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Abstract

Unanchored polyubiquitin chains are emerging as important regulatoedidar physiology with diverse roles
paralleling those of substrate-conjugated polyubiquitin. However todks b discriminate unanchored
polyubiquitin chains of different isopeptide linkages have not loestribed. W describe the design &f
linker-optimised ubiquitin-binding domain hybrid (t-UBD) containingotWBDs, a ZnF-UBP domain in
tandem with a linkage-selective UBA domain, which exploits avidity effecafford selective recognition of
unanchored Lys48-linked polyubiquitin chains. Utilising natit® to quantitatively probe binding affinities we
confirm cooperative binding of the UBDs within the synthetic protein, and dekinelihg specificity for
Lys48-linked ubiquitin dimers. Furthermore MS/MS analyses indicatethieat-UBD, when applied as an
affinity enrichment reagent, can be used to favour the purificafie@ndogenous unanchored Lys48-linked
polyubiquitin chains from mammalian cell extracts. Our study indidhi@sstrategies for the rational design
and engineering of polyubiquitin chain-selective binding in notebioal polymers are possible, paving the
way for the generation of reagents to probe unanchored polyubighisins of different linkages and more

broadly the‘ubiquitomeé.



Statement of significance

Importance and functional significance of the research (max 200 words)

Unanchored (substrate-free) polyubiquitin chains are naturally-ocguoovalently-linked polymers of the
ubiquitin protein which are emerging as important regulators of ubiguitidiated processes. However little is
known about their composition/structure, assembly mechanisms amskbtetctions in part due to the inability
of current molecular tools to distinguish unanchored polyubiquitin shfainm the more widely characterised
substrate-anchored forms. We reasoned it should be possible to @ediggnthesize a non-biological protein
containing tandem ubiquitin-binding domains (natural ubiquitin reitiognelements) which would exploit
avidity effects to afford the selective recognition and purification e€i§ip forms of unanchored polyubiquitin,
Lys48-linked chains. We describe use of a computational design appraseth dn combination of existing
molecular structures, the application of quantitative native mass spectrametefine binding affinities, as
well as a demonstration using MS/MS that the synthetic protein exhibits desired tsipduificity in vitro and

in cell extracts. This is the first exploration of the utility of thipe of selective artificial tandem ubiquitin-
binding domain hybrid and indicates the rational design and enginedringre general polyubiquitin chain-
selective binding in non-biological polymers is viable. Such reageatsssential for future mechanistic studies

of ubiquitin-mediated signalling in vivo.



1 Introduction

Ubiquitination, the covalent post-translational modification of target proteitts whiquitin, is central to the
regulation of a diverse array of biological procesS['[QnalIing versatility arises from the ability of ubiquitin
to form eight structurally unique polyubiquitin chain types, Whi@ry according to linkage (isopeptide and
peptide) and chain length, on selected (usp&lsg residues within the substrate sequeﬁel—[@]/vever, more
recently physiological roles for unanchored (substrate-free) polyibighains have also begun to emerge, for
example with respect to regulation of protein kinase actiEIy [3], inmatauine signalling, and the
aggresome responﬁ. In each case non-covalent binding of unanchored polyubiquitin chaisetific
effedor proteins underlies the respective biological process targhsetbr ubiquitin signalling mediated via
conjugated polyubiquitin, unanchored chains with different linkagasslaite in to different signalling

outcomes. However, to date molecular tools to sthityunanchored fraction of the ‘ubiquitome’ are limited.

Non-covalent recognition of (poly)ubiquitin is afforded #ytool box’ of ubiquitin-binding domains (UBDs)
found within ubiquitin-binding proteinsncluding small helical structural motifs and zinc-finger dormg8],
which recognise distinct surface patches on ubiquitin. The three-befidle ubiquitin-associated (UBA
domain typically recognises a hydrophobic patch centred on IledBiguitin, while the zinc-finger ZnF A20
domain binds specifically to the polar Asp58 face of ubiqn'[a]e ZnF-UBP domain specifically targets the
free C-terminus (Gly75/Gly76) of ubiquiti, thus distinguishing between conjugated polyubiquitin chains
and those that are substrate-free. A limited number of isolated UBDs cadedpgalyubiquitin signals in a
linkage-selective manner. The archetypal example is the UBA2 domditiRR3A, a proteasome shuttle
protein which recognises L#8-linked chains by simultaneous binding to lle44 sites on distal aoxnpal
ubiquitins in a diubiquitin unit, via two binding faces on the sameé\JB1]. More recently, natural UBDs
selective forLys29/Lys33-linked diubiquitin have also been identi.[AIternativer, linkage selectivity of
ubiquitin-binding proteins can be achieved by placing multiple non-spé¢BDs in tandem, with the linker
region between them positioning the domains for efficient avidifgnacross different ubiquitins, which in the
case of Rap80 achieves selective recognition of Lys63-linked polyuhicq1hiains. The deubiquitinating
enzyme USP5 is a good example of a natural multi-UBD protein, with bilgirgZnF-UBP domain, catalytic
site and two UBA domains promoting the selective recognition of tnmaed polyubiquitin chains, over

monoubiquitin, albeit independent of chain Iink.[



Insights into the biological significance of different polyubiquitirseasblies, and the ubiquitin-mediated
processes they regulate, have in part been afforded by exploitimghdrent specificities of UBDs as in vitro
tools. We previously used the isolated ZnF-UBP domain of USP5 to alewaffinity purification of

unanchored polyubiquitin from a range of different speflés

utilised to purify or detect ubiquitin-modified proteins in vi
living cells , often with linkage selectivity Furthermore artificial protein sequences, termed Tandem
Ubiquitin-Binding Entities (TUBES), representing multiple repeats of the ganaevery recently differe)

