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SUMMARY

Research on ubiquitin (Ub) signaling has focused pri-
marily on homogeneously linked polyUb. Although
polyUb containing different linkages within the
same chain exist, their structures and signaling
properties are unknown. Thesemixed-linkage chains
could be unbranched (i.e., no more than one lysine or
methionine linkage per Ub) or branched. Here, we
examined the structure, dynamics, receptor selec-
tivity, and disassembly of branched and unbranched
tri-Ub containing both K48 and K63 linkages. Each
linkage was virtually indistinguishable from its coun-
terpart in homogeneously linked polyUb. Linkage-
selective receptors from hHR23A and Rap80 prefer-
entially bound to the K48 or K63 linkages in the
branched trimer. Linkage-selective deubiquitinases
specifically cleaved their cognate Ub-Ub linkages in
mixed-linkage chains, and the 26S proteasome
recognized and processed branched tri-Ub. We
conclude that mixed-linkage chains retain the
distinctive signaling properties of their K48 and K63
components and that these multiple signals can be
recognized by multiple linkage-specific receptors.
Finally, we propose a new, comprehensive notation
for Ub and Ub-like polymers.

INTRODUCTION

Critical eukaryotic cell functions such as DNA repair, cell-cycle

control, protein turnover, and receptor-mediated endocytosis

depend on the posttranslational modification of target proteins

by covalent attachment of polyubiquitin (polyUb) (Fushman

and Wilkinson, 2011; Hershko and Ciechanover, 1998). In ubiq-

uitination, the C terminus of a ‘‘proximal’’ Ub typically is attached

to an εNH2 of a lysine on a substrate protein. Similarly, the C ter-

minus of another Ub can be ligated to the N terminus (M1) or,

more commonly, to an εNH2 of K6, K11, K27, K29, K33, K48,

or K63 of the previously ligated Ub (Xu et al., 2009). This process

is tightly regulated in the cell, and, once a Ub is linked to a partic-

ular lysine (e.g., K48) on another Ub, it is often assumed that sub-

sequent ubiquitination events will propagate this same linkage

throughout the polyUb chain (Gregori et al., 1990). However,

there is mounting evidence from both in vivo and in vitro studies
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that more than one linkage type can be present in the same

polyUb chain (Ben-Saadon et al., 2006; Crosas et al., 2006;

Goto et al., 2010; Kim et al., 2007, 2009; Kirkpatrick et al.,

2006; Kravtsova-Ivantsiv and Ciechanover, 2012; Newton

et al., 2008). Currently, it is not known if linkagemixing or branch-

ing in polyUb confers signaling properties unavailable to homo-

geneous chains, or if the signaling properties of the individual

linkages in mixed-linkage chains are preserved.

Recent mass spectrometry studies have confirmed that

Ub–Ub linkages involving all seven lysines as well as M1 exist

in vivo (Xu et al., 2009). Additionally, quantitative analyses have

determined the relative abundances of each Ub linkage in

whole-cell lysates and showed that K48 and K63 linkages occur

most frequently by a largemargin (Dammer et al., 2011; Ziv et al.,

2011). However, these approaches generally fail to differentiate

between homogeneous linkage, mixed linkage, and branched

polyUb chains; therefore, it is unclear if linkages within chains

are commonly mixed or branched in the cell. The use of link-

age-specific anti-polyUb antibodies has revealed that polyUb

is remodeled in several substrates (Dammer et al., 2011; Newton

et al., 2008; Seyfried et al., 2010). Precedent for a functional

mixed-linkage chain comes fromRing1b, an E3 Ub ligase that re-

quires autoubiquitination by a mixed-linkage chain containing

K6, K27, and K48 linkages (Ben-Saadon et al., 2006). In this

example, our understanding of the structural and signaling prop-

erties is limited because the topology and sequence of Ub–Ub

linkages in this polyUb chain are unknown. K11 and K63

mixed-linkage polyUb chains have also been suggested to serve

a signaling function (Goto et al., 2010). During processing on the

26S proteasome, the substrate’s polyUb signal can be remod-

eled by several deubiquitinases (DUBs), and, in yeast, the E3/

E4 Ub ligase Hul5 has been shown to make linkages primarily

through K63, but also K11 and K48 (Crosas et al., 2006).

Although these and other studies indicate that mixed-linkage

forms of polyUb occur in vivo, they do not provide clues about

the structures of the chains or whether linkage mixing promotes

specific interactions or processes. Thus, our understanding of

the roles and signaling properties of mixed or branched forms

of polyUb has been quite limited.

One challenge to studying mixed-linkage polyUb is that, de-

pending on the number of individual Ub units, there could be

an enormous number of unique chains (see Table S1 available

online). Even discussions of the problem are confounded by

the absence of a standardized nomenclature for mixed and

branched polyUb. In this study, we have focused on branched

and unbranched mixed-linkage chains containing K48 and K63

linkages as a logical starting point. The fact that, when in
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Figure 1. Assembly and Nomenclature of

the Branched and Unbranched Mixed-Link-

age Chains Used in This Study

(A) 15% SDS-PAGE gel showing enzymatic syn-

thesis of [Ub]2–
48,63Ub in one step using E2-25K

and Ubc13:Mms2 as the E2 ubiquitin-conjugating

enzymes.

(B) 1H-15N SOFAST-HMQC spectrum of 15N

labeled proximal Ub in [Ub]2–
48,63Ub(15N). The

inset zooms on the region containing characteristic

signals from εNH of K48 and K63 as a result of

isopeptide bond formation.

(C–K) Chain schematics, nomenclature, and unit-

specific 15N-enrichment for branched and un-

branched mixed-linkage chains studied here. The

rows depict isotope labeling schemes for each Ub

unit in (C–E) [Ub]2–
48,63Ub, (F-H) Ub–63Ub–48Ub,

(I-K) Ub–48Ub–63Ub. The name in each box refers

to the particular 15N-labeled Ub in the chain

(checkered gray); the formal notation indicating the
15N Ub is shown on the bottom of the box.

See also Figures S1–S3.
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homogeneous chains, the two linkages are essentially ‘‘orthog-

onal’’ with respect to their (1) location on the Ub surface, (2) con-

formations (i.e., compact versus extended; Varadan et al., 2002,

2004), and (3) signaling properties (i.e., proteolytic versus regula-

tory; Pickart and Fushman, 2004) suggests that combinations of

K48 and K63 linkages could provide an extreme example of

linkage mixing and branching. Additionally, their high relative

abundances in the cell suggest that these linkages would pre-

dominate in randomly assembled mixed-linkage chains.

Although a cellular process that requires both K48 and K63 link-

ages has yet to be identified, it has been reported that K48 and

K63 linkages colocalize in the cell, both linkages have been de-

tected on the same substrate, and at least one DUB, ataxin-3,

preferentially cleaves mixed K48- and K63-linkage chains

in vitro (Dammer et al., 2011; Newton et al., 2008; Winborn

et al., 2008). These studies hint that polyUb chains containing

both K48 and K63 linkages form in the cell, but whether they

serve a specific function or are simply amistake that is later ‘‘edi-

ted’’ remains to be seen.

