture. After !ltration of the beads, the crude product was extracted 
with ethyl acetate. The organic phases were combined, and the sol-
vent was removed under reduced pressure. Because of the instability of 
the allylic bromide, it was directly used without any puri!cation step.  
See Fig. S5 I.

The bromide was dissolved in 6 ml ACN, and (n-Bu4N)3HP2O5 
(332 mg and 0.37 mmol) was added slowly. The reaction was allowed 
to stir for 3 h, and afterward, the solvent was removed under reduced 
pressure. An ion-exchange column (AG 50W-X8; Bio-Rad Laborato-
ries) was used to convert the product to its ammonium form. The resin 
was packed and washed using 3 column volumes of 25 vol% NH3, 
followed by an equilibration step with 3 column volumes of 2 vol% 
propanol in aqueous 25 mM NH4HCO3 solution. The dark red residue 
was solved in a minimal volume of solvent and loaded on the column. 
3 column volumes of equilibration solvent were applied to the column 
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to convert the product in its ammonium form. Fractions containing the 
product were pooled and lyophilized to dryness. The resulting white 
powder was puri!ed using preparative HPLC.

Yield: 14%.
[1H]NMR: (600 MHz and 25 mM ND4OD): δ = 7.54 (s, 2H), 

7.39 (s, 2H), 5.56 (s, 2H), 4.57 (s, 2H), 4.53 (s, 2H), 4.04 (s, 2H), 2.34–
2.18 (m, 4H), 1.79 (s, 3H), and 1.73 (s, 3H).

[13C]NMR: (150 MHz and 25 mM ND4OD): δ = 167.02, 165.70, 
142.31, 139.57, 131.64, 130.21, 128.94, 128.31, 126.75, 120.25, 76.31, 
70.18, 64.25, 62.41, 38.40, 25.52, 23.78, 15.67, and 13.28.

[31P]NMR: (243 MHz and 25 mM ND4OD): δ = −6.37 (d, J = 
21.9 Hz) and −10.37 (d, J = 22.3 Hz).

HRMS: calculated exact mass for C24H31O9P2 m/z 
525.1438 (M + H)+; found m/z 525.1446 (M + H)+. Calculated 
exact mass for C19H26O8N2F3P2 m/z 529.1111 (M + H)+; found 
m/z 529.11155 (M + H)+.

Online supplemental material
Fig. S1 shows additional EM data and analyses of the RZZ and RZZ–
Spindly complexes as well as sedimentation velocity absorbance pro-
!les associated with experiments shown in Figs. 1 and 6. Fig. S2 shows 
additional EM and biochemical analyses of different RZZ deletion mu-
tants and SEC analyses of RZZ intersubunit interactions. Fig. S3 shows 
MS/MS spectra demonstrating incorporation of UV photoactivatable 
cross-linker farnesyl derivatives on Cys602 as well as MS/MS spectra 
of their adducts with ROD. Fig. S4 shows additional biochemical and 
MS analyses of the UV cross-linking experiments. Fig. S5 displays se-
quences from the Synthesis of the photoactivatable probes section of 
Materials and methods. Video 1 demonstrates the considerable #exi-
bility of the RZZ complex. Video 2 illustrates the !tting of molecular 
model into the EM density of the RZZ complex. Table S1 summarizes 
the strategy to create molecular models of the RZZ subunits. Table S2 
summarizes the quality of model !tting experiments. Table S3 summa-
rizes results with bifunctional cross-linkers and MS. Table S4 displays 
the multiple alignment using fast Fourier transform (MAF FT) of the 
indicated BicD2 and Spindly sequences.
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SUMMARY

The spindle assembly checkpoint (SAC) prevents
premature sister chromatid separation during
mitosis. Phosphorylation of unattached kineto-
chores by the Mps1 kinase promotes recruitment of
SAC machinery that catalyzes assembly of the SAC
effector mitotic checkpoint complex (MCC). The
SAC protein Bub3 is a phospho-amino acid adaptor
that forms structurally related stable complexes
with functionally distinct paralogs named Bub1 and
BubR1. A short motif (‘‘loop’’) of Bub1, but not the
equivalent loop of BubR1, enhances binding of
Bub3 to kinetochore phospho-targets. Here, we
asked whether the BubR1 loop directs Bub3 to
different phospho-targets. The BubR1 loop is essen-
tial for SAC function and cannot be removed or re-
placed with the Bub1 loop. BubR1 loop mutants
bind Bub3 and are normally incorporated in MCC
in vitro but have reduced ability to inhibit the MCC
target anaphase-promoting complex (APC/C), sug-
gesting that BubR1:Bub3 recognition and inhibition
of APC/C requires phosphorylation. Thus, small
sequence differences in Bub1 and BubR1 direct
Bub3 to different phosphorylated targets in the
SAC signaling cascade.

INTRODUCTION

Bub1 and BubR1 (also known as Mad3 in certain organisms) are
paralogous proteins that fulfill different crucial functions in chro-
mosome alignment on the mitotic spindle and in the spindle
assembly checkpoint (SAC), a safety mechanism that ensures
accurate chromosome segregation during mitosis [1, 2]. Bub1
and BubR1 originated through multiple independent gene-dupli-
cation events from a precursor (singleton) surmised to be already
present in the hypothetical last eukaryotic common ancestor
(LECA). Gene duplication invariably led to sub-functionalization
of the resulting gene products [3, 4] (Figure 1A).

The molecular mechanism subtending to sub-functionaliza-
tion of Bub1 and BubR1 is an active area of research. Bub1 is
a Ser/Thr kinase [8] whose kinase activitymay be strictly required
for chromosome alignment, but not for SAC signaling [9–17].
Bub1 localizes to kinetochores in early prometaphase and is
thought to perform itsmain role in the SACby acting as a scaffold
for the recruitment of downstream checkpoint components,
including Mad1, Mad2, BubR1, Bub3, and Cdc20 [11, 14,
18–28]. Bub1 promotes the incorporation of a subset of these
proteins, including BubR1, Bub3, Mad2, and Cdc20, into the
mitotic checkpoint complex (MCC), the main checkpoint
effector, which directly inhibits the ability of the E3 ubiquitin
ligase anaphase-promoting complex/cyclosome (APC/C) to
promote exit from mitosis [1, 2]. Promotion of MCC formation
by Bub1 likely occurs through a direct interaction with a
Mad1:Mad2 template that catalyzes MCC assembly [11, 29–35].
Unlike Bub1, BubR1 is an inactive pseudokinase [4]. It contrib-

utes directly to the SAC and to APC/C inhibition as a subunit of
the MCC (together with Bub3, Cdc20, and Mad2) [36–38]. Two
Lys-Glu-Asn (KEN) motifs (also called KEN boxes) in the N-termi-
nal region of BubR1 have been implicated in Cdc20 binding and
APC/C inhibition. The first KEN box is essential for stable incor-
poration of BubR1 in a complex with Cdc20 and Mad2 that rep-
resents the core of the MCC [39–43]. The second KEN box
promotes binding to a second Cdc20 molecule, possibly when
the latter is already bound to the APC/C [44–47]. Both KEN
motifs are required for effective APC/C inhibition and SAC func-
tion (e.g., see [42]). In addition to its role in SAC activation,
BubR1 also contributes to the formation of stable kinetochore-
microtubule interactions and SAC silencing through kinetochore
recruitment of the phosphatase PP2AB56 [48–52].
In human cells, kinetochore localization of Bub1 and BubR1

requires phosphorylation by the SAC kinase Mps1 of so-called
Met-Glu-Leu-Thr (MELT) motifs in the outer kinetochore protein
Knl1 (also known as Spc105, Spc7, and Casc5) [53–55]. It also
requires binding to Bub3, which acts as a targeting adaptor
[40, 42, 56–58]. Bub1 and BubR1 bind to Bub3 via conserved
Bub3-binding domains (B3BD or GLEBS; Figure 1A) [57, 59].
Bub3, a seven-bladed b propeller, contains an evolutionarily
conserved binding pocket that accommodates the phosphory-
lated Thr residue of the MELT motifs (Figures 1B, S1A, and
S1B) [58]. By binding to Bub3, the B3BD of Bub1 is sufficient
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Figure 1. Kinetochore Localization and Turnover of Long BubR1 Loop Mutants in HeLa Cells
(A) Schematic overview of Bub1 and BubR1 domain organization. B1, Bub1; B3BD, Bub3 binding domain; BR1, BubR1; KEN, lysine-glutamate-asparaginemotif;

TPR, tetratrico peptide repeat.

(B) Schematic depiction of the outer kinetochore (KMN network). MELT repeats in Knl1 are phosphorylated by the checkpoint kinase Mps1 and recruit

Bub1:Bub3. Bub1:Bub3 in turn recruits BubR1:Bub3 via a pseudo-symmetric interaction, which involves equivalent segments of Bub1 and BubR1 comprising the

B3BD and the C-terminal extension whose first part is predicted to form a helix in both proteins. The presence of Bub3 on both proteins seems to be essential for

this interaction. The TPR regions of human Bub1 and BubR1 bind to non-conserved short motifs of Knl1 named KI1 and KI2, respectively [5–7].