UBD sequence have been developed as tools to probe polyubiquitin nsAs for their natural
counterparts, avidity effects account for the high affinity binddigfUBEs to polyubiquitin, although these
polymers do not typically exhibit linkage selectiv. In contrast, Sims and co-work have extended
the Rap80 model and described the design of a Lys63 polyubiquitin-sflactive agent as a sensor for
localisation and linkage-dependence of ubiquitin signalling by usmdtiple tandem natural ubiquitin
interacting motifs (UIMs). Thus UBDs are in principle amenable to synthetic biologaghe involving

assembly of tandem UBDs with engineered recognition properties.

Indeed a future challenge is the development of bio-inspired etictteagents for the selective detection and
purification of polyubiquiin chains of defined chain linkage/length, and which distinguish aneaiad from
conjugated polyubiquitin. Towards this goal we demonstrate the ratiesigh and validation using different
MS approaches, of a tandem URBDUBD) hybrid protein containing a ZnF-UBP domain joirteda Lys48-
polyubiquitin-selective UBA domain, which exploits avidity effectaliow the recognition and purification of
unanchored Lys48-linked polyubiquitin chains. This study seages first proof-of-concept that polyubiquitin-
selective recognitiortan be achieved using novel assemblisdiffering UBDs in tandem with optimised

linkage-selective avidity effects.

2 Materials and methods

2.1t-UBD gene construction

Molecular modelling (see supplementary information for details) was completddtéomine the optimum
linker length to join the UBA2 domain of hHR23A and the ZnF-URiain of USP16, to generate the t-UBD.
Accordingly the codon optimised DNA coding sequence for the UBARHIR23A (residues 315-362), a

2xAsp4xGly linker and the ZnF-UBP domain of USP16 (residues 33-d4s assembled N to C terminally,



with BamHI and Xho restriction sites included at the 5” and 3° ends respectively. The synthetic DNA was
commercially sourced (Dundee Cell Products) and cloned in to the corresp®adimdl and Xhol sites of
pPpGEX-4T-1 (GE Healthcare). Point mutations (ZnF-UBP-Arg84Ala and insertions/dedediathe linker of Gly
residues) to the t-UBD gene were introduced by site-directed mutagenesish@niedkit, Stratagene, Agilent,

Stockport, UK), construct integrity was confirmed by DNA sequencing.

2.2 Protein expression and purification

The t-UBD (see supplementary information for detail), ZnF-UBP domairJ®P5 (as per|[15]) and
monoubiquitin (WT and mutant lacking the C-terminal Gly75 and Gly765G), as pe) were expressed,
purified and desalted into 25 mM ammonium acetate (pH 7) in house. Dedaltéguitin (Lys48 and Lys63

linked, Boston Biochem) was commercially sourced

2.3 Native mass spectrometry

Native ESI experiments were performed on a Waters (Altrincham, UK) SyaapHigh Definition Mass
Spectrometer (HDMS) - a hybrid quadrupole- time of flight instrument, pgdipvith standard electrospray
source. The instrument was operated in positive-ion mode, over theingcaange of m/z 100@00Q
Instrument parameters were: ESI capillary voltage, 2.5 kV, sample congey@taV, extraction cone voltage,
5V, trap and transfer collision voltage, 8 and 5 V respectively. Pressaiatained throughout the instrument
were; backing pressure, 4-4.2 mBar, trap pressure, 266>mbar and TOF region pressure, 1.8 x®If@ibar.

Waters MassLynx 4.1 software was used to operate the instrument aedseittly process data.

Using ESI-MS, the binding affinity of the t-UBD for ubiquitin stidases was determined by titrating the
ubiquitin substrate (11M) against the t-UBD at varying concentrations (2, 4, 6, and 8 uM) (three replicates at
each titre value). Samples were prepared as 50:50 (v/v) solution mixt#BsniM ammonium acetate (pH 7)
and directly infused into the masgectrometer using a 100 uL Hamilton syringe (Bonaduz, Switzerland) and
syringe pump (Harvard 22 dual syringe pump, model 55-2222 tdal]is1A, USA). Minimum smoothing and
background subtraction was applied to the obtained spectra prior toisraigding affinities were determined
by comparing the ratios of signal intensities attributed to unbound )gbadpitin and bound t-

UBD-+(poly)ubiquitin ions (see [22] for details on k determination).



2.4 Pull-down assays

Purified t-UBD or ZnF-UBP was immobilized to cyanogen bromide-atdiy Sepharose 4B (GE Healthcare) at
equimolar concentration (t-UBD 1.33 mg/ml; ZnF-UBP - 1 mg/ml) as previously descriliEg, [wherein bait
proves the limiting factor in the capture of unanchored polyubiqgaitains from cell extracts. t-UBD or ZnF-
UBP Sepharose was then used to capture either commercial diubiquitin or endogemanchored
polyubiquitin from HEK293T cell lysates, as previously descri (see supplementary information for
detail). Sepharose captures were then either western blotted, submitted to a deubiquassstiqror digested

with trypsin and analysed by LC-MS/MS.