For this study, we created the simplest possible model system

for mixed-linkage polyUb by limiting chains to just three Ubs with

combinations of K48 and K63 linkages. The resulting set of

chains (all tri-Ubs) includes a single branched chain,

[Ub]2–
48,63Ub, and two unbranched mixed-linkage chains,

Ub–63Ub–48Ub and Ub–48Ub–63Ub (Figure 1). We used estab-

lished nuclear magnetic resonance (NMR) methods to examine

how mixing of the linkages affects the polyUb structurally. Our
728 Structure 21, 727–740, May 7, 2013 ª2013 Elsevier Ltd All rights reserved
results show that linkage-specific inter-

domain contacts observed with conven-

tional, homogeneous chains are pre-

served in both the unbranched and

branched mixed-linkage chains. To

address the signaling properties of these

chains, we demonstrate their recognition

by K48- and K63-linkage-selective recep-

tors, as well as by linkage-specific anti-

bodies. We then show that linkage-selec-
tive DUBs can efficiently select and process the respective

linkages in these mixed chains. Finally, we monitored the activity

of purified yeast proteasomes and observed that [Ub]2–
48,63Ub

and homogeneous K48- and K63-linked trimers are processed

similarly. We conclude that when the K48 and K63 linkages are

contained in the same polyUb chain, the properties of each link-

age are preserved. Hence, mixed-linkage Ub chains can send

mixed messages.

RESULTS

Notation for Polymers of Ubiquitin or Ubiquitin-like
Proteins
To facilitate discussion of different forms of polyUb conjugates,

we propose a new, systematic notation. This scheme, which

can be used to describe unambiguously polymers of Ub assem-

bled from any combination of Ub–Ub linkages and also conju-

gates that include Ub-like proteins such as SUMO, is described

in detail in the Supplemental Experimental Procedures. Funda-

mental to our notation is a convention whereby Ub units are con-

nected by an en dash (–), and the polarity of a polyUb chain is

indicated by placing the distal-end Ub unit(s) to the left and the

proximal Ub (or the target molecule it is conjugated to) to the

right. Specific residues (i.e., Ub Met1 or lysines that contribute

an ε-amine) in each linkage are indicated as superscripts. Multi-

ple (poly)Ub moieties branching from a single Ub are indicated

with brackets that, as needed, may be nested to specify the
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structure of each branch. Modifications or variants of any Ub

within the polymer can be indicated by parentheses that follow

the Ub [e.g., Ub with a Lys63 to Arg63 substitution can be written

as Ub(K63R), and completely Lys-to-Arg substituted Ub as

Ub(K0)]. Thus, tri-Ub consisting of a distal-end Ub linked to

K48 of a middle Ub that, in turn, is linked to K63 of a proximal

Ub is written as Ub–48Ub–63Ub, whereas Ub[Ub]–48,63Ub or

[Ub]2–
48,63Ub indicates two distal Ub units linked to K48 and

K63 of a proximal Ub; the aforementioned branched tri-Ubwould

be written as Ub[Ub]–48,63Ub(15N) to indicate isotopic enrich-

ment with 15N specifically in the proximal Ub. If it is necessary

to distinguish between the distal moieties in a branched chain,

those should be listed in the same order (i.e., left to right) as

the superscripts that correspond to the linkage sites. For

example, the same branched tri-Ub chain with 15N-enrichment

of only the K48-linked or the K63-linked distal Ub would be

written as Ub(15N)[Ub]–48,63Ub or Ub[Ub(15N)]–48,63Ub, respec-

tively (see examples in Figure 1). As a final example, tetra-Ub

made by conjugation of Ub(K0) to K11, K48, and K63 of a

single Ub containing a C-terminal His6-tag would be

[Ub(K0)]3–
11,48,63Ub(G76-H6). The proposed notation applies as

well to homogeneous-linkage chains. While the existing notation

for such polymers (e.g., K48-linked Ub2) is straightforward, for

consistency we will use the new notation (i.e., Ub–48Ub)

throughout this paper.

Assembly of Mixed-Linkage polyUb Chains
Trimeric mixed-linkage unbranched and branched chains,

Ub–63Ub–48Ub, Ub–48Ub–63Ub, and [Ub]2–
48,63Ub, were pro-

duced using enzymatic chain assembly as detailed in Figure S1.

Importantly, our method ensured that fully natural isopeptide

linkages were formed with full control of the order of the linkages

in each chain and, for NMR studies, which Ub unit is 15N en-

riched. We found that the K48-linked dimer can accept Ub in a

K63 linkage on either the distal or proximal end, and likewise

the K63-linked dimer can accept Ub in a K48 linkage at either

end. In addition, the K48,K63-branched trimer can be created

from appropriate Ub monomers conjugated in one step with

both K48- and K63-specific E2s (i.e., E2-25K and Ubc13:Mms2,

respectively) in the reaction mixture (Figure 1A).

K48-Linked Ubiquitins in Unbranched or Branched
Mixed-Linkage Chains Form the Classical K48
Hydrophobic Interface
We used NMR chemical-shift perturbation (CSP) mapping (e.g.,

Varadan et al., 2005a) to identify interactions between the Ub

units in the mixed-linkage chains. In order to unravel mono-

mer-specific contacts, each Ub unit in [Ub]2–
48,63Ub,

Ub–63Ub–48Ub, and Ub–48Ub–63Ub (see Figure 1 for chain nota-

tions) was individually 15N enriched (i.e., one 15N-Ub per chain)

resulting in nine distinct 15N-labeled tri-Ub constructs. 1H-15N

NMR spectra of each chain (e.g., Figure 1B) were acquired under

identical conditions and compared to those of monomeric Ub

and of the corresponding Ub unit in Ub–48Ub and Ub–63Ub

(see examples in Figures S2 and S3).

Consistent with the absence of detectable noncovalent con-

tacts between Ub units in Ub–63Ub, the only CSPs (versus

mono-Ub) observed in that chain (Varadan et al., 2004) were in

the C-terminal residues of the distal Ub and those immediately
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surrounding K63 of the proximal Ub, reflecting the residues

involved in the isopeptide linkage between these two units. By

contrast, CSP mapping of Ub–48Ub revealed (Varadan et al.,

2002) that both the distal and the proximal Ubs exhibited highly

specific spectral perturbations in and around the hydrophobic

surface patch residues (L8, I44, V70). These CSPs, observed in

addition to those in the vicinity of the isopeptide linkage between

the C-terminal G76 of the distal Ub and K48 of the proximal Ub,

are a clear indicator of the hydrophobic interface between the

two Ubs in Ub–48Ub. These distinctive features of the NMR

spectra of Ub–63Ub and Ub–48Ub serve as hallmarks of the cor-

responding linkages and the resulting Ub–Ub contacts.