(legend continued on next page)
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for kinetochore localization in the absence of other Bub1 regions
[5, 57]. We recently reported that a short region of the B3BD of
Bub1, which we designated as the ‘‘loop’’ (Figures 1C, S1A,
and S1B), markedly increases the binding affinity of Bub3 for
phosphorylated MELT motifs (MELTP) through direct contacts
[58, 60]. The loop region in the B3BD of BubR1, on the other
hand, is unable to increase the binding affinity of Bub3 for
Knl1-MELTP sequences, rendering kinetochore localization of
BubR1:Bub3 dependent on additional interactions [5, 60].We re-
ported that kinetochore-bound Bub1:Bub3 provides these addi-
tional interactions [60], thus establishing a clear hierarchy in
which Bub1:Bub3 is first directly recruited to the kinetochore
via interaction with MELTP motifs, after which BubR1:Bub3 is
recruited through a direct interaction with Bub1 (Figure 1B).
This model agrees with observations that kinetochore recruit-
ment of Bub1 is independent of BubR1, whereas kinetochore
localization of BubR1 depends on Bub1 [11, 12, 21, 56, 60–63].
Hetero-dimerization of Bub1:Bub3 and BubR1:Bub3 requires
equivalent domains in Bub1 and BubR1, including the B3BD
and a region, directly following the B3BD, predicted to adopt
helical conformation. Furthermore, both proteins need to be
bound to Bub3 for their effective recruitment to kinetochores
(Figure 1B) [60].
The crucial role of the Bub1 loop as enhancer of MELTP bind-

ing was emphasized by the fact that grafting the Bub1 loop onto
BubR1 promoted Bub1-independent kinetochore recruitment of
BubR1 [60]. The observation that this loop swap mutant,
however, was unable to support BubR1 SAC function [60] raised
the question whether the BubR1 loop performs a specific and so
far unidentified function. In this study, we set out to investigate
the role of the BubR1 loop in more detail. We demonstrate
that the BubR1 loop promotes stable association of the MCC
complex with the APC/C.

RESULTS

Definition of Functional Loop Regions of Bub1 and
BubR1
The B3BD of Bub1 is sufficient for kinetochore recruitment
through Bub3 [5, 57, 60]. In our previous studies, we identified
the Bub1 loop region (Bub1L) (residues 214–226 within the
Bub1B3BD; Figures 1A and 1C) as a determinant of kinetochore
localization of the Bub1:Bub3 complex and showed that Bub1L

enhances the affinity of the interaction of Bub3 for Knl1-MELTP

motifs at kinetochores [60]. We also showed that, when grafted
onto BubR1, Bub1L promotes Bub1-independent kinetochore

recruitment of BubR1. This result agreed with observations
in vitro that the equivalent BubR1 loop region (BubR1L) (residues
368–379) is unable to promote the interaction of Bub3 with
Knl1-MELTP motifs and is therefore functionally distinct from
Bub1L [60].
As clarified in Figure S2 (and legend), we discovered that graft-

ing onto BubR1 longer regions of Bub1 (residues 209–235),
ranging from the first b sheet (b1) until the beginning of the highly
conserved core of the B3BD (Figures 1C and 1D), resulted in
more robust kinetochore localization in comparison to that of
BubR1B1-L, especially after depletion of endogenous Bub1 (Fig-
ures 1E and 1F; to differentiate this longer sequence from that of
Bub1L, we denote it as ‘‘long loop’’ [Bub1LL]). BubR11–431/B1-LL,
which lacks the predicted helical region required for dimerization
with Bub1, localized to kinetochores in presence or absence of
endogenous Bub1 (Figures S2E and S2F). Thus, the Bub1LL

region is sufficient to mediate kinetochore localization when
grafted on a dimerization-deficient BubR1 mutant. When we
grafted the equivalent region of BubR1 (residues 363–396;
BubR1LL) onto Bub1 (Bub1BR1-LL), we observed that it impaired
kinetochore localization of Bub1 significantly more pervasively
than when grafting the shorter BubR1L sequence (Bub1BR1-L)
(Figures S2G and S2H). Collectively, these experiments identify
the LL regions of Bub1 and BubR1 as crucial determinants of
their localization and demonstrate that these sequences impart
substantial functional divergence to the Bub1 and BubR1
paralogs.

Kinetochore Turnover of BubR1 Loop Mutants
We investigated the effects of grafting Bub1LL on BubR1 kineto-
chore turnover. The halftime of kinetochore localization of BubR1
measured by fluorescence recovery after photobleaching
(FRAP) is relatively fast (t1/2 = 3–20 s) [64, 65]. This rapid turnover
of BubR1 likely reflects its dimerization with kinetochore Bub1
and subsequent release, possibly in complex with other MCC
subunits. In agreement with the published data [64], we found
in FRAP experiments in HeLa cells depleted of endogenous
BubR1 that GFP-BubR1WT showed a recovery halftime of 7.7 s
(fit with a single exponential curve; Figure 1G; Table S1; the
cartoon beside the graph depicts the expected mode of kineto-
chore localization of the construct).
If grafting of Bub1LL allows BubR1B1-LL to interact with MELTP

in addition to dimerizing with Bub1, substantial increases of its
kinetochore residence time might be expected if the two binding
modes occurred concomitantly. FRAP curves of the GFP-
BubR1B1-LL mutant were best fitted with a double exponential

(C) Multiple sequence alignments of the B3BDs of Bub1 and BubR1 from four different species: Hs, Homo sapiens; Gg,Gallus gallus; Xl, Xenopus laevis; and Sc,

Saccharomyces cerevisiae. Mad3 is the budding yeast BubR1 homolog. The initial loop (L) and the long loop (LL) are indicated by the red lines; exact residue

numbers are indicated in the main text.

(D) Domain organization of the BubR1 constructs with the Bub1 loop. BubR1B1-L contains Bub1 residues 214–226; BubR1B1-LL contains Bub1 residues 209–235.

(E) Representative images of HeLa cells transfected with the indicated GFP-BubR1 constructs showing that GFP-BubR1B1-LL localizes better to kinetochores

than the short loop mutant (B1-L) in presence and absence of endogenous Bub1. In brief, after transfection, cells were depleted of endogenous Bub1 by RNAi,

synchronized with a double thymidine block, and arrested in mitosis with nocodazole. The scale bar represents 10 mm.

(F) Quantification of BubR1 kinetochore levels in cells treated as in (E). The graph showsmean intensity from three independent experiments. Error bars represent

SEM. Values for BubR1wt in non-depleted cells are set to 1.

(G–J) FRAP analyses of GFP-tagged BubR1wt (G), BubR1B1-LL (H and I), and GFP-Bub1wt in absence of endogenous BubR1 (G and H) or endogenous Bub1

(I and J). Relevant recovery parameters are shown. The graphs showmean with SEM. The cartoons beside the graphs depict the expected mode of kinetochore

localization of each construct.

See also Figures S1–S3.
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curve (Figure 1H; Table S1). A minority of GFP-BubR1B1-LL

(15.5%) turned over with a halftime of 5.2 s, likely reflecting single
binding events (dimerization with Bub1 or direct binding to
MELTP sequences). The majority of GFP-BubR1B1-LL, on the
other hand, cycled with a halftime of 56.4 s, indeed suggesting
the possibility that the two kinetochore-binding modes, namely
the dimerization with Bub1 and the direct interaction of GFP-
BubR1B1-LL with MELTP, occur concomitantly and strongly sta-
bilize GFP-BubR1B1-LL at kinetochores. GFP-BubR1LL showed
higher kinetochore levels than GFP-BubR1WT in cells depleted
of endogenous BubR1 (Figures S3A and S3B), as expected
given its increased halftime. We note that this is compatible
with previous studies showing that only a subset of all MELTP

motifs of Knl1 are occupied with Bub1 at any given time [66].
This binding model predicts that depletion of endogenous

Bub1 will ablate dimerization, only allowing a single binding
mode of GFP-BubR1B1-LL through MELTP binding. In agree-
ment with this hypothesis, depletion of endogenous Bub1 by
RNAi resulted in a recovery curve for GFP-BubR1B1-LL that
could be fitted with a single exponential function with rapid
turnover (t1/2 = 10.8 s; Figure 1I; Table S1). Like BubR1B1-LL,
also Bub1 interacts with kinetochores by binding MELTP se-
quences, and therefore, it is expected to turn over at kineto-
chores with a similarly rapid halftime. Whereas previous
studies reported that Bub1 turns over relatively slowly at kinet-
ochores [64, 65], our measurements indicate rapid kinetochore
turnover of GFP-Bub1WT (t1/2 = 11.6 s; Figure 1J; Table S1),
very similar to the recovery halftime of GFP-BubR1B1-LL after
Bub1 depletion. Our observations are corroborated by a recent
study reporting a recovery halftime of 15 s for kinetochore
Bub1 [67].

The Bub1 Loop Cannot Promote the SAC Function of
BubR1 In Vivo
Next, we asked whether BubR1B1-LL was able to rescue SAC
signaling in HeLa cells depleted of endogenous BubR1.
A BubR1 alanine mutant in the first KEN box (KEN1; Figure 2A)
was used as a control for checkpoint deficiency in these exper-
iments [42]. Asynchronous cells entering mitosis in presence of
low concentrations of the spindle poison nocodazole arrested
robustly in mitosis for several hours, indicative of SAC activation
(Figure 2B). Depletion of BubR1 prevented mitotic arrest but
could be rescued by expression of a wild-type GFP-BubR1
transgene. On the other hand, BubR1B1-LL was unable to rescue
the deleterious effects on the SAC caused by depletion of
endogenous BubR1 to an extent similar to that of the KEN1
boxmutant (Figure 2B). Thus, the Bub1LL region cannot function-
ally replace the equivalent region of BubR1. These findings were
corroborated by immunoprecipitation experiments (IPs) of the
GFP-BubR1 species, followed bywestern blotting (WB) to detect
MCC and APC/C subunits. This revealed a substantial decrease
in the association of GFP-BubR1B1-LL or GFP-BubR1KEN1/AAA

with Mad2 and Cdc20 (but not Bub3, as expected) as well
as the APC/C subunits Cdc27, Apc7, and Apc4 (Figure 2C;
quantified in Figure S4A). Similar results were obtained when
we replaced the sequence of the BubR1 loop with a neutral
Gly-Ser-linker sequence (Figures S5A–S5D).