2.5 Western blotting

50 uL of t-UBD or ZnF-UBP Sepharose captures were eluted into gel loading bufferategply 5-20%
polyacrylamide SDS PAGE and immunoblotted against ubiquitin (VU-1, Lifs@snPA, USA) or the Lys48
polyubiquitin linkage (Apu-2, Millipore, Watford, UK), according tetmanufacturés guidelines. Blots were

detected by ECL (Western lightning plus, Perkin Elmer).

2.6 Deubiquitination assay

50 uL t-UBD or ZnF-UBP Sepharose captures were incubated overnight at @#hC50 pL of full-length
human USP5 (10 ng/uL, ENZO Life Sciences, Exeter, UK) or 50 puL of the catalytic core of the USP2 (25
ng/uL, ENZO Life Sciences, Exeter, UK), in DUB buffer (50 mM Tris (pH 7.5), 1 mM DTT). The reaction was

guenched with the addition of gel loading buffer, and immunoblotted stigaiiguitin (VU-1).

2.7 Protein digestion, analysis by tandem mass spectrometry and data processing

Proteins affinity purified on t-UBD or ZnF-UBP Sepharose were elutedQrit® formic acid (pH 2), and
digested according to a modified FASP strat.[BriefIy, eluate was buffer exchanged (Amicon ultra, 0.5
ml, 10 kDa MWCO) into digestion buffer (2 M urea, 0.1 M ammonium bimaate (pH 8), 5% (v/v)
acetonitrile), reduced (50 mM DTT), alkylated (100 mM chloroacetamide, SigmaetD®K) and digested
with trypsin (sequencing grade modified porcine trypsin, Prom&gathampton, UK). After overnight
digestion, peptides were extracted (70% acetonitrile, 0.1% formic acid) anghvaemtrifuged to dryneskC-
MS/MS was carried out using an RSLC nano HPLC system (Dionex,ad&)an LTQ-Orbitrap-Velos mass

spectrometer (Thermo Scientific) (see supporting information for detaihmple loading and analysis).



3 Results

3.1 Designing and purifying thet-UBD

We previously showed that the ZnF-UBP domain fr@ deubiquitinating enzyme USP5 recognises, with
relatively high affinity, the free C-terminus of unanchored ubigyHiiy =~ 2.3 uM vs monoubiquitin|R2]), and
can be used to affinity purify endogenous unanchored polyubiqkiims from a range of biological sources
. Importantly the specificity of the ZnF-UBP domain excludes the fipation of conjugated
polyubiquitin and associated covalently modified target proteins. Howevezgidre quantitative electrospray
ionisation mass spectrometry (B8B) interaction studies confirmed that this UBD exhibits no intrinsic
selectivity for unanchored ubiquitin dimers or tetramers of diffeésapeptide Iinkage%l. A further caveat to
the use of the isolated ZnF-UBP domain in the purification of urmadhpolyubiquitin is thait also fails to
discriminate between free ubiquitin monomers and chains, the fafnehich predominate in vivo. Thus,

purifications can be dominated by abundant monoubiquitin whichngaact downstream analysﬁ.

Here we describe the design afnovel synthetic t-UBD which for the first time utilises two differ&BDs in
tandem to exploit avidity effects that afford the selective recognition and putiificaof unanchored
polyubiquitin chains of defined linkage. We reasoned that by utiligiagZnF-UBP domain (residues 23-143)
of the deubiquitinating enzyme USP164(K 6.5 uM vs monoubiquitin) in place of the ZnF-UBP domain
of USP5 (K = 2.8 uM vs monoubiquitin) we would further disfavour recognition of malpiquitin. Thus our
construct included the ZnF-UBP domain (residued23-of USP16 in tandem with the L48-selective UBA2
domain of hHHR23A (residues 31352 . Accordingly the ZnF-UBP domain of USP16 (pdb code 21583
modelled onto the existing USP5 ZnF-UBP:monoubiquitin complex @mtie 2G45). This model guided
docking of the ZnF-UBP domain on to the protruding free C-tarmiaf the proximal ubiquitin of the
UBAZ2:Lys48-diubiquitin complex (pdb code 1Z06). Molecular dynamic (MD) simulatiasese used (see
supplementary information) to generate a sterically and energetically plangidid of the complex, which
indicated a requirement for a linker length of at least 17 A (equivadesix residues) between the final
structured C-terminal Phe360 residefetUBA2 and first structured N-terminal Val23 residue of the ZnF-UBP.
We inserted a linker which accommodated the two native C-terminal aspartatebdrBA2 sequence (see
supporting information Figure 1 for complete primary sequence)s,Tihe final arrangement of the t-UBD

placed the UBA2 domain N-terminal to the ZnF-UBP domain separated byamsin acid (AsgGly,) flexible



linker (Figure 1). A plasmid for the expression of the t-UBD in E. cak @enerated from the appropriate DNA
sequence and used to produce the synthetic protein with an N-terminaff3®y tag. Expressed protein was
purified using glutathione-Sepharose, with t-UBD released using tlimaofwiih a residual N-terminal GlySer
from the thrombin cleavage site). Following purification, the constnas assessed by SDS-PAGE and mass