NMR spectra of [Ub]2–
48,63Ub show that the amide reso-

nances in the distal K63-linked Ub are almost identical to those

in monomeric Ub with the exception of the C-terminal residues

74–76, where the observed CSPs are caused directly by ligation

to K63 of the proximal Ub (Figure 2C). Consistent with this obser-

vation, there are virtually no spectral differences between distal

K63-linked Ub and the distal Ub in Ub–63Ub, indicating their

close structural similarity and the absence of noncovalent con-

tacts with the proximal Ub in the corresponding chains

(Figure 2I).

A similar comparison of the spectra of the distal K48-linked Ub

in [Ub]2–
48,63Ub revealed a strikingly different picture. Here, we

detected large site-specific CSPs between the distal K48-linked

Ub and mono-Ub (Figure 2B) and almost negligible spectral dif-

ferences between the distal K48-linked Ub and the distal Ub in

Ub–48Ub (Figure 2E). These results show that the distal K48-

linked Ub in [Ub]2–
48,63Ub makes essentially the same interdo-

main contacts (i.e., the hydrophobic interface with the proximal

Ub and the isopeptide linkage through G76) as the distal Ub in

Ub–48Ub. Predictably, these contacts result in large site-specific

spectral differences between the distal K48-linked Ub and the

distal Ub of Ub–63Ub (Figure 2H), which are also similar to the

CSPs between the distal K48-linked Ub and monomeric Ub

(Figure 2E).

Careful analysis of the spectra for the proximal Ub of

[Ub]2–
48,63Ub revealed two signals originating from the isopep-

tide εNH groups of K48 and K63 (Figures 1B and S3). These sig-

nals are diagnostic for the isopeptide linkage through the

ε-amino group of the corresponding lysine. That they are at the

same resonance frequencies as in the respective isolated diubi-

quitins (K48- or K63-linked) proves the presence of both ex-

pected linkages in [Ub]2–
48,63Ub and also demonstrates that

NMR can be used for linkage-diagnostic purposes. Note in this

regard that for both unbranched mixed-linkage tri-Ub chains

(see below) we also observed the isopeptide εNH signals that

corresponded to each respective linkage.

Because the proximal Ub of [Ub]2–
48,63Ub is ubiquitinated at

two lysines simultaneously, its NMR spectrum could differ from

the proximal-Ub spectrum in the respective isolated di-Ubs.

Nevertheless, a clear picture emerged from comparison of the

corresponding spectra. For example, a comparison to mono-

Ub indicates that the hydrophobic-patch residues of the prox-

imal Ub form an interface with another Ub unit, while its C termi-

nus is unligated (as in monomeric Ub) unlike those of the distal

K48- and K63-linked Ubs (Figure 2A). The spectral differences

between the proximal Ubs of [Ub]2–
48,63Ub and Ub–48Ub are

minimal except for the region around K63 which is linked to
, 727–740, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 729
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Figure 2. NMR Characterization of [Ub]2–
48,63Ub

Data for the proximal Ub are shown in green, for distal K48-linked Ub in red, and for distal K63-linked Ub in blue (see pictograph, top).

(A–I) Spectral differences (quantified as CSPs) between each Ub in [Ub]2–
48,63Ub and monomeric Ub (top row) or the corresponding Ub units in Ub–48Ub (middle

row) or Ub–63Ub (bottom row). Left column: CSPs between the proximal Ub in [Ub]2–
48,63Ub and (A) Ub1, (D) proximal Ub in Ub–48Ub, and (G) proximal Ub in

Ub–63Ub. Middle column: CSPs between distal K48-linked Ub in [Ub]2–
48,63Ub and (B) Ub1, (E) distal Ub in Ub–48Ub, and (H) distal Ub in Ub–63Ub. Right

column: CSPs between the distal K63-linked Ub in [Ub]2–
48,63Ub and (C) Ub1, (F) distal Ub in Ub–48Ub, and (I) distal Ub in Ub–63Ub.

(J) 15N T1 values as a function of the residue number for each Ub in [Ub]2–
48,63Ub. The error bars represent SDs.

(K) A representative structural model of [Ub]2–
48,63Ub from the lowest energy cluster. The coloring of the Ub units is the same as above, the isopeptide linkages are

shown in magenta, and the hydrophobic-patch residues (L8, I44, V70) are shown as yellow spheres.

See also Figure S4.
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another Ub only in the branched trimer (Figure 2D). As with the

distal K48-linked Ub (see above), the strong site-specific CSPs

with respect to the proximal Ub in Ub–63Ub reflect the hydropho-

bic-patch contacts between the two K48-linked Ubs (Figure 2G).

Based on these and the abovementioned data, we conclude that

the two K48-linked Ubs in [Ub]2–
48,63Ub form essentially the

same hydrophobic-interface contact as in Ub–48Ub, whereas

only the distal K63-linked Ub behaves as in Ub–63Ub, where no

noncovalent contact was detected.
730 Structure 21, 727–740, May 7, 2013 ª2013 Elsevier Ltd All rights
When we rearranged the linkages to form an unbranched

mixed-linkage chain, Ub–63Ub–48Ub, the Ub units maintained

their expected contacts and spectral properties. The proximal

Ub of Ub–63Ub–48Ub has its K48 ligated, and we detected a hy-

drophobic interface by the large site-specific CSPs relative to

mono-Ub and Ub–63Ub (Figures 3A and 3G). The spectral differ-

ences are minimal between the proximal Ub in Ub–48Ub and that

in Ub–63Ub–48Ub, which indicates close similarity between the

two units ligated via K48 (Figure 3D). The next (i.e., middle) Ub
reserved
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Figure 3. NMR Characterization of the Unbranched, Mixed-Linkage Ub–63Ub–48Ub Chain

Data for the proximal Ub are shown in green, for the middle Ub in orange, and for the distal Ub in blue (see pictograph, top).

(A–I) Spectral differences (quantified as CSPs) between each Ub in Ub–63Ub–48Ub andmonomeric Ub (top row) or the corresponding Ub units in Ub–48Ub (middle

row) or Ub–63Ub (bottom row). Left column: CSPs between the proximal Ub in Ub–63Ub–48Ub and (A) Ub1, (D) proximal Ub in Ub–48Ub, and (G) proximal Ub in

Ub–63Ub.Middle column: CSPs between themiddle Ub in Ub–63Ub–48Ub and (B) Ub1, (E) distal Ub in Ub–48Ub, and (H) distal Ub in Ub–63Ub. Right column: CSPs

between the distal Ub in Ub–63Ub–48Ub and (C) Ub1, (F) distal Ub in Ub–48Ub, and (I) distal Ub in Ub–63Ub.

(J) 15N T1 values as a function of the residue number for each Ub in Ub–63Ub–48Ub. The error bars represent SDs.

(K) A representative structural model of Ub–63Ub–48Ub from the lowest-energy cluster. The coloring of the Ub units is the same as above, the isopeptide linkages

are shown in magenta, and the hydrophobic-patch residues (L8, I44, V70) are shown as yellow spheres.
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of Ub–63Ub–48Ub has features of both a proximal unit (linked

through its K63) and a distal unit linked through its C-terminal

G76. The large site-specific CSPs versus mono-Ub (Figure 3B)

clearly indicate that the middle Ub participates in a hydrophobic

interface. Based on the spectral similarity with the distal Ub of

Ub–48Ub (Figure 3E), we conclude that the K48-linked proximal

and middle Ubs in Ub–63Ub–48Ub retain the hydrophobic inter-

face characteristic of Ub–48Ub. Note also that the large CSPs
Structure 21
observed around K63 in the middle Ub reflect its linkage to the

distal Ub.