As explained in the previous section, data in Figures 1G–1J
suggest that GFP-BubR1B1-LL dimerizes with Bub1 and also

binds to phosphorylated MELT motifs at kinetochores. We
hypothesized that the SAC defect following grafting of the
Bub1LL region into BubR1 might be caused by increased kineto-
chore residence of this mutant, which also reflected in a strongly
increased interaction with the Knl1 kinetochore receptor (Fig-
ure S4A). If rapid kinetochore turnover of BubR1 is required for
its efficient incorporation into MCC, tighter kinetochore binding
might counteract incorporation into MCC. We therefore asked
whether we could rescue the SAC deficiency of the GFP-
BubR1B1-LL mutant by restoring rapid kinetochore turnover.
To test this hypothesis, we designed two constructs expected

to reduce the time of kinetochore residence of GFP-BubR1B1-LL

(see Figure 2A for schematics). First, we combined grafting of the
Bub1LL region with deletion of the predicted helical region (resi-
dues 432–484) involved in BubR1 dimerization with Bub1 (desig-
nated as GFP-BubR1B1-LL/DH). GFP-BubR1B1-LL/DH is expected
to localize correctly but exclusively through Bub1LL-mediated
recognition of MELTP and not through dimerization. Importantly,
deletion of the BubR1 helical region is fully compatible with
SAC signaling (see next paragraph). Second, we grafted the
entire B3BD and helical region of Bub1 onto GFP-BubR1
(GFP-BubR1B1-B3BD/B1-H), thus again forcing BubR1 to interact
with kinetochores exclusively through MELTP and not through
an interaction with Bub1 (because neither Bub1 nor BubR1 can
form homodimers).
In agreement with our expectations, and more generally with

our model of kinetochore recruitment of Bub1 and BubR1,
both GFP-BubR1B1-B3BD/B1-H and GFP-BubR1B1-LL/DH showed
robust localization to kinetochores (Figures S4B and S4C), and
FRAP analyses of both mutants demonstrated rapid kinetochore
turnover (Figures 2D and 2E), with recovery halftimes that were
essentially indistinguishable from those of GFP-BubR1WT (Fig-
ure 1G; Table S1). Despite normal kinetochore turnover, how-
ever, GFP-BubR1B1-LL/DH was unable to rescue the SAC defect
caused by BubR1 depletion (Figure 2F) andwas correspondingly
unable to form stable complexes with MCC and APC/C subunits
in IP experiments (Figure 2G; quantified in Figure S4D). Impor-
tantly, GFP-BubR1DH is fully SAC proficient (Figure S4E) [60],
strongly suggesting that the SAC defect is caused by Bub1LL

grafting. Also, GFP-BubR1B1-B3BD/B1-H was unable to rescue
the SAC in cells depleted of endogenous BubR1 (Figure S4F).
In non-depleted cells, GFP-BubR1B1-B3BD/B1-H interacted with
BubR1 as expected, but its interaction with MCC and APC/C
subunits was reduced (Figure S4G). Collectively, these results
indicate that the SAC defect introduced by grafting the Bub1LL

region in GFP-BubR1B1-LL is not due to increased kinetochore
residency of this mutant.

The BubR1 Loop Is Required for SAC Function In Vivo
As an alternative explanation for why GFP-BubR1B1-LL is SAC
defective, we considered the hypothesis that the substitution
of the BubR1LL region with the Bub1LL region may interfere
with the interaction of the BubR1:Bub3 complex with a crucial
SAC target. To test this idea, we created two additional BubR1
mutants in which parts of the loop region were deleted (DL and
DLL mutant, corresponding to deletions of residues 368–379
and 363–396, respectively; Figure 3A). GFP-BubR1DL and
GFP-BubR1DLL localized to kinetochores at levels that
were indistinguishable from those of GFP-BubR1WT, and their
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localization depended on Bub1 (Figures 3B and 3C). In FRAP ex-
periments, GFP-BubR1DLL appeared to have a recovery halftime
of 9.9 s (Figure 3D; Table S1), essentially identical to that of GFP-
BubR1WT (Figure 1G). These observations are consistent with

our model that the BubR1 loop region is not required for kineto-
chore recruitment [60] (and this study).
Next, we asked whether GFP-BubR1DL and GFP-BubR1DLL

were able to support the SAC in cells depleted of endogenous
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Figure 2. The Bub1 Loop Cannot Promote the SAC Function of BubR1 In Vivo
(A) Domain organization of the BubR1 constructs.

(B and F) Mean duration of mitosis of Flp-In T-REx stable cell lines expressing the indicated GFP-BubR1 constructs in the absence of endogenous BubR1 and in

the presence of 50 nM nocodazole. Cell morphology was used to measure entry into and exit from mitosis by time-lapse microscopy (n > 23 for BubR1B1-LL and

BubR1KEN1/AAA [B]; n > 37 for BubR1B1-LL/DH [F] per cell line per experiment) from three independent experiments. Error bars depict SEM.

(C and G) Western blot of immunoprecipitates (IPs) from mitotic Flp-In T-REx cell lines expressing the indicated GFP-BubR1 constructs (BubR1B1-LL and

BubR1KEN1/AAA [C]; BubR1B1-LL/DH [G])showing that the replacement of the BubR1 loop with the Bub1 loop results in strongly impaired APC/C binding. Tubulin

was used as loading control.

(D and E) FRAP analyses of GFP-tagged BubR1B1-B3BD/B1-H (D) and BubR1B1-LL/DH (E) in absence of endogenous BubR1. Relevant recovery parameters are

shown. The graphs show mean and SD. The cartoons beside the graphs depict the expected mode of kinetochore localization of each construct.

See also Figures S4 and S5 and Table S1.
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BubR1. Both mutants were largely unable to restore the SAC
function of BubR1 (Figure 3E). Furthermore, when we com-
bined deletion of the loop with deletion of the helical region
(GFP-BubR1DL/DH; Figure S4H), we observed impairment of
the SAC (Figure S4E), accompanied by reduced interaction
with the APC/C (Figure S4I). In IP experiments, GFP-BubR1DL

and GFP-BubR1DLL were shown to bind to the MCC subunits
Mad2 and Cdc20, although at reduced levels in comparison to
GFP-BubR1WT, but were also largely impaired in their ability
to interact with the APC/C, likely explaining why these mu-
tants cannot support the SAC (Figure 3F; quantified in
Figure S4J).
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Figure 3. The BubR1 Loop Is Required for
SAC Function In Vivo
(A) Domain organization of the BubR1 constructs

used. Constructs lacking the short (L) and long loop

(LL) versions were created by deleting residues

368–379 or 363–396 of BubR1, respectively.

(B) Representative images of HeLa cells trans-

fected with the indicated GFP-BubR1 constructs

in presence or absence of endogenous Bub1,

showing that the lack of the loop does not influence

kinetochore localization, as expected. Cells were

treated as in Figure 1E. The scale bar represents

10 mm.

(C) Quantification of BubR1 kinetochore levels in

cells treated as in (B). The graph shows mean in-

tensity from three independent experiments. Error

bars represent SEM. Values for BubR1wt in non-

depleted cells are set to 1.

(D) FRAP analysis of BubR1DLL in the absence of

endogenous BubR1. Relevant recovery parame-

ters are shown. The graph shows mean and SD.

The cartoon depicts the expected mode of kinet-

ochore localization of the construct.

(E) Mean duration of mitosis of Flp-In T-REx stable

cell lines expressing the indicated GFP-BubR1

constructs in the absence of endogenous BubR1

and in the presence of 50 nM nocodazole. Cell

morphology was used to measure entry into

and exit from mitosis by time-lapse microscopy

(n > 32 for BubR1D(L)L per cell line per experiment)

from two independent experiments. Error bars

depict SEM.

(F)Western blot of IPs frommitotic Flp-In T-REx cell

lines expressing the indicated GFP-BubR1 con-

structs showing that the lack of the BubR1 loop

results in strongly impaired APC/C binding. Vinculin

was used as loading control.

See also Figure S4 and Table S1.

The BubR1 Loop Promotes APC/C
Binding
Collectively, these observations support
the idea that the loop region of BubR1 is
required for the recognition of crucial
SAC target(s). To identify these targets,
we used the SILAC (stable isotope label-
ing with amino acids in cell culture) [68]
approach to perform quantitative IP and
mass spectrometry identification of pro-
teins bound to minimal reporter con-

structs in mitotic lysates of HeLa cells. Because the B3BD of
Bub1 is sufficient for Bub3 binding and for recognition of Knl1-
MELTP repeats [60], we started our analysis with a construct cor-
responding to GFP-BubR1B3BD (residues 362–431). We found
that several of the APC/C subunits (blue squares, Figure 4A)
were specifically enriched in the GFP-BubR1B3BD precipitates
in comparison to those in the GFP control. We validated these
interactions by western blotting against the APC/C subunits
Cdc27/Apc3, Apc7, and Apc4 on GFP-BubR1B3BD precipitates
(Figure 4B). In reciprocal IP experiments, we detected GFP-
BubR1B3BD in complex with the APC/C subunit Cdc27
(Figure S6A).
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Next, we compared the interactome of GFP-BubR1B3BD with
and without the loop region (Figure 4C). This showed that
APC/C was enriched in precipitates of intact GFP-BubR1B3BD,
indicating that the loop promotes binding of the APC/C (Fig-
ure 4C). The role of the BubR1 loop on APC/C binding was reca-
pitulated in a GFP-IP experiment followed by western blotting
(Figure 4D; quantified in Figure S6B). Collectively, these results
indicate that the BubR1 loop promotes an interaction of the
GFP-BubR1B3BD:Bub3 complex with the APC/C.
Our results also indicate that the B3BDs of Bub1 and BubR1

direct Bub3 to Knl1 and the APC/C, respectively. To corroborate
this idea, we compared precipitates of GFP-Bub1B3BD (residues
209–270) and GFP-BubR1B3BD in another SILAC experiment
(Figure 4E). In agreement with the hypothesis, Knl1 was clearly
enriched in precipitates of GFP-Bub1B3BD. On the other hand,
we did not observe an enrichment of APC/C subunits with
GFP-BubR1B3BD in comparison to GFP-Bub1B3BD. Instead, we
found APC/C subunits to be strongly enriched in precipitates of
both constructs (and therefore appearing in the middle of the
volcano plot, together with Bub3). This result suggests that the
B3BD of Bub1 can, in principle, interact both with Knl1 and with
the APC/C, whereas that of BubR1 can only bind the APC/C.
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Figure 4. The BubR1 Loop Promotes APC/C
Binding
(A and C) Volcano plot showing the results

from three independent SILAC experiments using

GFP and GFP-BubR1B3BD (residues 362–431) (A)

or GFP-BubR1B3BD DL and GFP-BubR1B3BD (C) as

affinity resins to identify specific interaction part-

ners in mitotic lysates showing that the BubR1

B3BD binds to the APC/C and that this depends on

the BubR1 loop. A p value of 0.05 and 0.1 was used

as cutoff for significance, respectively.