spectrometry (supplementary Figure 2 ahd 3

3.2 Probing t-UBD specificity by native mass spectrometry

To determine if the desired avidity effects were realised in the syntHdB®tprotein, we performed native
ESI-MS interaction studies in combination with protein mutagenesis. We usedematuring conditions to
maintain non-covalent UBD:(poly)ubiquitin complexes in the gas pep{ermitting binding affinities to be
estimated from titration analyses. We have previously shown that this rakthpdives affinities in excellent
agreement with data derived from other biophysical techniques but wittaged speed and reduced sample
consumptio. Using ESI-MS we found that the t-UBD readily formed complexes winchored Lys48-
diubiquitin, binding with a K~ 1 uM, compared to Lys63-diubiquitin withd& 9 uM (Figure 2, left and Table

I) and monoubiquitin with K= 11uM (Table I). Consistent with our ESI-MS data, protein pull-down assays
using t-UBD Sepharose confirmed preferential capture of unanchgetBidiubiquitin compared to Lys63-
diubiquitin (Figure2, right); in comparison, under the conditions used, the higher affihian USP16) isolated

ZnF-UBP domain from USP5 was able to capture Lys63-diutiigidy = 2.8 + 0.3uM).

Since the isolated UBA2 domain has a previously reportgd/sKLys48-diubiquitin of~ 18 uyM and vs
monoubiquitin of= 200 uM , and the ZnF-UBP (USP16) aqks monoubiquitin of= 6.5 uM , we
rationalised the higér affinity (= 1 uM) interaction of the t-UBD with unanchored Lys48-diubiquitinules
from both UBDs simultaneolysrecognising both ubiquitin units in the Lys48-linked dintaurther, binding of
the t-UBD to Lys63-diubiquitin with K~ 9 uM was entirely consistent with recognition of just the proximal
ubiquitin by the ZnF-UBP and the functionality of that UBDo test the contribution of both UBDs to
recognition of unanchored Lys48-diubiquitin we mutated a criticaBArgsidue in the ZnF-UBP sequence of
the t-UBD and assessed binding of the mutant. In this case an apag@it 23 uM vs Lys48-diubiquitin
(Table 1), comparable to that we reported for the UBA2 alghe= 18 uM), is consistent with abrogating the
ZnF-UBP interaction with only the UBA2 contributing to binding. The datggests that tandem UBDs are

contributing toan avidity effect which underlies high affinity recognition of L@sdiubiquitin. Likewise, use of



a monoubiquitin mutant lacking the C-terminal Gly75 and Gly76, critical foogmtion by the ZnF-UBP
domain , produced a apparent i with the wild-type t-UBD ofx 198 uM (Table 1), consistent with only
weak binding at the UBA2. Thus, we can conclude that our engineetity affect contributes to & 11-fold
preference of the t-UBD for unanchored #§sdiubiquitin over monoubiquitin and that the t-UBD exhibits
selectivity for Lys48-linked dimers (at least 7-fold over Lys63-lindaders). It is noteworthy that selectivity
comparable magnitude is reported for the naturally occurring tandem &fIRap80, which show am 24-fold

selectivity for Lys63-diubiquitin over monoubiquit.

3.3 Optimising the t-UBD linker length

We next assessed if our rational design strategy had arrived at the optaxilnhe finker length connecting the
UBA2 and ZnF-UBP domains for the recognition of unanchored4&yubiquitin. Previous studies have
shown that in the natural tandem UIM construct Rap80, the linker lendtitsastructural integrity significantly
modulates the affinity for Lys63-linked polyubiquitin chains thiougvidity effects, by controlling UIM
orientation and the relative phasing of binding sites along the x Accordingly, we used site-directed
mutagenesis to determine the effects on Lys48-diubiquitin recogritiashortening or lengthening the six
residue flexible linker in the t-UBD. t-UBD sequences with 4-8 residueits were produced and again native
ESI-MS was used to estimate binding affinitissunanchored Lys48-diubiquitin (Figure 3). We found that the
addition or removal o& single Gly residue from the linker increased the appargmakies, thus diminishing
the avidity effect. The addition or removal of two residues prodapgarent I values ofx 10 uM, close to
those reported for the isolated ZnF-UBS$monoubiquitin (K = 6.5 uM ) suggesting a major contribution
of only this domain to the binding event. We speculate that wedakding with shorter and longer linkers
presumably reflect clashes between the two UBDs, linker and diubigsitortening) and higher entropic costs

associated with ordering the linker upon binding (Ilengthening).

3.4 Purification of endogenous unanchored polyubiquitin chains by thet-UBD

We went on to assess the binding properties of the t-UBD with itegpeabe purification of endogenous
unanchored polyubiquitin chains from mammalian c&Western blot analyses confirmed that in comparison to
the isolated ZnF-UBP domain from USP5, under bait-limiting conditithnes,t-UBD displayed preferential
capture of longer unanchored polyubiquitin chains from HEK293T ecetthcts (Figure 4, grey triangle), as

detected with both anti-ubiquitin (Figure 4A)r Lys48-polyubiquitin specific antibodies (Figure 4B).