The NMR spectra of the distal Ub in Ub–63Ub–48Ub indicate

that this unit is excluded from the hydrophobic interface formed

between themiddle and proximal Ubs. Indeed, the CSPs in distal

versus monomeric Ub are localized to the (ligated) C-terminal re-

gion (Figure 3C), whereas the spectral differences between the

distal Ubs of Ub–63Ub–48Ub and Ub–63Ub are negligible
, 727–740, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 731
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Figure 4. NMR Characterization of the Unbranched, Mixed-Linkage Ub–48Ub–63Ub Chain

Proximal Ub is shown in green, middle Ub in orange, and distal Ub in red (see pictograph, top).

(A–I) CSPs between each Ub in Ub–48Ub–63Ub versus monomeric Ub (left column), Ub–48Ub (middle column), or Ub–63Ub (right column). (A–I) Spectral differ-

ences (quantified as CSPs) between each Ub in Ub–48Ub–63Ub and monomeric Ub (first row) or the corresponding Ub units in Ub–48Ub (middle row) or Ub–63Ub

(bottom row). Left column: CSPs between the proximal Ub in Ub–48Ub–63Ub and (A) Ub1, (D) proximal Ub in Ub–48Ub, and (G) proximal Ub in Ub–63Ub. Middle

column: CSPs between the middle Ub in Ub–48Ub–63Ub and (B) Ub1, (E) distal Ub in Ub–48Ub, and (H) distal Ub in Ub–63Ub. Right column: CSPs between the

distal Ub in Ub–48Ub–63Ub and (C) Ub1, (F) distal Ub in Ub–48Ub, and (I) distal Ub in Ub–63Ub.

(J) 15N T1 values as a function of the residue number for each Ub in Ub–48Ub–63Ub. The error bars represent SDs.

(K) A representative structural model of Ub–48Ub–63Ub from the lowest energy cluster. The coloring of the Ub units is the same as above, the isopeptide linkages

are shown in magenta and the hydrophobic-patch residues (L8, I44, V70) are shown as yellow spheres.
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(Figure 3I). This indicates strongly that the distal Ub of

Ub–63Ub–48Ub has the same structure and contacts (or absence

thereof) as the distal Ub in Ub–63Ub.

In Ub–48Ub–63Ub, the proximal Ub is expected to be the only

unit that does not form a hydrophobic interface. Indeed, this is

evident from the strong spectral similarity of that proximal Ub

with the proximal Ub of Ub–63Ub (Figure 4G) as well as with
732 Structure 21, 727–740, May 7, 2013 ª2013 Elsevier Ltd All rights
mono-Ub (Figure 4A). In contrast to the proximal Ub, which ex-

hibits no noncovalent contacts, the middle and distal units of

Ub–48Ub–63Ub form a characteristic K48-linked Ub–Ub inter-

face. This is particularly apparent from the minimal CSPs

(except for the ligated C terminus) between the middle Ub of

Ub–48Ub–63Ub and the proximal Ub of Ub–48Ub (Figure 4E),

and the virtual absence of CSPs between the distal Ubs
reserved
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(Figure 4F). These and the other spectral comparisons in Fig-

ure 4 show that the structures and interfaces of the middle

and distal units in Ub–48Ub–63Ub are nearly identical to those

in Ub–48Ub.

Structural Models of the Mixed-Linkage Tri-Ub Chains
Based on the above NMR data, we generated structural models

of the three tri-Ub chains studied here using the biomolecular

docking program HADDOCK (de Vries et al., 2010) and site-spe-

cific CSPs to guide the docking (see Supplemental Information).

Although we observed slightly different overall structures in the

top clusters for these chains, all featured a distinct arrangement

of the interdomain contacts in which the two K48-linked Ubs

formed a well-defined contact mediated by their hydrophobic-

patch residues, whereas the K63-linked Ub was represented

in essentially random positions. For example, the generated

structures for [Ub]2–
48,63Ub (Figure 2K) clearly show that the

proximal and distal K48-linked Ubs form the ‘‘canonical’’ L8,

I44, V70 hydrophobic interface, whereas the distal K63-linked

Ub samples several different orientations, depending on the

HADDOCK cluster (Figure S4). This variation in the K63-linked

Ub is not unexpected given that (1) the CSP data show no close

noncovalent interactions involving this Ub unit and (2) the 15N T1
relaxation data (see below) indicate that this unit has greater

mobility compared to the other two Ubs. Moreover, the two

K48-linked Ubs superimpose quite well (rmsd = 1.72 Å) with

the crystal structure (Protein Data Bank [PDB]: 1AAR) of

Ub–48Ub (Figure S4).

Interdomain Mobility Supports Distinct K48- and K63-
Linkage Behavior
The NMR spectra above clearly indicate that the two K48-linked

units in all three tri-Ub chains form a specific interface, while the

third unit, linked via K63, shows no contacts except for being

tethered (via its flexible C terminus or via K63) and therefore is

expected to bemoremobile than the other twoUbs. This distinc-

tion is further seen in the generated CSP-docked structures of

these chains. To test this prediction, we measured and

compared 15N longitudinal relaxation times, T1, for each Ub

unit in a chain. Generally, T1 senses the overall tumbling of the

chain (reflecting its size and shape), the relative intrachain

mobility (on a ns timescale) of the Ub unit under observation

(which could depend on its location and intrachain contacts),

and the local polypeptide backbone dynamics within the Ub pro-

tomer (which are expected to be similar for all Ubs) (Ryabov and

Fushman, 2007).Whereas the overall shape could differ between

chains, the T1 values within the same chain are expected to

reflect the relative mobility of each Ub unit. For example, if a

particular Ub forms a hydrophobic interdomain interface it be-

comes less mobile and this should result in an increase in T1.

Furthermore, a Ub that is linked to two other Ubs should also

show an increase in T1 as its reorientation will partially depend

on the movement of the other two Ubs. Therefore, one would

expect the proximal Ub of [Ub]2–
48,63Ub and the middle Ubs of

Ub–63Ub–48Ub and Ub–48Ub–63Ub to have the largest T1 values.