(B and D) Western blot of IPs from mitotic Flp-In

T-REx cell lines expressing the indicated GFP-

BubR1 constructs showing that the B3BD of

BubR1 is able to pull down APC/C subunits (B)

and that this interaction is impaired if the loop is

deleted (D). Tubulin was used as loading control.

(E and F) Volcano plot showing the results from

two (E) or three (F) independent SILAC experiments

using GFP-Bub1B3BD (residues 209–270) and

GFP-BubR1B3BD (E) or GFP-Bub11–284 and GFP-

BubR11–431 (F) as affinity resins to identify specific

interaction partners in mitotic lysates, showing that

the BubR1 N-terminal region increases the speci-

ficity of the BubR1-APC/C interaction. A p value of

0.05 was used as cutoff for significance.

See also Figures S6 and S7.

Based on these observations, we asked
whether the presence of longer segments
of Bub1 and BubR1 would increase the
selectivity for these substrates. GFP-
Bub11–284 and GFP-BubR11–431 encom-
pass the entire N-terminal region in addi-
tion to the B3BD, including the TPR
repeats and, in case of BubR1, also its
two KEN boxes, the first of which is essen-
tial for binding to Cdc20 and therefore

incorporation into the MCC [42] (Figure 1A). In SILAC IP experi-
ments, we observed that GFP-Bub11–284 and GFP-BubR11–431

have exquisite specificity for Knl1 and the APC/C, respectively.
Furthermore, we also detected Mad2 and Cdc20 in the
BubR11–431 IPs, likely because this BubR1 segment, which con-
tains the KEN boxes, is sufficient for an interaction with these
MCC subunits (Figure 4F). Thus, the selectivity of BubR1 for
the APC/C results from a combination of factors, including, in
addition to the KEN boxes, the BubR1 loop as a direct APC/C
binder. This was further confirmed by examining IPs of con-
structs in which only the loop regions were swapped. GFP-
Bub1BR1-LL and GFP-BubR1B1-LL were both unable to interact
effectively with the APC/C (Figure S7A).

TheBubR1 Loop Is Required for APC/C Inhibition In Vitro
We expressed recombinant versions of Bub3 complexes of a
BubR1 segment (residues 1–571) that is larger than the minimal
segment of BubR1 that can restore SAC function in BubR1-
depleted cells [42, 69]. In the same scaffold, we also created
the chimeric mutants BubR1B1-LL and BubR1DLL. We then puri-
fied the resulting protein complexes to homogeneity. In isolation,
BubR1WT:Bub3, BubR1B1-LL:Bub3, and BubR1DLL:Bub3 shared
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identical retention volumes in size exclusion chromatography
experiments, attesting to their stability (Figure S7B). BubR1WT:
Bub3, BubR1B1-LL:Bub3, and BubR1DLL:Bub3 also formed
stoichiometric MCC complexes with Cdc20 and Mad2 with
indistinguishable retention volumes (Figures 5A and S7B). We
used a recently described in vitro assay to monitor assembly

kinetics of MCC complexes containing BubR1B1-LL:Bub3 and
BubR1DLL:Bub3 [31] and found them to be identical to those of
BubR1WT:Bub3 (Figure S6C). Collectively, these observations
indicate that the BubR1 loop is dispensable for MCC stability
and assembly kinetics.
Therefore, we next tested the ability of MCC containing

either BubR1WT:Bub3 or BubR1DLL:Bub3 to inhibit APC/C activ-
ity in vitro by evaluating ubiquitination of the APC/C substrate
cyclin B. For these assays, we used concentrations of MCC
(30 nM), APC/C (20 nM), and Cdc20 (100 nM) that are considered
physiological [31]. To obtain active APC/C, we used APC/C-pE,
an APC/C mutant carrying 68 phosphomimetic mutations that
activate APC/C [70]. Wild-type and mutant MCC complexes
were allowed to assemble for 15 hr and were purified to homo-
geneity (Figure S6D). They were then added to APC/CCdc20

(besides being an MCC subunit, Cdc20 also acts as an activator
of APC/C), and the cyclin B ubiquitination reaction was initiated
by addition of the E1 ubiquitin mix. Under these conditions, we
observed near complete ubiquitination of cyclin B already within
30 min (Figure 5B, lanes 2–4). There was substantial inhibition of
this reaction upon addition of wild-type MCC, which continued
well into the 120 min time point (Figure 5B, lanes 5–7). MCC
containing BubR1DLL:Bub3, on the other hand, clearly retained
partial functionality but inhibited the cyclin B ubiquitination
activity of APC/C less efficiently than the wild-type complex (Fig-
ure 5B; compare lanes 5–7 with lanes 8–10).
These observations argue that removal of the loop region of

BubR1 causes a partial impairment of the ability of MCC to
inhibit APC/C. Because our previous studies argue the loop re-
gion of Bub1 acts to modulate the binding affinity of Bub3 for
phosphorylated MELT repeats [60] and our data so far suggest
that this may hold true also for the BubR1 loop, we assembled
MCCs with BubR1WT or BubR1DLL that lacked bound Bub3
and purified them to homogeneity. Importantly, the absence
of Bub3 did not overtly impair MCC formation or stability (Fig-
ure S6D). Both MCC versions lacking Bub3 were less efficient
in inhibiting APC/C cyclin B ubiquitination activity than MCC
containing BubR1WT bound to Bub3 and showed an even
stronger defect than that of MCC containing BubR1DLL:Bub3
(Figure 5B, lanes 11–16).

Bub3 Is Required for Robust SAC Signaling
Collectively, these results show that Bub3 plays a role in
APC/C inhibition and support the hypothesis that the BubR1
loop contributes to the regulation of this process. To test
directly the role of Bub3 in MCC function, we examined the
effects on the SAC of expressing BubR1 mutants impaired in
their interaction with Bub3. Specifically, we deleted the com-
plete B3BD (BubR1DB3BD) or introduced two point mutations
in the B3BD that are known to prevent Bub3 binding
(BubR1E409K+E413K; Figure 6A) [40, 42]. Both mutants were
unable to support the SAC in the absence of endogenous
BubR1 (Figure 6B). Furthermore, BubR1 mutants defective in
Bub3 binding were impaired in binding to APC/C subunits in
IPs, similar to the BubR1DLL mutant (Figure 6C; quantified
in Figure 6D). Collectively, our data provide a strong indication
that Bub3, in complex with BubR1, plays a role in the SAC and
that the BubR1 loop region works by modulating the inter-
action of Bub3 with the APC/C.
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Figure 5. The BubR1 Loop Is Required for APC/C Inhibition In Vitro
(A) BubR1wt:Bub3 as well as the two loop mutants BubR1B1-LL:Bub3 and

BubR1DLL:Bub3 interact in size exclusion chromatography with the other two

MCC components Cdc20 and Mad2. In the chromatogram, the height of

elution curves for the three different MCC complexes were rescaled to match

that of MCC containing BubR1DLL, which emphasizes the remarkable similarity

of the elution profiles, an indication that the different MCC complexes are

structurally stable and virtually identical. Vertical dashed lines indicate the

elution volumes of the individual constituents of the three MCC complexes.

The corresponding elution profiles and SDS-PAGE analyses are shown in

Figure S7B.

(B) Ubiquitination reactions in the presence of recombinant APC/C-pE (car-

rying 68 phospho-mimicking mutations) [70] and the fluorescently labeled

N-terminal domain of cyclin B were analyzed by SDS-PAGE and fluorescence

scanning. MCC containing BubR1DLL:Bub3 is less efficient in inhibiting APC/C

cyclin B ubiquitination activity in comparison to MCC containing BubR1wt:

Bub3. Omitting Bub3 from MCC also reduces APC/C inhibition. NTD, N-ter-

minal domain; Ub, ubiquitin.