10



Importantly analysis of the blots revealed a clear advantage of th®tav8r the original isolated ZnF-UBP
domain, with almost no capture of free monoubiquitin associaitbdtie former, reflecting the lower binding
affinity of the ZnF-UBP domain of USP16 (Figure 4A). The wiamed nature of the purified chains was
confirmed by treatment of samples captured on beads with the lpeettiusn deubiquitinating enzyme USP2
(catalytic core, Figure 4D) and also full-length USP5 (Figure 4C), whicigidyhselective for substrate-free
polyubiquitin ; in both cases chains were completely disassembled to ubiquitin mondrhere was no
obvious preference of the t-UBD over the isolated ZnF-UBP domainerfidiogenous Lys48-diubiquitin
although this may represent the relatively high abundance of this linkagedogenous dime . The
preferential binding to longer chains of the t-UBD over the isolated ZnP-t@nain supports previous ESI-
MS data in which the UBA2 domain displays a higher affinitytédraubiquitinvs diubiquitin (8 uM vs 18 pM)
. We speculate that as with tandem UI[ the compact nature of long L4&linked chains may lead to

increased avidity effects owing to simultaneous interaction of nacewlj ubiquitins with the t-UBD.

To confirm the identity of polyubiquitin linkages in the purified endagenunanchored chain mixtures, we
performed LCMS/MS analyse®f samples captured in parallel from HEK293T cells using the t-UBD compared
to the isolated ZnF-UBP from USP5. From the AWBP captured samples we detected signature peptides,
indicating a significant abundance of all seven isopeptide linkages othorad polyubiquitin chains (Lys6,
Lysll, Lys27 Lys29, Lys33, Lys48, Lys63; Figure 5 two biological replicas presented)he peptide
sequences identified and representative MS/MS spectra can be found lenmmmpry Figures 4 and 5.
Detection of Lys6, Lys27, Lys29 and 3% linkages represents the first direct demonstration that the
endogenous unanchored polyubiquitin pool includes these chain. tiftesugh we do not provide a
guantitative description of relative abundance of signature peptides (and ldydeicuitin linkage) in the
endogenous unanchored polyubiquitin pool, the ~four-fold increasieeirspectral count of Lys48 signature
peptides in the samples produced using the t-UBD (Figure 5) strimiates linkage selectivity is maintained

in these in vitro pull-down.
4 Discussion

Unanchored polyubiquitin chains are emerging as important regulatceidér physiology, with diverse roles

which parallel those of substrate-conjugated polyubiguBgminal work from the Chen lab defined roles for

11



endogenous unanchored polyubiquitin chains with different liekag the direct activation of some protein

kinaseﬁ]. Subsequently a variety of physiological roles have em@kg’ﬂd&ﬁ?.

We previously exploited the isolated ZnF-UBP domain from USP5 to affardirst affinity purifications of
endogenous unanchored polyubiquitin chains from a range tdghial sources . Although the
purification of conjugated polyubiquitin was excluded, the approachviever non-selective with respect to
different polyubiquitin linkages and also is complicated by the captureufdabnt free ubiquitin monomers
which predominate in vivo. Here we show it is feasible to design syntkatiemts which exploit avidity effects
to permit the recognition and purification of unanchored polyubiquti@ins of defined linkage, in this case
Lys48, by placing a ZnF-UBP domain in concert with a linkage-selediB& domain. Our design perspective
built upon the structural insights that natural linkage-selectivity tandBD interactions have so far provided,;
avidity effects are a key factor in fine tuning polyubiquitin selegtigitd can be used to disfavour binding to
monomeric ubiquitin. Indeed utilising the lower affinity (than tbAUSP5) ZnF-UBP domain of USP16 in the
t-UBD sequence (K vs monoubiquitin = 6.5 uM), we were able to strongly disfavour the capture of

monoubiquitin in pull-downs from cell extracts.

Several lines of evidence support the notion that within the artificial t-UBBtoact both UBDs are functional
individually, and furthermore work cooperatively to afford high#ingy interactions with Lys48-diubiquitin
Most persuasively, ESI-MS interaction studies demonstrated binding ofUBd tprotein to unanchored
Lys48-diubiquitin with an apparentkof ~ 1uM, which is greater than that associated with either of the
individual UBDs in isolation. In contrast, binding of t-UBD to uohared Lys63-diubiquitin was of similar
affinity to the isolated ZnF-UBP:monoubiquitin interaction, suggesitnthis case simple recognition at the
proximal ubiquitin in the dimer by the ZnF-UBP alokkse of mutant monoubiquitin as ligand and mutagenesis

of the ZnF-UBP domain within the t-UBD provided additional confirmatf@functionality of both domains.