Indeed, in [Ub]2–
48,63Ub the proximal Ub has the longest T1,

whereas of the two distal (singly linked) Ubs, the distal K63-

linked Ub shows the shortest T1 (i.e., the least restricted

mobility), and the distal K48-linkedUb has a longer T1, consistent
Structure 21
with its contact with the proximal Ub (Figure 2J). These results

fully agree with the spectroscopic and structural data presented

above. The same holds for the two unbranched chains, where

the middle Ub shows the longest T1 (most restricted mobility),

while the K63-linked Ub is consistently the most mobile (i.e.,

shortest T1) regardless of whether it is at the distal or the prox-

imal end of the chain (Figures 3J and 4J). K48-linked Ub shows

intermediate T1 values, as its tumbling is slowed by the hydro-

phobic interaction with the middle Ub. Note that in all of these

chains the two K48-linked units have different T1 values; thus,

despite forming a hydrophobic contact, they are not rigidly

locked. This is consistent with our previous findings for

Ub–48Ub (Ryabov and Fushman, 2007; Varadan et al., 2002)

and indicates dynamic opening and closing of the hydrophobic

interface, which is critical for the ability of Ub-receptors to bind

to this chain.

pH Dependence of the Inter-Ub Contacts in
[Ub]2–

48,63Ub Supports the Classical K48-Linked
Interface
One hallmark of K48-linked di-Ub is that its conformation is pH

dependent: lowering the pH shifts the equilibrium from the pre-

dominantly closed conformation at neutral pH to predominantly

open, and thismanifests itself as nearly complete disappearance

of the CSPs at pH 4.5 (Varadan et al., 2002). Indeed, our NMR

data (Figure S5) indicate that the pH-dependent behavior of

[Ub]2–
48,63Ub is nearly identical to that reported for the corre-

sponding Ubs in homogeneous K48- and K63-linked polyUb.

This supports the conclusion that interdomain interactions in

the branched tri-Ub are governed by the same forces as in the

respective homogeneous-linkage chains.

A K48-Selective Receptor, UBA(2) of hHR23a,
Selectively Binds K48-Linked Units within the Branched
[Ub]2–

48,63Ub Chain
Having established that the branched and unbranched mixed-

linkage chains combine the structural properties characteristic

of both linkages, we set out to examine whether these chains

can be recognized by linkage-selective receptors. To determine

if the K48 linkage in [Ub]2–
48,63Ub retains its receptor selectivity,

we titrated [Ub]2–
48,63Ub (separately for each Ub unit

15N-enriched; see Figure 1) with the K48-linkage selective recep-

tor UBA(2) from the proteasomal shuttle protein hHR23A. UBA(2)

binds Ub–48Ub in a ‘‘sandwich’’ mode and significantly more

tightly than to Ub–63Ub or monomeric Ub (Varadan et al.,

2005b). We observed strong residue-specific CSPs in both the

proximal and the distal K48-linked Ubs (Figure 5); these pertur-

bations center around the hydrophobic-patch residues and the

isopeptide linkage, consistent with UBA(2) insertion into the hy-

drophobic pocket formed by the K48-linked Ubs (Varadan et al.,

2005b). We can gauge the extent of binding from titration curves

of residue-specific CSPs or by comparing the CSPs for all resi-

dues at various points in titration. The CSPs in the proximal

and distal K48-linked Ubs of [Ub]2–
48,63Ub show little change be-

tween [UBA(2)]:[ [Ub]2–
48,63Ub] = 1 and 3 (Figure 5), suggesting

that UBA(2) binding to both Ubs reached saturation at approxi-

mately 1:1 molar ratio. Additional changes occurring in these

Ubs above the 1:1 molar ratio could reflect binding of a second

UBA(2) molecule, as observed for Ub–48Ub. Interestingly, the
, 727–740, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 733
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Figure 5. Binding of hHR23A UBA(2) to [Ub]2–
48,63Ub

All data are color coded as indicated in the pictograph on the top. Proximal Ub data are show in green, distal K48-linked Ub in red, and distal K63-linked Ub in

blue.

(A and B) Representative titration curves plotted as normalized CSP versus [UBA(2)]:[ [Ub]2–
48,63Ub] for residues V70 and L43 in all three Ub units.

(C–H) Residue-specific CSPs in individual Ub units at two points in titration with UBA(2): at the 1:1 molar ratio (left column) and at saturation (right column). Gray

bars indicate residues with signals broadened beyond detection at the 1:1 molar ratio. Note that the distal K63-linked Ub exhibits virtually no binding until

[UBA(2)]:[ [Ub]2–
48,63Ub] > 1.

(I) A model of the [Ub]2–
48,63Ub/UBA(2) complex at the 1:1 molar ratio, based on the observed CSPs and the structure of the Ub–48Ub/UBA(2) complex

(PDB: 1ZO6). The coloring of the Ub units is as depicted above; UBA(2) is colored gray.

See also Figures S6 and S8.
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distal K63-linked Ub exhibited an entirely different behavior and

showed spectral perturbations only after the distal K48-linked

and proximal Ubs were saturated with UBA(2) (Figure 5). Even

at [UBA(2)]:[[Ub]2–
48,63Ub] = 1, there are virtually no CSPs in

the distal K63-linked Ub, and it was not until after this point

that we finally observed UBA(2) binding to this Ub (Figures 5G

and 5H). The titration curves for individual residues illustrate

this trend from another angle by showing ‘‘standard’’ binding

behavior for the distal K48-linked and proximal Ubs, but a

‘‘lag-phase’’ for the distal K63-linked Ub (Figures 5A, 5B, and

S6). This strong binding preference for K48-linked Ubs is also

supported by our relaxation data that showed a larger increase

in 15N T1 of the distal K48-linked Ub compared to distal K63-

linked Ub at saturation (Figure S6). These results demonstrate
734 Structure 21, 727–740, May 7, 2013 ª2013 Elsevier Ltd All rights
that a K48-linkage receptor can selectively recognize this linkage

in a branched polyUb chain using the same binding mechanism

as for homogeneous-linkage chains.

A K63-Selective Receptor, Rap80-tUIM, Avidly Binds
across the K63 Linkage in the Branched [Ub]2–

48,63Ub
Chain
Rap80 contains a tandem Ubiquitin Interacting Motif (tUIM) that

shows strong binding preference for Ub–63Ub versus Ub–48Ub

(Sims and Cohen, 2009). The tUIM contains a flexible linker re-

gion between its two helical UIMs which adopts an a-helical

conformation upon binding to Ub–63Ub and perfectly aligns the

two UIMs’ interacting surfaces for binding to adjacent Ubs in a

K63 linkage (Sato et al., 2009; Sims and Cohen, 2009). To
reserved
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Figure 6. Binding of the Rap80 tUIM to [Ub]2–
48,63Ub Chain

All data are color coded as indicated in the pictograph on the top: proximal Ub data are shown in green, distal K48-linked Ub in red, and distal K63-linked Ub in

blue.

(A–C) CSP plots for each Ub unit in [Ub]2–
48,63Ub at saturation: (A) distal K48-linked Ub at [tUIM]:[ [Ub]2–

48,63Ub] = 2.43, (B) distal K63-linked Ub at

[tUIM]:[ [Ub]2–
48,63Ub] = 1.52, and (C) proximal Ub at [tUIM]:[ [Ub]2–

48,63Ub] = 2.00. Residues that showed strong signal attenuation during the titration are

represented with gray bars.