See also Figures S6 and S7.
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DISCUSSION

BubR1 is an essential component of the SAC effector, the MCC.
Our understanding of the function of BubR1 in the SAC has been
greatly facilitated by functional and structural studies on the
MCC and of its interaction with APC/C. High-resolution struc-
tures of the APC/CMCC complex [43, 46, 47] have offered an ideal
framework to understand the molecular basis of the interaction
of MCC with the APC/C, including the role of specific BubR1
sequences identified in previous studies [71], such as the
KEN1 and KEN2 boxes and the more recently identified ABBA
motifs [3, 39, 41–44, 72–77]. The overall picture emerging
from these analyses is that a MCC core complex containing
one copy each of BubR1, Bub3, Cdc20, and Mad2 binds a sec-
ond Cdc20 molecule, possibly already bound to the APC/C
[2, 44–47]. In the APC/CMCC complex, BubR1 binds extensively
to both Cdc20 subunits, stabilizes the interaction of Mad2 with
one of the two Cdc20 subunits, and provides extensive contacts
with the APC/C that reinforce its interaction with MCC [46, 47].
The SAC role of Bub3, a constitutive binding partner of BubR1

and Bub1, has remained more elusive. In most organisms, Bub3
forms constitutive complexes both with Bub1 and with BubR1
[57]. An exception is Schizosaccharomyces pombe, where the
BubR1 ortholog Mad3 does not interact with Bub3 [43, 78].
The Bub1 and BubR1 paralogs perform distinct functions and
have distinct localization patterns. Ablation of Bub3 affects the
function of both paralogs, introducing a significant complication
in the interpretation of the resulting mitotic defect. On the other
hand, preventing the selective interaction of Bub1 or BubR1
with Bub3 by introducing point mutations in the Bub3 binding
domains of Bub1 or BubR1 lends itself to the objection that these
mutations, by disrupting an interaction with Bub3, might desta-
bilize MCC or its interaction with the APC/C. To overcome these
limitations, we took advantage of our previous structural anal-
ysis of the Bub1:Bub3:MELTP ternary complex, which identified
Bub3 as a phospho-amino acid adaptor and suggested that a
region of Bub1, the loop, contributes to the binding affinity for
phosphorylated targets [58]. Modifications of the Bub1 loop pre-
dictably alter the function of associated Bub3 [60], providing for
the first time a clean handle to distinguish the mitotic functions of
Bub1-associated andBubR1-associated Bub3without a need to
ablate Bub3 or its interactions with Bub1 or BubR1. In this study,
we have taken advantage of this recent progress to test the role
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Figure 6. Bub3 Is Required for Robust SAC Signaling
(A) Domain organization of the BubR1 constructs used.

(B) Mean duration of mitosis of Flp-In T-REx stable cell lines expressing the

indicated GFP-BubR1 constructs in the absence of endogenous BubR1 and in

the presence of 50 nM nocodazole. Cell morphology was used to measure

entry into and exit from mitosis by time-lapse microscopy (n > 55 per cell line

per experiment) from two independent experiments. Error bars depict SEM.

(C) Western blot of IPs from mitotic Flp-In T-REx cell lines expressing the

indicated GFP-BubR1 constructs showing a defect especially in binding to

APC/C subunits if BubR1 cannot bind to Bub3. Tubulin was used as loading

control. *, band resulting from previous incubation with Bub1 antibody; **,

unspecific band recognized by the Bub1 antibody.

(D) Quantification of the western blot in Figure 6C. The amounts of co-

precipitating proteins were normalized to the amount of GFP-BubR1 bait

present in the IPs. Values for GFP-BubR1wt are set to 1. The graph shows

mean intensity of two independent experiments. Error bars represent SEM.

See also Figure S4.
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of the BubR1 loop and discovered that it is essential for SAC
function. Thus, our analysis identifies another short, crucial
sequence determinant of BubR1 function in the SAC response.

Previously, it was proposed that Bub3 acts as a catalytic
enhancer of the BubR1:Cdc20 interaction at kinetochores and
in the cytosol [77]. The moderate stimulation by Bub3 of MCC-
dependent APC/C inhibition was interpreted in light of this
possible catalytic effect of Bub3 [77]. This alternative hypothesis,
however, is at odds with our recent demonstration that the
interaction of Mad2 with Cdc20 is the sole rate-limiting step of
MCC assembly [31].

Our interpretation of the role of Bub3 is rather that it contrib-
utes, thanks to modulation by the BubR1 loop motif, to the bind-
ing affinity of theMCC for the APC/C. Recombinant loopmutants
(BubR1B1-LL and BubR1DLL) engaged in stable MCC complexes
with Mad2, Cdc20, and Bub3 in vitro, which assembled with
rates identical to those observed with wild-type BubR1. Thus,
it is unlikely that the SAC defect observed with these mutants
reflects a problem in MCC assembly. In vitro cyclin B ubiquitina-
tion assays showed that BubR1 lacking the loop is less efficient
in inhibiting APC/C than BubR1WT, and this correlates with a loss
of APC/C binding affinity in vivo. Two Bub3-binding defective
BubR1 mutants (BubR1DB3BD and BubR1E409K+E413K) showed
the same SAC defect phenotype described for the loopmutants.
Their binding to APC/C subunits in coIPs was also impaired.

Phosphorylation of a loop of Apc1 promotes binding of Cdc20
andAPC/Cactivation [70, 79–84]. Similarly, phosphorylationmay
regulate SAC-dependent inhibition of APC/C. Bub3 is an adaptor
protein for phosphorylated motifs, and in complex with Bub1
(through the contribution of the Bub1 loop), it binds to phosphor-
ylatedMELT repeats of Knl1 [58, 60]. In analogy to the Bub1 loop,

we suspect that the BubR1 loop contributes to the recognition of
a phosphorylatedmotif on theAPC/CbyBub3 (Figure 7) [2]. Bub3
(with the help of the BubR1 loop) might be expected to bind
sequences related to theMELTPmotifs of Knl1. Two suchmotifs,
with sequencesMEVT andMELT, exist, respectively, in the Apc4
(residues 116–119) and Apc5 (residues 175–178) subunits of the
APC/C, and at least T178Apc5 is phosphorylated during mitosis
[70]. Furthermore, T178Apc5 and S179Apc5 are part of the pool of
putative phosphomimetic mutations in the APC/C pE sample.
We created a new APC/C mutant (APC/C pE-3A; Figure S6D)
carrying alanine mutations at T119Apc4, T178Apc5, and S179Apc5

and askedwhethermutation of these putative Bub3 targetmotifs
in APC/C weakened the sensitivity of APC/C to wild-type MCC,
phenocopying the removal of the BubR1 loop. However, APC/C
pE-3A remained as sensitive to MCC as APC/C pE, suggesting
that phosphorylation of these residues is not important for MCC
inhibition or that the penetrance of the phosphomimetic muta-
tions is limited (Figure S6E).
The identification of the relevant phospho-epitopes and of

the kinase that generates them is therefore an important priority
for future studies. Likely, this will be a challenging task, because
the 1.2-MDa APC/C particle is highly phosphorylated in mitosis
by several kinases, including Plk1 and Cdk1 [81, 85]. Further-
more, the structural analysis of the APC/CMCC complex offers
only limited insight into this specific question, because both
Bub3 and the segment of BubR1 that binds to it (the B3BD)
were invisible in the structures of APC/CMCC [46, 47].
Our analysis of the role of the BubR1 and Bub1 loop led us to

revisit the issue of themolecular basis of kinetochore localization
and turnover of Bub1 and BubR1. The main conclusions from
this analysis are completely consistent with the model that the
B3BD of Bub1 is sufficient for kinetochore localization, whereas
that of BubR1 is not. Our analysis tested all major predictions of
the model, providing a complete account of the mechanism of
Bub1 and BubR1 recruitment to kinetochores. It has recently
been proposed that a small autonomous pool of BubR1 can
localize to kinetochores in a Bub1-independent fashion to
perform its function in the SAC [86]. However, we suspect that
this pool of kinetochore BubR1 results from the availability of a
high concentration of free MELTP motifs after artificial Bub1
depletion [60, 86]. We show here that BubR1 mutants deprived
of the helical domain that mediates robust kinetochore recruit-
ment of BubR1 are SAC proficient and that further mutation of
the loop disrupts this SAC function. Finally, the BubR1 loop dele-
tion mutants we have tested localize normally to kinetochores
but are entirely SAC defective, clearly showing that the delete-
rious effects of loop mutations on the SAC are uncorrelated
with kinetochore localization of BubR1. In certain organisms,
like C. elegans and S. cerevisiae, the BubR1 ortholog Mad3
may not even be able to localize to kinetochores [62, 87]. The sig-
nificance of kinetochore recruitment of BubR1 remains therefore
an open question for future studies.
In conclusion, our studies illustrate how the divergence of two

paralogs resulted in the emergence of motifs that modulate the
binding affinity of a phosphopeptide-recognition module to allow
binding to distinct binding partners, a vivid example of sub-func-
tionalization. The evolutionary forces that drove the specific
sub-functionalization of Bub andMad proteins, however, remain
uncertain [88] and an interesting subject for future studies.

Figure 7. Model for the Differential Functions of the BubR1 andBub1
Loop
Model showing the different functions of the loops in BubR1 and Bub1. Bub1

and BubR1 form a pseudo-symmetric heterodimer through the B3BDs and

the helix as well as through the presence of Bub3. The loops are not involved

in this interaction but serve different functions. The Bub1 loop enhances

binding of the Bub1:Bub3 complex to Knl1-MELTP motifs, which in turn re-

cruits BubR1:Bub3 to kinetochores. The BubR1 loop, however, is not able to

enhance such an interaction of Bub3 with Knl1 but instead seems to promote

binding of BubR1:Bub3 to the APC/C. This is required for the SAC function of

BubR1. We hypothesize that this interaction could work via modulation of

Bub3 and be regulated in a phosphorylation-dependent manner, arguing that

the BubR1 loop functions in analogy to the Bub1 loop.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

rabbit polyclonal anti-GFP generated in-house N/A

rabbit polyclonal anti-Knl1-N generated in-house #SI0787

rabbit polyclonal anti-Bub1 Abcam Cat#ab9000

mouse monoclonal anti-BubR1 BD Transduction lab Cat#612503

sheep polyclonal anti-BubR1 Stephen S. Taylor, University

of Manchester [89]