As noted previously the magnitude of the avidity effect we generatee {&ifiold preference of the t-UBD for
unanchored Lys48-diubiquitin over monoubiquitin) may appetatively modest, but this is of a similar
magnitude to that for the naturally occurring tandem UIMs in RapB@&wdisplay arx 24-fold preference for
Lys63-diubiquitin over monoubiquiti. Both our designed (t-UBD) and these natural (Rap80) UBDs do

however represent the minimal tandem array, and indeed much higindy dfinding can be achieved by

12



placing multiple UBDs in tandem, as was achieved bysSimd co-workers using three identical UIMs in a
single structuredx-helix . This similarly explains the high affinity (non-selective) polyubiop-binding
properties of TUBEs (consisting of a tandem array of flexiblydthUBA domains). Thus, it should be possible
to extend our design strategy to incorporate additi&fBDs in order to promote further interactions which
favour the recognition of longer unanchored polyubiquitin ch&esassuringly, our modelling approach led to
the optimum flexible linker length (with longer or shorter linkessociated with weaker binding), although it
would be of interest to explore the effects on binding affinitguddstituting rigid helical linkers to more tightly
constrain the tandem UBD arrangement. Given that our MS/MS analysegshsesisglated linkage-independent
ZnF-UBP domain of USP5 alongside the t-UBD revealed that all of theiitibigsopeptide linkageparticipate

in unanchored polyubiquitin chain formation in mammalian cells, we anticipdstiteiting other linkage-
selective UBDs for the UBA2 to permit the recognition, detection andigaiion of unanchored chains of all
linkage type allowing further dissection of the linkage-selective rolesmaifchored polyubiquitin in regulating

cell physiology.

In summary our work serves as pradfeoncept for the rational design of UBD hybrids with defined
unanchored polyubiquitin selectivity, which we plan to evolve thnofigther design iterations. We have
demonstrated one application of the t-UBD, in the selective affinity purificafi@ndogenous unanchored
polyubiquitin chains, but such tools could easily be adapted beyoifitation to generate probes to monitor

dynamic changes in ubiquitination patterns in live cells or as transient imbilmfoubiquitin-dependent
pathways in viv.
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Figurelegends

Figure 1: t-UBD structure. (Right) Model of the t-UBD hybrid protein produced by dockiggided bypdb
code 2150) the ZnF-UBP domain of USP16 (blue) on to the protriciedC-terminus of the proximal ubiquitin
in a model of the hHR23A-UBA2:Lys48-diubiquitin complex (green t{paobscured), yellow; pdb code
1706). The distance between C-terminal Phe360 of UBA2 and N-terwi@élof ZnF-UBP (both red) was
estimated as 17.2 A and indicated an absolute minimum linker lengtk esidues. We subsequently included
a six residue flexible linker, including four glycine residues (white) alorthp wio C-terminal aspartates

donated by the UBA2 sequence. (Left) Cartoon representation of the t-WWBE.m

Figure 2 Confirming the functionality of the t-UBD with unanchored ubiquitin dimers. (Left)
Representative ESI-MS spectra showing tiéBD (6 uM) in complex with Lys48 (top) or Lys63-linked
(bottom) diubiquitin (IuM). The t-UBD more readily forms complexes with unanchored Lys4Bigluitin than
with Lys63-diubiquitin, as evidenced by the stronger signal faund complex in the Lys48-diubiquitin
spectrum and for unbound t-UBD in the Lys63-diubiquitin spettriitration analyses were used to estimate
Ky values for the interactions (see Table I). (Right) Representative wester(abldtgbiquitin) of protein pull-
down assays with equimolar t-UBD or isolated ZnF-UBP domain fd&R5 (UBP) on beads, used to capture
unanchored Lys48-diubiquitin or Lys63-diubiquitin. The t-UBDpttmes only Lys48-diubiquitin under these

conditions. The higher affinity isolated ZnF-UBP domain (USB&) ~ 3.6 uM for Lys48-diubiquitin and

2.8uM for LysGS-diubiquitin) is capable of capturing both dimers

Figure 3: Validating the t-UBD design strategy. Effects of shortening or lengthening the six residue t-UBD
linker on the recognition of unanchored Lys48-diubiquitin. Siteedeéd mutagenesis was used to insert or
delete one or two glycine residues within the t-UBD linker, and ESI-Mieabto estimate Kvalues for the

interaction with Lys48-diubiquitin.

Figure 4: Application of t-UBD to the purification of endogenous unanchored polyubiquitin. Capture of
endogenous unanchored Lys48-linked polyubiquitin chains us$iagt-tJBD. Representative anti-ubiquitin
western blots showing endogenous unanchored polyubiquainghcaptured from mammalian HEK293T cell
extracts, using equimolar t-UBD or isolated ZnF-UBP domain from U&HES) on beads (with proteinno

beads limiting). Grey circles indicate numbers of ubiquitins (#Ub)imvithe chains. (A) Probed with anti-
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ubiquitin. (B) Probed with Lys48-linked polyubiquitin-specific iodies. (C) Captured unanchored
polyubiquitin chains as in (A) treated with full-length USP5, whitdtalyses complete disassembly to
monoubiquitin, confirming their unanchored nature (anti-ubiquitiB). Captured unanchored polyubiquitin
chains as in (A) treated with USP2 catalytic core, which again catalyses completeendlidpsso

monoubiquitin, further confirming they represent polyubiquitin (ambiguitin).