(D–F) Difference in the CSPs (DCSP) for eachUb of [Ub]2–
48,63Ub and the corresponding Ub in the respective di-Ub controls at saturationwith tUIM: (D) distal K48-

linked Ub of [Ub]2–
48,63Ub versus distal Ub of Ub–48Ub, (E) proximal Ub of [Ub]2–

48,63Ub versus proximal Ub of Ub–63Ub, and (F) distal K63-linked of [Ub]2–
48,63Ub

versus distal Ub of Ub–63Ub.

(G) 15N T1 relaxation time for each amide in the proximal, distal K48-linked, and distal K63-linked Ubs in [Ub]2–
48,63Ub at saturation with Rap80 tUIM. The error

bars represent SDs.

(H) A model of the [Ub]2–
48,63Ub/tUIM complex at 1:1 molar ratio, based on the observed CSPs and 15N T1 values, and the Ub–63Ub/tUIM complex structure

(PDB: 3A1Q). The coloring of the Ub units is the same as above; tUIM is colored gray.

See also Figures S7 and S9.
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examine how the tUIM interacts with branched chains, we

titrated it into [Ub]2–
48,63Ub, as well as Ub–48Ub and Ub–63Ub

as controls, and used NMR to monitor the interactions sepa-

rately for each 15N-enriched Ub unit. As shown in Figure 6,

NMR signals of all three Ubs in [Ub]2–
48,63Ub were altered by

the tUIM. The observed perturbations were site specific and

centered around the hydrophobic-patch residues as well as
Structure 21
the Ub C termini. The distal K48-linked Ub showed noticeably

weaker CSPs at saturation (suggesting weaker binding)

compared to the other two Ubs. Importantly, during these titra-

tions some residues in the proximal and distal K63-linked Ubs,

but not in the distal K48-linked Ub, showed strong attenuations

or even disappearance of the NMR signals; this is caused by

slow exchange (i.e., slow off-rates) on the NMR chemical-shift
, 727–740, May 7, 2013 ª2013 Elsevier Ltd All rights reserved 735
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Figure 7. Linkage-Selective DUBs Cleave

Their Cognate Ub–Ub Linkages in Homoge-

neous or Mixed-Linkage polyUb

The indicated chains were incubated with OTUB1,

GST-AMSH, or both and the products evaluated

by SDS-PAGE and staining with Coomassie blue;

see Experimental Procedures for details. Lanes

1–4 show reaction products of homogeneous

Ub–48Ub–48Ub and Ub–63Ub–63Ub. Lanes 5 and

6, 8 and 9, and 11 and 12 show that alone each

DUB can only process one linkage in the un-

branched or branched mixed-linkage chains. Only

with both DUBs present were the mixed-linkage

chains hydrolyzed fully to monomeric Ub (lanes 7,

10, and 13).
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timescale and is indicative of tighter binding to the K63-linked

Ubs. Comparison of the domain-specific CSPs in [Ub]2–
48,63Ub

with those in the control di-Ub samples (Figures 6D–6F), as

well as comparison of the signal trajectories upon titration (Fig-

ure S7), led us to the following conclusions. First, the distal

K63-linked and proximal Ubs of [Ub]2–
48,63Ub bind the tUIM in

the same mode as their respective units in Ub–63Ub (Figures

6D and 6E). This is supported by the fact that at saturation with

the tUIM virtually all signals in the 1H-15N NMR spectra of the

distal K63-linked and proximal Ubs of [Ub]2–
48,63Ub overlay

perfectly with the corresponding signals of Ub–63Ub. Also, the

signal trajectories (in the course of the titration) for the same res-

idue in the K63-linked components of the branched and control

chains were nearly superimposable (Figure S7), consistent with

identical binding interactions. Second, there is a stark difference

between tUIM binding to the distal K48-linked Ub of

[Ub]2–
48,63Ub and the Ubs of Ub–48Ub. Indeed, our data show

spectral differences (DCSP) at saturation between the distal

K48-linked Ub and either Ub of Ub–48Ub (and even mono-Ub)

that are much larger than the differences observed for the K63-

linked components (Figure 6).

When the tUIM binds to Ub–48Ub, it has to disrupt the hydro-

phobic interface between the two Ubs in order to access the Ub

hydrophobic surface. Even though avid tUIM binding to K48-

linked di-Ub has not been observed, the reported interaction

(Kd = 0.16 mM) was still relatively strong (Sims and Cohen,

2009). In the branched chain, simultaneous tUIM binding to

the proximal and distal K63-linked Ubs should displace the

distal K48-linked Ub from its hydrophobic contact with the

proximal Ub, thus freeing it and making it available for binding

to excess tUIM molecules. To verify this model, we measured
15N T1 values for each Ub of [Ub]2–

48,63Ub at saturation with

the tUIM (Figure 6G) and compared them with those of unbound

[Ub]2–
48,63Ub (Figure 2J). The tUIM binding significantly

increased the T1 values (reflecting slower tumbling) for both

the distal K63-linked and the proximal Ub but caused almost

no change in the T1 values of the distal K48-linked Ub,

rendering it the lowest-T1 unit in the chain (Figure 6G). This con-

firms that the Rap80 tUIM binds simultaneously to both the

proximal and (formerly ‘‘free’’ and the most mobile) distal
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K63-linked Ubs, thereby restricting their

conformational freedom. At the same

time, the tUIM binding displaced and
freed the distal K48-linked Ub from its contact with the proximal

Ub, making it the most mobile Ub in the chain. Thus, we

conclude that the tUIM-induced perturbations detected in the

distal K48-linked Ub are primarily due to this secondary effect

rather than direct interaction with the tUIM. However, we cannot

completely rule out that some small fraction of this distal Ub in-

teracts with the excess Rap80 tUIM present at the saturation

conditions.

Linkage-Specific Deubiquitinating Enzymes Retain
Linkage Selectivity with Branched and Mixed-Linkage
polyUb Substrates
Given that DUBs are critical to maintain the pool of free Ub and

to regulate conjugate levels, we tested if linkage-selective

DUBs would still retain their ability to recognize and cleave their

cognate Ub–Ub linkage in the branched and unbranched mixed-

linkage chains. For this purpose, we used OTUB1, which specif-

ically cleaves K48 linkages (Wang et al., 2009), and associated

molecule with the SH3-domain of STAM (AMSH), which is spe-

cific for K63 linkages (McCullough et al., 2004). As evident in Fig-

ure 7, OTUB1 readily reduced [Ub]2–
48,63Ub, Ub–63Ub–48Ub, and

Ub–48Ub–63Ub to di- and mono-Ub. However, unlike the case

with the homogeneously linked Ub–48Ub–48Ub substrate,

OTUB1 alone could not further process the di-Ub species gener-

ated from any of the mixed-linkage chains (Figure 7). Only when

bothOTUB1 and AMSHwere present was complete chain disas-

sembly achieved, indicating that the uncleaved di-Ub was linked

via K63. An essentially identical behavior was observed for

AMSH, which readily cleaved the K63 linkage in all three tri-Ub

chains while leaving the K48-linkage intact (Figure 7). Taken

together, these results demonstrate that the K48 and K63 link-

ages in branched and unbranched mixed-linkage polyUb can

each individually be processed by linkage-selective DUBs.