N/A

mouse monoclonal anti-Bub3 BD Transduction lab Cat#611731

mouse monoclonal anti-Tubulin Sigma Cat#T9026

rabbit polyclonal anti-Apc7 generated in-house #SI0651

goat polyclonal anti-Apc4 Santa Cruz Cat#sc21414

mouse monoclonal anti-Cdc20 Santa Cruz Cat#sc5296

mouse monoclonal anti-Mad2 generated in-house #AS55-A12

mouse monoclonal anti-Cdc27 BD Transduction lab Cat#610455

mouse monoclonal anti-Vinculin Sigma Cat#V9131

sheep anti-mouse HRP Amersham Cat#NXA931-1ML

donkey anti-rabbit HRP Amersham Cat#NXA934-1ML

human anti-centromere (CREST) Antibodies Inc. Cat#15-234-0001

donkey anti-goat HRP Santa Cruz Cat#sc2020

Protein G HRP Life Technologies Cat#P21041

mouse monoclonal anti-Bub1 Abcam Cat#ab54893

goat anti-human Alexa Fluor-647 Invitrogen Cat#A-21445

goat anti-mouse Rhodamine Red Jackson ImmunoResearch Cat#115-295-003

Chemicals, Peptides, and Recombinant Proteins

APC/C-pE Jan-Michael Peters lab [70] N/A

APC/C-pE-3A this paper N/A

Uba1 Jan-Michael Peters lab [70] N/A

UbcH10 Jan-Michael Peters lab [70] N/A

Ube2S Jan-Michael Peters lab [70] N/A

CycB-NTD Jan-Michael Peters lab [70] N/A

Ubiquitin Enzo Life Sciences Inc. Cat#BML-UW8795-0005

BubR1 1-571 wt/Bub3 Andrea Musacchio lab [31] N/A

BubR1 1-571 wt Andrea Musacchio lab [31] N/A

BubR1 1-571 B1-LL/Bub3 this paper N/A

BubR1 1-571 DLL/Bub3 this paper N/A

BubR1 1-571 DLL this paper N/A

Cdc20 Andrea Musacchio lab [31] N/A

Mad2 Andrea Musacchio lab [31] N/A

Lysyl Endopeptidase Wako Cat#125-05061

Glu-C Endopeptidase Promega Cat#V1651

Protease-inhibitor mix HP Plus Serva Cat#39107

PhosSTOP phosphatase inhibitors Roche Cat#04906845001

Zeocin Invitrogen Cat#R25001

Doxycycline Sigma Cat#D9891; CAS:24390-14-5

Nocodazole Sigma Cat#M1404; CAS:31430-18-9

DAPI Serva Cat#:18860.01

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Poly-L-Lysine Sigma Cat#:P4832; CAS:25988-63-0

CO2-independent medium GIBCO Cat#18045_054

Thymidine Sigma Cat#T1895

Lipofectamine2000 Invitrogen Cat#11668-019

X-treme Gene Roche Cat#06365809001

Poly-D-Lysine Millipore Cat#A-003-E

Mowiol Calbiochem Cat#475904

SILAC DMEM PAA Cat#E15-086

dialyzed serum PAA Cat#A11-107

Arg-0 Sigma Cat#A6969; CAS:1119-34-2

Lys-0 Sigma Cat#L8662; CAS:657-27-2

Arg-10 Silantes Cat#201604102

Lys-8 Silantes Cat#211604102

Urea Sigma Cat#U6504; CAS: 57-13-6

Acetonitrile Fluka Cat#34967; CAS: 75-05-8

Trypsin Promega Cat#V5113

Ammonium Bicarbonate (Ambic) Fluka Cat#C990X98; CAS: 1066-33-7

trifluoroacetic acid (TFA) Sigma Lot#RB228879; CAS: 76-05-1

iodoacetamide Sigma Cat#I6125; CAS: 144-48-9

Experimental Models: Cell Lines

Trichoplusia ni: BTI-Tnao38 Garry W. Blissard Lab N/A

S. frugiperda: Sf9 cells in Sf900TM III SFM Thermo Fisher Cat#12659017

Human: HeLa, female Cervix Adenocarcinoma Cells ATCC Cat#CCL-2TM

Human: Flp-In T-Rex HeLa Stephen S. Taylor,

University of Manchester

N/A

Human: Flp-In T-Rex HeLa GFP Andrea Musacchio lab [60] N/A

Human: Flp-In T-Rex HeLa Bub1 wt Andrea Musacchio lab [60] N/A

Human: Flp-In T-Rex HeLa Bub1 B3BD Andrea Musacchio lab [60] N/A

Human: Flp-In T-Rex HeLa BubR1 wt Andrea Musacchio lab [60] N/A

Human: Flp-In T-Rex HeLa BubR1 B1-L Andrea Musacchio lab [60] N/A

Human: Flp-In T-Rex HeLa BubR1 B1-LL this paper N/A

Human: Flp-In T-Rex HeLa BubR1 B1-LL/DH this paper N/A

Human: Flp-In T-Rex HeLa BubR1 B1-B3BD/B1-H this paper N/A

Human: Flp-In T-Rex HeLa BubR1 KEN1/AAA this paper N/A

Human: Flp-In T-Rex HeLa BubR1 DL this paper N/A

Human: Flp-In T-Rex HeLa BubR1 DLL this paper N/A

Human: Flp-In T-Rex HeLa BubR1 B3BD Andrea Musacchio lab [60] N/A

Human: Flp-In T-Rex HeLa BubR1 B3BD DL this paper N/A

Human: Flp-In T-Rex HeLa Bub1 1-284 this paper N/A

Human: Flp-In T-Rex HeLa BubR1 1-431 this paper N/A

Human: Flp-In T-Rex HeLa BubR1 DB3BD this paper N/A

Human: Flp-In T-Rex HeLa BubR1 E409K+E413K Andrea Musacchio lab [60] N/A

Human: Flp-In T-Rex HeLa BubR1 DH Andrea Musacchio lab [60] N/A

Human: Flp-In T-Rex HeLa BubR1 DL/DH this paper N/A

Experimental Models: Organisms/Strains

E.coli:One Shot OmniMAX 2 T1R Chemically

Competent Cells

Thermo Fisher Cat#C854003

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Oligonucleotides

siRNA Bub1: 50-GGUUGCCAACACAAGUUCU-30 Dharmacon, custom made N/A

siRNAi BubR1: 50-CGGGCAUUUGAAUAUGAAA-30 Dharmacon, custom made N/A

Recombinant DNA

MultiBac Geneva Biotech N/A

pCDNA 5/FRT/TO plasmid Invitrogen Cat#V6520-20

pCDNA5/FRT/TO-EGFP-IRES Andrea Musacchio lab [5] N/A

pCDNA5/FRT/TO-EGFP-Bub1 wt Andrea Musacchio lab [5] N/A

pCDNA5/FRT/TO-EGFP-BubR1 wt Andrea Musacchio lab [5] N/A

pCDNA5/FRT/TO-EGFP-BubR1 B1-LL this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 B1-L Andrea Musacchio lab [60] N/A

pCDNA5/FRT/TO-EGFP-BubR1 KEN1/AAA this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 B1-LL/DH this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 B1-B3BD/B1-H this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 DLL this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 DL this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 B3BD Andrea Musacchio lab [60] N/A

pCDNA5/FRT/TO-EGFP-Bub1 B3BD Andrea Musacchio lab [5] N/A

pCDNA5/FRT/TO-EGFP-BubR1 B3BD DL this paper N/A

pCDNA5/FRT/TO-EGFP-Bub1 1-284 Andrea Musacchio lab [5] N/A

pCDNA5/FRT/TO-EGFP-BubR1 1-431 Andrea Musacchio lab [60] N/A

pCDNA5/FRT/TO-EGFP-BubR1 DB3BD this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 E409K+E413K Andrea Musacchio lab [60] N/A

pCDNA5/FRT/TO-EGFP-BubR1 DH Andrea Musacchio lab [60] N/A

pCDNA5/FRT/TO-EGFP-BubR1 B1-L/DH this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 1-431 B1-L this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 1-431 B1-LL this paper N/A

pCDNA5/FRT/TO-EGFP-Bub1 BR1-L Andrea Musacchio lab [60] N/A

pCDNA5/FRT/TO-EGFP-Bub1 BR1-LL this paper N/A

pCDNA5/FRT/TO-EGFP-BubR1 DL/DH this paper N/A

Software and Algorithms

ImageJ 1.46 r NIH https://imagej.nih.gov/ij/

Imaris 7.3.4 32-bit Bitplane http://www.bitplane.com/imaris

GraphPad Prism 6.0 GraphPad software http://www.graphpad.com

Illustrator CS5.1, version 15.1.0 Adobe http://www.adobe.com

Photoshop CS5.1, version 12.1 Adobe http://www.adobe.com

MaxQuant, version 1.5.2.18 [90] http://www.coxdocs.org/doku.php?

id=maxquant:start

Perseus, version 1.5.1.5 [91] http://www.coxdocs.org/doku.php?

id=perseus:start

Other

Roti!garose Protein A beads Roth Cat#1278.1

Protein G affinity resin Amintra Cat#APG0005

GFP-Trap_A ChromoTek Cat#gta-20

ECL Prime western blotting system GE Healthcare Cat#RPN 2232

Amicon concentrators (10K/30K) Millipore Cat#UFC901024;UFC903024

Nitrocellulose membrane GE Healthcare Cat#10600001

Mowiol mounting media Calbiochem Cat#475904

4%–12% NuPAGE Bis-Tris gels Life Technologies Cat#NP0321BOX

(Continued on next page)
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CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for reagents may be directed to and will be fulfilled by Andrea Musacchio (andrea.musacchio@
mpi-dortmund.mpg.de).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

cDNAs used for expression of recombinant proteins were either of human origin, or generated synthetically based on human
sequences. HeLa (female Cervix Adenocarcinoma) cells were grown in DMEM (PANBiotech) supplemented with 10% FBS, penicillin
and streptomycin and 2 mM L-glutamine. Cells were grown in a humidified atmosphere of 37!C and 5% CO2.