Figure 5: Confirming the specificity of t-UBD in vitro. LC-MS/MS analyses confirm the identity of the
polyubiquitin linkages in the purified endogenous unanchordgupiguitin chains from HEK293T cells,
captured in parallel using the t-UBD or linkage-independent ZnF-UBRaitiofd SP5)(two biological replicas
presented). Purified samples on beads as in Figure 4, prepared usimplaq#UBD or ZnF-UBP, were
subject to tryptic digestion and LC-MS/MS analysis to identify poiyuitin signature peptides. After custom
database searching, only peptides corresponding to ubiquitin were identified.dath was manually
interrogated for peptides modified with GlyGly114.042927 on Lysine) and LeuArgGlyGly (+383.228103 on
Lysine). The bars represent total spectral count of each ubiquitiatsigrpeptide during the analysis of each

sample.
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Tablel — ESI-M S-derived dissociation constant (K 4) valuesfor UBD: (poly)ubiquitin interactions

monoubiquitin

AGIlyGly-

monoubiquitin

Lys48-diubiquitin

Lys63-diubiquitin

mutant

UBA2" 200+ 14 nd 18+2 126 £ 18
ZnF—UBPb 6.5 nd nd nd
t-UBD 109+04 197.5+4.3 1.3+£0.3 99+15
t-UBD (ZnF-UBP)
nd nd 23+1.8 nd

The Ky values reported here for the t-UBD (mean + 8BI) were averaged from values measured at different

concentrations; nd - not determined. Values generated in this studiieated >Determined by ESI-M.

®Determined by ITC. Note that values of the t-UBD versus Lys63-diubiquitin and anbiquitin are

consistent with only the ZnF-UBP making a major contribution to binaittijese cases.
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Supplementary information

t-UBD molecular modelling

The initial model of the ZnF-UBP domain in complex with monoubiquitas Wwenerated using MOLM[l]
by overlaying the NMR structure of the ZnF-UBP domain of USP @b @i50) Iﬁ] with the related ZnF-UBP
domain of USP5 in complex with monoubiquitin (pdb ZGE) [3e Tesulting model of the complex was then
overlaid with the proximal ubiquitin of Lys48-linked diubiquitin in cplex with the UBA2 domain of h(HR23A
(pdb 1706) ﬁ] to generate a ternary complex model of the two UBDsomplex with Lys48-linked
diubiquitin. The ternary complex model was optimized thermodynamically \@eggmminimization using an
AMBER10 force field in MOE (Molecular Operating Environment (MOE) 2@04Chemical Computing
Group Inc., Montreal, Canada). The subsequent model was analysed tatessggsnal linkage strategy for
the two UBDs based on the distance between the N and C-terminal residlueZofF-UBP and UBA domain
respectively, and the average distance spanned by disordered loopénfelum PDB database. Linkers of75-
residues were modelled using the general loop building procedure of the Hib@®logy Modeller and
minimized in MOEﬁ]. A 5-residue linker caused significant steric clastiéke the 6 and 7 residue linkers

were well tolerated.

t-UBD expression and purification

Competent BL21 cells were transformed with the GST-t-UBD expreggaemid and grown in Luria broth
(LB) medium, supplemented with ampicillin, at 37°C. Cultures werebigied until ORgy ~ 0.6 and induced
with 0.2 mM IPTG at 20°C for = 16 hours. Bacteria were harvested by centrifugation and re-suspended in lysis
buffer (10 mM Tris (pH 7.5), 150 mM NacCl, 0.1% (v/v) Triton X@)Gupplemented with DNAsel (Sigma) and
protease inhibitor cocktail (Sigma). The re-suspension was then lysedriigation and clarified by
centrifugation. Soluble GST-t-UBD was affinity purified on glutathione-Seplead® (GE Healthcare) for 1
hour at 4°C. Following the binding step, the Sepharose was washed maittbth cleavage buffer (20 mM Tris
(pH 8.4), 150 mM NacCl, 2.5 mM Cagland incubated with thrombin (Sigma) for 16 hours at 4°Coifbin
cleaved t-UBD, was further purified by anion exchange chromatogiaph5 mM potassium phosphate buffer,
with an increasing NaCl gradient. Fractions containing purified t-UBD werdifidenby SDS-PAGE and
subsequent Coomassie staining, pooled and concentrated by ultrafiltrsitignVivaspin 20 columns (10 kDa

MWCO) (GE Healthcare) into 25 mM ammonium acetate (pH 7).



Purification of endogenous unanchored polyubiquitin

Untreated HEK293T cells (grown to = 70% confluence) were scraped into homogenising buffer (50 mM Tris,
(pH 7.5), 150 mM NacCl, 0.5% (v/v) NP-40) supplemented with N-ethidimide (NEM; 5 mM), MG-132 (20
uM), mammalian protease inhibitor cocktail and mammalian phosphatase inhibitor cocktail (both 0.1% (v/v)
respectively). The resuspension was sonicated, clarified by centrifuga8d@00 rpm, 10 min, 4°C) and the
supernatant passed through glass wool. The protein concentration ydateewas determined using a Thermo
Scientific Pierce BCA Protein Assay Kit, prior to quenching excess NEM (IO mM]). The lysate was
heated at 75°C for 20 minutes and centrifuged (13,000 rpm, iap 47C). The supernatant (from 15 mg
unheatedlysate) was incubated with 100 pl of t-UBD or ZnF-UBP Sepharose overnight, washed in

homogenising buffer and then with deubiquitination (DUB) buff@r¢8M Tris (pH 7.5), 1 mM DTT).