Recently, it was shown that OTUB1 and AMSH can separately

cleave their cognate linkages in a branched tri-Ub construct con-

taining analogs of K48 and K63 linkages formed via a Nε-Gly-L-

homothiaLys mimic (which is one C–C bond longer and contains

a sulfur atom instead of carbon) of an isopeptide bond (Valkevich

et al., 2012). Our study demonstrates this selectivity for fully nat-

ural isopeptide bonds.
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Figure 8. Disassembly of Homogeneous

and Branched Chains by 26S Proteasomes

and Their Recognition by Linkage-Specific

Antibodies

(A–C) Upper panel: 18% SDS-PAGE blots of

Ub–48Ub–48Ub, Ub–63Ub–63Ub, and [Ub]2–
48,63Ub

with (A) anti-Ub, (B) anti-K48, and (C) anti-K63

antibodies. All three tri-Ub species were detected

with anti-Ub. Only the [Ub]2–
48,63Ub was detected

by both anti-K48 and anti-K63, confirming that

both K48 and K63 linkages are present.

(D and E) Lower panel: Ub–48Ub–48Ub,

Ub–63Ub–63Ub, or [Ub]2–
48,63Ub were incubated

with purified yeast 26S proteasomes and the di-

gests were monitored at 0, 5, and 22 hr by SDS-

urea PAGE and blotting with (D) anti-Ub and (E)

anti-K63 antibodies.
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The Yeast 26S Proteasome Can Process Branched
Chains
One of the most studied outcomes of Ub modification is target-

ing to the proteasome. In a poorly understood process, protea-

some-associated DUBs mainly function to modify or remove

the polyUb tag from conjugated substrates (e.g., Glickman and

Adir, 2004; Lee et al., 2011). The three major DUBs associated

with the proteasomes are Rpn11 (Poh1 in humans), Ubp6

(Usp14 in humans), and Uch37 (in humans). Whether and how

branched polyUb chains are processed by the proteasome is

an open question.

A series of studies has shown that the so-called ‘‘forked’’

polyUb chains that are branched on two closely positioned lysine

residues (i.e., K6 and K11, K27 and K29, or K29 and K33) are

degraded slowly by purified proteasomes and inhibit proteaso-

mal DUB activity and substrate degradation (Kim and Goldberg,

2012; Kim et al., 2007, 2009). Whether this observation holds for

other chains such as those containing the more abundant K48

and K63 linkages was not reported. To evaluate the efficiency

of proteasome processing of Ub–48Ub–48Ub, Ub–63Ub–63Ub,

or [Ub]2–
48,63Ub signals, we incubated these tri-Ubs with purified

yeast 26S proteasomes and monitored the cleavage reaction by

blotting with anti-Ub and linkage-selective antibodies.

We first established that both the K48- and K63-linkage-selec-

tive antibodies recognized their respective Ub–Ub linkages in
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[Ub]2–
48,63Ub (Figures 8B and 8C). This

result in itself clearly demonstrates that

chain branching preserves both Ub-spe-

cific and linkage-specific epitopes for

antibody recognition and also shows

that linkage-specific antibodies can be

used to probe if a particular polyUb chain

contains multiple linkage types. Next,

each chain was incubated with purified

26S proteasome, and reaction products

were identified by blotting with anti-Ub

antibodies. Processing of the homoge-

nous Ub–63Ub–63Ub chains was faster

than that of Ub–48Ub–48Ub (Figure 8D);

this result is consistent with previous re-

ports (Cooper et al., 2009; Jacobson
et al., 2009). Accordingly, the branched [Ub]2–
48,63Ub chain

was disassembled faster than Ub–48Ub–48Ub, and generation

of di-Ub (by removal of the single K63-linked Ub) was as efficient

as from Ub–63Ub–63Ub chains. These observations suggest that

(1) the branching did not hinder proteasomal cleavage, and (2)

the presence of a K63 linkage in this chain facilitates its conver-

sion to di-Ub. The latter was verified using a K63-linkage-specific

antibody, which revealed that only a minor fraction of the di-Ub

products generated from [Ub]2–
48,63Ub were K63-linked (Fig-

ure 8F). Taken together, these results demonstrate that the

26S proteasome can process branched polyUb chains.

DISCUSSION

Ubiquitination machinery has been shown in some cases to be

processive in generating homogeneously-linked chains. We

demonstrated here that, when acting together simultaneously

or sequentially, two linkage-specific E2 enzymes (K48-specific

E2-25K and K63-specific Ubc13:Mms2) can form both branched

and unbranched mixed-linkage forms of polyUb. This observa-

tion can be generalized further. As shown in Figure S10, adding

a K11-specific E2 (Ube2s) to the abovementioned enzymes gen-

erates a triply-branched product, [Ub]3–
11,48,63Ub, in which three

distal Ubs are attached simultaneously to K11, K48, and K63 of

the same proximal Ub. Altogether, our results indicate that
ª2013 Elsevier Ltd All rights reserved 737
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exposure of Ub (or polyUb) to more than one E2 enzyme can

result in chains composed of more than one linkage type. A

similar outcome could be expected in the case of a single link-

age-promiscuous E2 (Kim et al., 2007). Depending on the factors

involved (which are currently unclear), the resulting polyUb land-

scape would include chains of unbranched and branched topol-

ogies. This raises the question of why such chains have not been

observed more often. Possible reasons are that intracellular

DUBs rapidly edit mixed-linkage chains, or that assembly of

mixed-linkage chains largely is prevented by regulation (e.g.,

via compartmentalization) of the various E2 and E3 enzymes in

cells. However, because current methods are poorly suited for

detection of mixed-linkage chains, such chains may in fact be

quite abundant but remain unseen.

This study revealed that K48 and K63 linkages in mixed-link-

age polyUb retain structural features of the corresponding ho-

mogeneously linked chains. Our NMRdata show unambiguously

that the hydrophobic interface characteristic of the K48 linkage is

formed across the Ub–48Ub unit in both the branched and un-

branched mixed-linkage trimers, and that this interface exhibits

the same pH dependence as the ‘‘classical’’ interface in homo-

geneous K48-linked polyUb. Furthermore, the 15N relaxation

data revealed that in the mixed-linkage chains the K63-linked

Ub is highly mobile compared to the other two Ubs, which are

restricted by their K48-dimer interface contacts.

We found that highly selective receptors for each of the two

linkage types bind the branched [Ub]2–
48,63Ub chain in a link-

age-specific manner; i.e., binding to the cognate Ub–Ub unit

was essentially as if the other linkage was not present. It is note-

worthy that the proximal Ub in [Ub]2–
48,63Ub is adaptable and

can bind in both K48- andK63-linkage-selectivemodes. Further-

more, chain branching also preserves both Ub-specific and link-

age-specific epitopes for antibody recognition. Thus, the K48

and K63 linkages within the same polyUb chain can retain their

characteristic signaling properties. This conclusion is further

strengthened by the fact that linkage-selective DUBs can effi-

ciently process their cognate linkages in both branched and un-

branched mixed-linkage chains. Our finding that the 26S protea-

some recognizes and cleaves the branched chain suggests that

in vivo polyUb containing both K48 and K63 linkages can be dis-

assembled by the proteasome essentially as a homogeneous

chain. Taken together, these observations demonstrate that

the K48 and K63 signaling properties can be encoded into the

same polyUb via linkage mixing or branching, thus allowing the

chain to carry two distinct signals. Just as there is little or no ste-

ric hindrance in assembling these chains, there appears to be

no detectable hindrance in their reading and disassembly.