METHOD DETAILS

Mammalian plasmids
Plasmids were derived from the pCDNA5/FRT/TO-EGFP-IRES, a previously modified version [5] of the pCDNA5/FRT/TO vector
(Invitrogen). To create N-terminally tagged EGFP Bub1 and BubR1 truncation constructs, Bub1 and BubR1 sequences were
obtained by PCR amplification from the previously generated pCDNA5/FRT/TO-EGFP-Bub1-IRES and pCDNA5/FRT/TO-EGFP-
BubR1-IRES vector, respectively [5] and subcloned in frame with the GFP-tag. Mutations and deletions within the Bub1 and
BubR1 constructs were generated by standard site-directed mutagenesis or by a mutagenesis protocol [92]. All Bub1 constructs
were RNAi resistant [6]. BubR1-expressing constructs were made siRNA-resistant by changing the sequence targeted by the
RNAi oligos to ‘AACGTGCCTTCGAGTACGAGA’. pCDNA5/FRT/TO-based plasmids were used for generation of stable cell lines,
as well as for transient transfection. All plasmids were verified by sequencing.

Cell culture and transfection
HeLa cells were grown in DMEM (PAN Biotech) supplemented with 10% FBS (Clontech), penicillin and streptomycin (GIBCO) and
2 mM L-glutamine (PAN Biotech). For all plasmid transfections of HeLa cells X-tremeGENE transfection agent (Roche) was used
at a 3:1 ratio with plasmid DNA. Flp-In T-REx HeLa cells used to generate stable doxycycline-inducible cell lines were a gift from
S.S. Taylor (University of Manchester, Manchester, England, UK). Flp-In T-REx host cell lines were maintained in DMEM with
10% tetracycline-free FBS (Clontech) supplemented with 50 mg/ml Zeocin (Invitrogen). Flp-In T-REx HeLa expression cell lines
were generated as previously described [5]. Briefly, Flp-In T-Rex HeLa host cells were cotransfected with a ratio of 9:1 (w/w)
pOG44:pcDNA5/FRT/TO expression plasmid using X-tremeGene transfection agent (Roche). 48 hr after transfection, Flp-In T-Rex
HeLa expression cell lines were put under selection for two weeks in DMEM with 10% tetracycline-free FBS (Invitrogen) supple-
mented with 250 mg/ml Hygromycin (Roche) and 5 mg/ml Blasticidin (ICN Chemicals). The resulting foci were pooled and tested
for expression. Gene expression was induced by addition of 0.05-0.5 mg/ml doxycycline (Sigma) for 24 hr. siBUB1 (GE Healthcare
Dharmacon; 50-GGUUGCCAACACAAGUUCU-30) or siBUBR1 (GE Healthcare Dharmacon; 50-CGGGCAUUUGAAUAUGAAA-30)
duplexes were transfected with Lipofectamine 2000 (Invitrogen) at 50 nM for 24 hr.
For experiments in HeLa cells, cells were synchronized with a double thymidine arrest 5 hr after transfection with siRNA duplexes.

In brief, after washing the cells with PBS they were treated with thymidine for 16 hr and then released into fresh medium. 3 hr after the
release, 50 nM siRNA duplexes were transfected for a second time. 5 hr after transfection, cells were treated with thymidine for 16 hr
and afterward released in fresh medium. Thymidine (Sigma-Aldrich) was used at 2 mM. Unless differently specified, nocodazole
(Sigma-Aldrich) was used at 3.3 mM.

Immunoprecipitation and immunoblotting
To generate mitotic populations for immunoprecipitation experiments, cells were treated with 330 nM nocodazole for 16 hr. Mitotic
cells were then harvested by shake off and lysed in lysis buffer [150 mM KCl, 75 mM HEPES, pH 7.5, 1.5 mM EGTA, 1.5 mMMgCl2,
10% glycerol, and 0.075% NP-40 supplemented with protease inhibitor cocktail (Serva) and PhosSTOP phosphatase inhibitors
(Roche)]. Extracts were precleared using a mixture of protein A–agarose (Roti!garose Protein A beads; Roth) and protein G-agarose

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

His Trap FF (5ml) GE Healthcare Cat#17-5255-01

Superdex 200 Increase 5/150 GL GE Healthcare Cat#28-9909-45

Superdex 200 16/60 GE Healthcare Cat#28989335

Sep-Pak C18 Vac Cartridge, 50 mg Sorbent Waters Cat#WAT054955

24-well m-plate ibidi Cat#82406

35 mm glass bottom m-dishes ibidi Cat#81158

Rotilabo! syringe filters Roth Cat#P820.1
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(Protein G affinity resin; Amintra) beads for 1 hr at 4!C. Subsequently, extracts were incubated with GFP-Traps (ChromoTek; 3 ml/mg
of extract) for 3 hr at 4!C. Immunoprecipitates were washed with lysis buffer and resuspended in sample buffer, boiled, and analyzed
by SDS-PAGE and western blotting using 4%–12% gradient gels (NuPAGE! Bis-Tris Gels, Life technologies). For Cdc27 IPs, cells
were lysed in lysis buffer (described above) and extracts were precleared with protein G-agarose beads for 1 hr at 4!C. Afterward,
extracts were incubated with 1.5 ug/mg of the anti-Cdc27 primary antibody (mouse monoclonal, BD) for 2 hr at 4!C. Subsequently,
protein G-agarose beads were added for 4 hr at 4!C. Immunoprecipitates were washed with a mild wash buffer (lysis buffer without
salt) and analyzed as described above. The following antibodies were used: anti-GFP (in house made rabbit polyclonal anti-
body; 1:1000-3000), anti-Knl1-N (in house made rabbit polyclonal SI0787 antibody; 1:1000), anti-Bub1 (rabbit polyclonal; Ab-
cam; 1:5000), anti-BubR1 (mouse monoclonal; BD; 1:1000), anti-BubR1 (sheep polyclonal, 1:500, a gift from S. S. Taylor (University
of Manchester, Manchester, England, UK)), anti-Bub3 (mouse monoclonal; BD; 1:1000), anti-Tubulin (mouse monoclonal; Sigma;
1:8000), anti-Apc7 (in house made rabbit polyclonal antibody SI0651, 1:500), anti-Apc4 (goat polyclonal, Santa-Cruz, 1:100), anti-
Cdc20 (mouse monoclonal, Santa Cruz, 1:500), anti-Mad2 (in house made mouse monoclonal antibody, clone AS55-A12, 1:500),
anti-Cdc27 (mouse monoclonal, BD; 1:1000-3000), anti-Vinculin (mouse monoclonal, Sigma, 1:20000). Secondary antibodies
were anti–mouse (Amersham), anti-goat (Santa-Cruz) and anti–rabbit (Amersham) affinity-purified with horseradish peroxidase con-
jugate (working dilution 1:10000) or Protein G with horseradish peroxidase conjugate (Life technologies) (working dilution 1:8000).
After incubation with ECL western blotting system (GE Healthcare), images were acquired with the ChemiDocTMMP Imaging System
(BioRad) in 16-bit TIFF format. Images were cropped and converted to 8-bit using ImageJ software (NIH). Brightness and contrast
were adjusted using Photoshop CS5 (Adobe). Unmodified 16-bit TIFF images were used for quantification with ImageJ software.
Measurements were graphed with Excel (Microsoft) and GraphPad Prism version 6.0 for Mac OS X (GraphPad Software).

SILAC and mass spectrometry
For labeling, cells were cultivated for five passages in specialized SILAC medium (DMEM, E15-086, PAA; dialyzed serum, A11-107,
PAA) supplemented with either ‘‘light’’ arginine and lysine (referred to as Arg-0 and Lys-0, A6969 and L8662, Sigma) or ‘‘heavy’’ argi-
nine (13C6

15N4) and lysine (13C6
15N2) (referred to as Arg-10 and Lys-8) [68, 93]. Afterward, cells were synchronized in prometaphase

by the addition of 330 nM nocodazole for 16 hr and harvested by mitotic shake off. During the following anti-GFP IP (described in
immunoprecipitation and immunoblotting) the washing steps were performed in a mild wash buffer (75 mM HEPES, pH 7.5,
1.5 mM EGTA, 1.5 mM MgCl2, 10% glycerol) to preserve potentially weak interactions. IPs were usually performed in duplicates
swapping the labels (called FOR and REV) and repeated three times to be able to perform statistical analyses of the results. The cor-
responding heavy and light samples of the forward and reverse experiment were mixed in the last washing step. Afterward, samples
were processed for mass spectroscopy. Briefly, samples were reduced, alkylated, digested directly on the beads with LysC/Trypsin
and desalted/concentrated on C18-reversed phase stage tips. Samples were then separated on a Thermo Fisher ScientificTM EASY-
nLC 1000 HPLC system using a two hour gradient from 5%–60%with 0.1% formic acid and directly sprayed via a nanoelectrospray
ion source (Proxeon Biosystems, now Thermo Fisher Scientific) in a quadrupole Orbitrap mass spectrometer (Q ExactiveTM, Thermo
Fisher Scientific). The Q ExactiveTM was operated in a data dependent mode acquiring one survey scan and subsequently ten
MS/MS scans [94]. Data were analyzed with the quantitative proteomics software MaxQuant (version 1.5.2.18) [90] and further pro-
cessed in Perseus (version 1.5.1.5) [91]. Contaminants and reverse hits were removed from the protein lists. For t tests and volcano
plots, proteins were further filtered to be quantified in at least 2 out of 3 replicates.

Live cell imaging
Cells were plated on a 24-well m-Plate (Ibidi!). Drugs were diluted in CO2 Independent Medium (GIBCO!) and added to the cells 1 hr
before filming. Cells were imaged every 20 to 30 min in a heated chamber (37!C) on a 3i Marianas system (Intelligent Imaging Inno-
vations Inc.) equipped with Axio Observer Z1 microscope (Zeiss), Plan-Apochromat 40x/1.4NA oil objective, M27 with DIC III Prism
(Zeiss), Orca Flash 4.0 sCMOS Camera (Hamamatsu) and controlled by Slidebook Software 6.0 (Intelligent Imaging Innovations Inc).
For cells expressing theGFP-BubR1 proteins, only cells in which kinetochores were visible (or that were GFP-positive - for constructs
that do not localize to kinetochores) were considered for the analysis.