LC-MS/M S methods

LC-MS/MS was carried out using an RSLCnano HPLC system (Dionexab#an LTQ-Orbitrap-Velos mass
spectrometer (Thermo Scientific). Samples were loaded at high flow radeaoreverse-phase trap column
(0.3mm i.d. x Imm), containing Sum C18 300 A Acclaim PepMap media (Dionex) maintained at a temperature

of 37 °C. The loading buffer was 0.1% formic acid / 0.05% trithagetic acid / 2% acetonitrile. Peptides were
eluted from the trap column at a flow rate of 0.3 pl/min and thr@auggverse-phase PicoFrit capillary column
(75um i.d. x 400mm) containing Symmetry C18 100 A media (Waters, UK) that was packezlise using a
high pressure device (Proxeon Biosystems, Denmark). Peptides were glrtedperiod of two hours, with the
output of the column sprayed directly into the nanospray ion soofcthe LTQ-Orbitrap-Velos mass
spectrometer.

The LTQ-Orbitrap-Velos mass spectrometer was set to acquire a 1 microsktsh $€tn event at 60000
resolution over the m/z range 300-1800 Da in positive ion mode. The nraxinjection time for MS wasS00

ms and the AGC target setting was’.1Accurate calibration of the FTMS scan was achieved using a
background ion lock mass forgld,00:4S; (401.922718 Da). Subsequently up to 10 data dependent HCD
MS/MS were triggered from the FTMS scan. The isolation width was 2.0 Baatiped collision energy 42.5.
Dynamic exclusion was enabled. The maximum injection time for MS/MS 260 ms and the AGC target

setting was 5t



The .raw data file obtained from each LC-MS/MS acquisition was processadg Proteome Discoverer
(version 1.4.0.288, Thermo Scientific), searching each file inusimg Mascot (version 2.2.04, Matrix Science
Ltd.) E’ against a custom UniprotTB_20140416 database (unknovamorei3997 entriesD?], to which the
human ubiquitin sequence was added. The peptide tolerance was sgpim &0d the MS/MS tolerance was
set to 0.02 Da. Fixed modifications were set as carbamidomethyl (+57.02146%steine) and variable
modifications set as oxidation (+15.994915 on methionine), GlyGi$14.042927 on Lysine) and
LeuArgGlyGly (+383.228103 on Lysine). A decoy database seaashperformed. The output from Proteome
Discoverer was further processed using Scaffold ﬂs [8] (versionX4.®iioteome Software). Upon import,
the data was searched using X!Tanﬂn [9] (The Global Proteome Machiawizatmpn). PeptideProph

and ProteinProph (Institute for Systems Biology) probability thresholds of 95%enealculated from the
decoy searches and Scaffold was used to calculate an improved 95% paptigrotein probability threshold
based on the data from the two different search algorithms. PeptidebRitis from Mascot were assigned by
the Scaffold Local FDR algorithm. Proteins that contained similar peptidesoafdinot be differentiated based
on MS/MS analysis alone were grouped to satisfy the principles of parsifasigins sharing significant

peptide evidence were grouped into clusters.



Supplementary Figure 1: Primary sequence of the t-UBD. The N-terminal Gly-Ser overhang, residual from
thrombin cleavage product is indicated, followed by residues 315-36BIR23A UBA2 (blue), a four Gly
linker (in addition to the two Asp residues C-terminal of the UBA2 domeii) residues 23-143 of the ZnF-
UBP domain of USP16 (green). F and V (bold) represent the C-wrRie360 of UBA2 and N-terminal Val6
of ZnF-UBP, respectively. R (red) represents the Arg84 of the ZnFdidiaRin which was mutated to abrogate

binding at this domain.
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Supplementary Figure 2: Purification of the t-UBD reagent. A) A representative Coomassie stained SDS-

PAGE gel of purified t-UBD. B) Spectra of WT and mutant t-UBD sprafyech 80 % MeCN, 0.1 % Formic

acid.
WT tUBD
A) B) Sxpecid 197482
mass(Da) C
Measured | 001742 07
\ mass (Da)
f__,‘ 00 20000 mass
0
c HWWULL_.
8 T ) | i | Ll M ’I'Tw‘l hd | il Ll T 'I'W
()
2
)
L
2 g tUBD mutant
Expected
17kDa = e 19663.1
Measured | \oces0s09
L mass(Da)
5000 20000  mass

1000 2000 3000 m /Z



Supplementary Figure 3: Spectra of t-UBD linker mutations. Spectra of t-UBD linker mutants sprayed from

80 % MeCN, 0.1 % formic acid. The mutation is indicated to the right.
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Supplementary Figure 4: The signature ubiquitin tryptic peptides identified by MS/MS analysis ofiguli
unanchored polyubiquitin. Additionally it has been reported that anmainpopulation of LRGG modified

peptides result from trypsin missed cleavage.

Signature peptide

K6 MQIFVK(GG)TLTGK

K11 TLTGK(GG)TITLEVEPSDTIENVK
K27 TITLEVEPSDTIENVK(GG)AK
K29 AK(GG)IQDK

K33 IQDK(GG)EGIPPDQQR

K48 LIFAGK(GG)QLEDGR

K63 TLSDYNIQK(GG)ESTLHLVLR



Supplementary Figure 5: Representative MS/M S spectra of the purified polyubiquitin linkages. MS/MS

spectra of different polyubiquitin signature peptides as indicated derromd & sample of endogenous

unanchored polyubiquitin captured from HEK293T cells using thea¢jakindependent isolated ZnF-UBP

domain of USP5.
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