The reason for targeting conjugates to the proteasome is to

degrade a substrate, not to disassemble the polyUb modifica-

tion, yet inevitably the chain must be disassembled as well.

Our observations using yeast 26S proteasomes together with

published data for mammalian proteasomes (Cooper et al.,

2009; Jacobson et al., 2009) demonstrate that homogeneous

K63 linkages are disassembled faster than K48 linkages. This

phenomenon holds even for a branched chain. A predicted

outcome of the slower cleavage of K48 linkages is a longer resi-

dence on the proteasome’s 19S regulatory complex, which may

be important to allow sufficient time to prepare the substrate for

degradation.
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In principle, two or more (distal) Ub units attached to the same

(proximal) Ub could be positioned to form a recognition surface

or Ub–Ub interaction that is only available via branching (see Fig-

ure S11). However, in the case of the [Ub]2–
48,63Ub system stud-

ied here, we detected no interaction between the two distal Ubs.

Furthermore, the UBA(2) and Rap80 tUIM receptors selectively

engaged Ub–Ub units linked via Ub K48 or K63, respectively,

and bound in the same manner as with the di-Ub controls.

Nevertheless, the potential exists for receptors, yet to be identi-

fied, to bind a branched chain in a completely different way, e.g.,

across the juxtaposed distal Ubs (in this case, distal K48- and

distal K63-linked Ubs). That this was not observed suggests

that, at least for the well-characterized receptors studied here,

linkage specificity is maintained in the context of branched

polyUb.

In order to explore whether a Ub–Ub interface could be formed

between two distal Ubs attached to the same proximal Ub, we

generated in silico structural models for all 28 possible branched

tri-Ub chains (Table S1). We found that some combinations of

linkages (e.g., K11 and K33, or K27 and K29) theoretically could

promote close hydrophobic-patch contacts between the distal

Ubs while simultaneously freeing the proximal Ub of any nonco-

valent interactions with the distal Ubs (Figure S11). Although we

did not detect such contacts for [Ub]2–
48,63Ub, the possibility of

the distal units forming a Ub–Ub interface or novel binding inter-

actions with receptors cannot be excluded for other branched

chains. It should be emphasized that here we studied only the

smallest possible branched chain. It is possible that an extension

of a branched tri-Ub from one or both distal ends or from the

proximal end could promote additional intrachain interactions.

Although this study is just a starting point for the structural

investigation of unbranched and branched polyUb chains of

mixed linkages, evidence of physiological relevance of such

chains is mounting (Ben-Saadon et al., 2006; Dammer et al.,

2011; Goto et al., 2010; Kravtsova-Ivantsiv and Ciechanover,

2012; Newton et al., 2008; Winborn et al., 2008). One cannot dis-

count the possibility that the polyUb signal is constantly subject

to editing or remodeling, and some branched or other mixed-

linkage chains could simply be accidents that, in analogy to mis-

matched bases in DNA or misfolded proteins, are eventually

corrected by cellular machinery. Nonetheless, as we have

demonstrated here, linkage mixing or branching could enhance

the signaling capability of polyUb. That mixed-linkage chains

can carry multiple recognition signals is an exciting concept

opening a new perspective on ubiquitin signaling.
EXPERIMENTAL PROCEDURES

Assembly and Purification of [Ub]2–
48,63Ub, Ub–63Ub–48Ub, and

Ub–48Ub–63Ub

The tri-Ub chains were assembled using enzyme-catalyzed reactions with full

control of chain length, linkage composition, and the location of the isotope-

enriched Ub unit, as detailed in Supplemental Information.
Preparation of Linkage-Selective Receptors

Rap80-tUIM was prepared as described (Sims and Cohen, 2009). C121 on the

C-terminal end of the second UIM was mutated to a tyrosine to prevent disul-

fide bond formation and to facilitate quantification by absorbance measure-

ment at 280 nm. UBA(2) of hHR23A was expressed as a GST-fusion in

E. coli as described (Varadan et al., 2004).
reserved
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26S Proteasome Deubiquitination Assay

To follow 26S proteasome deubiquitination activity, tri-Ub molecules were

incubated with purified Saccharomyces cerevisiae 26S proteasomes in an

ATP regenerating system buffer at 30�C in �1:10 proteasome/substrate ratio.

Samples were taken at indicated time points and denatured in an SDS and 6M

urea loading buffer. Following low voltage (30 V for 2 hr) transfer to nitrocellu-

lose membranes, the blots were blocked with 5% low-fat milk powder, and

incubated either with anti-Ub (Dako, diluted 1:1,000), anti-K63Ub, or anti-

K48Ub (Genentech Inc, diluted 1:500) and analyzed by enhanced chemilumi-

nescence reaction.

Linkage-Selective DUB Assay

Recombinant human otubain-1 (OTUB1) and GST-AMSH were expressed in

E. coli and purified essentially as described (McCullough et al., 2004; Wang

et al., 2009). Deubiquitination reactions contained 1 mg/ml of polyUb substrate

incubated at 37�C with OTUB1 (0.04 mg/ml) or GST-AMSH (�0.1 mg/ml) in a

pH 7.5 buffer (50 mM NaHEPES, 0.05% BSA, and 2.5 mM DTT). After 2.5 hr,

reactions were stopped with SDS-PAGE sample buffer and analyzed by

SDS-PAGE and Coomassie staining.

NMR Experiments

All NMR experiments were performed at 23�Con a Bruker Avance III 600 spec-

trometer equipped with a cryogenic TCI probe. All experiments at pH 6.8 used

protein samples in 20mMsodium phosphate buffer (pH 6.8), containing 0.02%

(w/v) NaN3 and 5% D2O. For experiments at pH 4.5, proteins were exchanged

into buffer containing 20 mM sodium acetate, 0.02%(w/v) NaN3, and 5% D2O,

adjusted to pH 4.5 with acetic acid. See Supplemental Information for details

on the NMR experiments.

Chemical-Shift Perturbations

Differences between 1H-15N NMR spectra of two species (A and B) were quan-

tified as chemical-shift perturbations, defined as follows: CSP = {(dHA – dHB)
2 +

[(dNA – dNB)/5]
2}1/2, where dH and dN are chemical shifts of 1H and 15N, respec-

tively, for a given backbone N-H group. The same equation was used to quan-

tify spectral perturbations upon titration; in this case, A refers to the unbound

species, and B corresponds to various steps in the titration.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,

one table, and 11 figures and can be found with this article online at http://

dx.doi.org/10.1016/j.str.2013.02.019.
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