Fluorescence recovery after photobleaching
For FRAP experiments cells were grown in 35 mm glass bottom m-dishes (Ibidi!). Experiments were performed in the presence of
3.3 mM nocodazole, the presence of the GFP-tagged wild-type or mutant fusionprotein and in the absence of the endogenous pro-
tein. Cells were imaged on a 3iMarianas system (Intelligent Imaging Innovations Inc., described above) using a 100x/1.4NAOil Objec-
tive (Zeiss). Photobleaching was performed as described previously [95]. Briefly, individual kinetochores were bleached with 100%
laser power of an Argon-488 laser line. Images were binned 2x2 to increase signal-over-camera noise. At each time point a z stack
consisting of 3 sections at 0.27 mm intervals was acquired. The GFP-signal was imaged for 5 time frames before photobleaching.
After opening the laser shutter for 5 ms, cells were imaged by time-lapse microscopy, taking a z series every 0.8 s for a total duration
of 2min with an exposure time of 125ms. Imageswere converted intomaximal intensity projections and exported as 16-bit TIFF files.
Measurements of fluorescence intensity were made on the 16-bit maximal intensity projections using ImageJ. Apart from the
bleached KT, a non-bleached KT from the same nucleus and a region of the same size outside of the cell were also measured.
Afterward, measurements were exported into excel. The relative fluorescence intensity was calculated as RFI = (FROI(t)/FBG(t)) /
(FROI(t0)/FBG(t0)), as also described in [96], to correct for background intensity and for photobleaching that occurred during image
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acquisition. FROI(t) is the intensity of the bleached KT at different time points after bleaching, FBG(t) is the intensity of the control non-
bleached KT at the corresponding time points. FROI(t0) is the average intensity of the bleached KT before bleaching, FBG(t0) is the
average intensity of the control non-bleached KT before bleaching. A baseline value, calculated from the region outside of the
cell, was subtracted from all values before entering the values into the formula shown above. The final data were analyzed using
Graph Pad Prism 6.0. Between 5 and 20 cells from at least two independent experiments were analyzed for each investigated
construct.

Immunofluorescence
HeLa cells and Flp-In T-REx HeLa cells were grown on coverslips precoated with poly-D-Lysine (Millipore, 15 mg/ml) and poly-L-
Lysine (Sigma), respectively. For the experiments with HeLa cells, cells were synchronized with a double thymidine block and after
release from that arrested in prometaphase by the addition of 330 nM nocodazole for 3 hr. For all other experiments, asynchronously
growing cells were arrested in prometaphase by the addition of nocodazole for 3-4 hr and fixed using 4% paraformaldehyde. Cells
were stained for Bub1 (mouse, ab54893, 1:400) and CREST/anti-centromere antibodies (Antibodies, Inc., 1:100), diluted in 2%BSA-
PBS for 1.5 hr. Goat anti–human Alexa Fluor 647 (Invitrogen) and goat anti–mouse RRX (Jackson ImmunoResearch Laboratories,
Inc.) were used as secondary antibodies. DNA was stained with 0.5 mg/ml DAPI (Serva) and coverslips were mounted with Mowiol
mounting media (Calbiochem). Cells were imaged at room temperature using a spinning disk confocal device on the 3i Marianas
system equipped with an Axio Observer Z1 microscope (Zeiss), a CSU-X1 confocal scanner unit (Yokogawa Electric Corporation),
Plan-Apochromat 63x or 100x/1.4NAOil Objectives (Zeiss) and Orca Flash 4.0 sCMOSCamera (Hamamatsu). Images were acquired
as z sections at 0.27 mm. Images were converted into maximal intensity projections, exported, and converted into 8-bit. Quantifica-
tion of kinetochore signals was performed on unmodified 16-bit z series images using Imaris 7.3.4 32-bit software (Bitplane). After
background subtraction, all signals were normalized to CREST. At least 307 kinetochores were analyzed per condition. Measure-
ments were exported in Excel (Microsoft) and graphed with GraphPad Prism 6.0 (GraphPad Software).

Protein expression and purification
Sequences coding for H6-mTurquoise-BubR11-571-DLL and H6-mTurquoise-BubR11-571-B1-LL were sub-cloned into pFLMultiBac
vectors and baculoviruses were generated [97]. Expression of H6-mTurquoise-BubR11-571, the BubR1 mutant constructs, untagged
Bub3, and Mps1 was performed in TnaO38 insect cells. Expression of H6-3xMyc-and BUB1:BUB3 was carried out in Sf9 cells.
Expression of H6-Mad2 was carried out in Escherichia coli [97]. After infection with virus (1:50), cultures were grown at 27!C degrees
and harvested after three days, and pellets stored at "20!C. MAD1:C-MAD2 and BUBR1:BUB3 were cultured by mixing individual
viruses, each harboring individual genes. MPS1 was expressed in the presence of 2 mM Reversine. Insect cells were harvested by
centrifugation at 750 g for 12min in a Sorvall RC3BP+ (Thermo Scientific) centrifuge with Rotor H6000A. The pellet was resuspended
in PBS, centrifuged at 500 g for 5 min, the supernatant was discarded and the pellet was stored at "20!C.
Generally, the cell pellet from 1 l of insect cell culture volume was re-suspended in 250 mL lysis buffer (25 mM HEPES pH 7.5,

300 mM NaCl, 5% glycerol, 10 mM imidazole, 1 mM TCEP, 1 mM PMSF). Cdc20 was purified in lysis buffer with 500 mM NaCl. Cells
were lysed by sonication and centrifuged at 108000 g (Rotor JA30.50, Avanti-J30I, Beckman Coulter) for 30 min at 4!C. The super-
natant was filtered through 0.8 mmRotilabo! syringe filters (Carl Roth GmbH). The proteins were isolated from the cleared lysate on a
5 mL HisTrap FF affinity column (GE Healthcare). Peak fractions were pooled, concentrated, and further purified in gelfiltration buffer
(10 mM HEPES pH 7.5, 150 mM NaCl, 5% glycerol, 1 mM TCEP) by size exclusion chromatography on a S200 16/60 column
(GE Healthcare). Peak fractions were pooled, concentrated to typically 3 to 5 mg/ml, flash frozen and stored at "80!C until use.
For the purification of recombinant MCC complexes, individual purified MCC components were mixed to obtain 250 mg of MCC

and incubated at 4!C over night. Afterward, gelfiltration was performed using a Superdex 200 increase 5/150 column (GEHealthcare)
equilibrated against a buffer containing 20 mM HEPES pH 7.5, 200 mM NaCl and 2 mM DTT. Peak fractions were pooled, concen-
trated flash frozen and stored at "80!C.

Size-exclusion chromatography mobility shift assay
Proteins tested for interactions were diluted to a final concentration of 5 mM in 50 ml reactions in binding buffer (10mMHEPES pH 7.5,
150 mM NaCl, 5% glycerol, 1 mM TCEP, 1 mM MgCl2) and incubated at 4!C over night. Complex formation was analyzed by size
exclusion chromatography on a Superdex 200 increase 5/150 column (GE Healthcare). Eluates were analyzed by SDS-PAGE and
Coomassie staining.

MCC assembly kinetics
The assay was performed precisely as described [31]. Fluorimeter scans were performed on a Fluoromax 4 (Jobin Yvon) in a buffer
containing fresh 10 mM HEPES (pH 7.5), 150 mM NaCl, 2.5% glycerol, 10 mM beta-mercaptoenthanol and 0.05% Triton X-100.
Mixtures were excited at 430 nm and the emissions were scanned from 450 to 650 nm. Single wavelength acceptor fluorescence
measurements were carried out at 583 nm. Mixtures of MAD1:C-MAD2 with BUB1:BUB3 and/or MPS1 were pre-incubated at
1 mM for 30 min at 30 degrees. Assays were performed using 100 nM of all proteins, except CDC20, which was added at 500 nM.
Curves reporting time-dependent changes in FRET signal report single measurements representative of at least three independent
technical replicates.

Current Biology 27, 2915–2927.e1–e7, October 9, 2017 e6



APC/C-mediated ubiquitination assays
To measure the activity of APC/C, its ability to form poly-ubiquitin chains on its substrate Cyclin B was analyzed. Recombinant
APC/C-pE, containing 68 phospho-mimicking mutations [70], was used as mimic of mitotic APC/C. APC/C-pE (20 nM) and
Cdc20 (100 nM) were part of a mastermix with 500 nM CycBNTD*, 500 nM UbcH10, 500 nM Ube2S, 2.5 mM MgATP and
0.5 mg/ml BSA. This was aliquoted and mixed with recombinant MCC versions (30 nM) on ice. Reactions were equilibrated to
room temperature for 10 min and afterward started by the addition of the Uba1 (100 nM)/Ub (100 mM) mix. After 30, 60 and
120 min reactions were stopped by the addition of SDS sample buffer. Samples were analyzed by SDS-PAGE and fluorescence
scanning.

QUANTIFICATION AND STATISTICAL ANALYSES

For FRAP experiments, statistical analysis is described in the Figure legends, in the Method Details, and in Table S1. For kinetochore
localization experiments and checkpoint assays, quantification and statistical analysis (mean ± SEM) are described in the figure leg-
ends. Quantification and statistical analysis of immunoprecipitation experiments (mean ± SEM) are described in the figure legends.
Analysis of SILAC data is described in the Methods details.

DATA AND SOFTWARE AVAILABILITY

The full list of interacting proteins identified in the SILAC experiments is available with the online version of the paper as Data S1.
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