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Ubiquitin (Ub)–protein conjugates formed by purified ring-

finger or U-box E3s with the E2, UbcH5, resist degradation

and disassembly by 26S proteasomes. These chains contain

multiple types of Ub forks in which two Ub’s are linked

to adjacent lysines on the proximal Ub. We tested whether

cells contain factors that prevent formation of nondegradable

conjugates and whether the forked chains prevent protea-

somal degradation. S5a is a ubiquitin interacting motif

(UIM) protein present in the cytosol and in the 26S protea-

some. Addition of S5a or a GST-fusion of S5a’s UIM domains

to a ubiquitination reaction containing 26S proteasomes,

UbcH5, an E3 (MuRF1 or CHIP), and a protein substrate,

dramatically stimulated its degradation, provided S5a was

present during ubiquitination. Mass spectrometry showed

that S5a and GST–UIM prevented the formation of Ub

forks without affecting synthesis of standard isopeptide

linkages. The forked Ub chains bind poorly to 26S pro-

teasomes unlike those synthesized with S5a present or

linked to Lys63 or Lys48 chains. Thus, S5a (and presumably

certain other UIM proteins) function with certain E3/E2

pairs to ensure synthesis of efficiently degraded non-forked

Ub conjugates.
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Introduction

Most proteins degraded by 26S proteasomes are linked to a

chain of ubiquitin (Ub) molecules, in which the C-terminal

carboxyl group of a Ub is coupled through an isopeptide

bond to the e-amino group on one of the lysines on the

proximal Ub (Hershko and Ciechanover, 1998; Weissman,

2001; Glickman and Ciechanover, 2002; Pickart and Cohen,

2004; Hochstrasser, 2006). Since a Ub molecule contains

seven lysines (Lys6, Lys11, Lys27, Lys29, Lys33, Lys48 and

Lys63), there are seven possible types of isopeptide linkages.

It is generally assumed that Ub chains contain only one type

of isopeptide linkage (Chau et al, 1989; Gregori et al, 1990;

Wu-Baer et al, 2003), and that the nature of the Ub linkage

determines the specific fate of the protein. Most proteins

degraded by 26S proteasomes are believed to be linked to a

homogeneous polyUb chain, in which the Ubs are coupled

through isopeptide linkages to Lys48, Lys11 or Lys29 on the

preceding Ub (Chau et al, 1989; Gregori et al, 1990; Johnson

et al, 1995; Jin et al, 2008). PolyUb chains in which the Ubs

are linked through other lysines (such as Lys63 chains) are

believed to serve roles unrelated to proteasome preference

(Spence et al, 1995; Deng et al, 2000; Hicke and Dunn, 2003;

Pickart and Cohen, 2004). However, recent studies have called

into question these widely accepted notions about proteolysis

and have shown rapid degradation by purified 26S protea-

somes of proteins linked to chains containing heterogeneous

isopeptide linkages (Kirkpatrick et al, 2006) or to chains

composed purely of Lys63 linkages (Kim et al, 2007).

Recently, we reported that the small ring-finger E3s,

MuRF1 and Mdm2, and the U-box E3, CHIP, with the E2,

UbcH5, form in vitro a new type of polyUb chain on sub-

strates that does not support their rapid degradation by 26S

proteasomes in contrast to homogeneous Lys48 or Lys63

chains. For example, the E3, MuRF1, forms nondegradable

heterogeneous forked chains on the substrate, troponin I,

with UbcH5, whereas it forms a homogenous Lys48 chain on

this substrate with the E2, UbcH1, and a Lys63 chain with the

dimeric E2, UbcH13/Uev1a (Supplementary Figure S1).

Moreover, when the troponin I was linked by MuRF1 to a

Lys48-Ub chain with UbcH1 or even to a Lys63-Ub chain with

UbcH13/Uev1a, it was rapidly degraded by 26S proteasomes.

The nondegradable forked chains contain all seven possible

types of isopeptide linkages and forks (i.e. bifurcations) in

which two Ub molecules are linked to adjacent lysine resi-

dues on the preceding Ub molecule at Lys6þLys11,

Lys27þ Lys29 or Lys29þ Lys33 (Kim et al, 2007). Peptides

indicative of Lys27þ Lys29 forks have also been observed by

mass spectrometry of proteins in growing yeast (Peng et al,

2003). These chains might also contain other types of bifur-

cations, for example, where two Ubs are linked to nonadja-

cent lysines on the preceding Ub, but such forks cannot be

detected yet by MALDI-TOF mass spectrometry (as the tryp-

sin treatment would cleave at the intervening Lys or Arg

residues. Supplementary Figure S1).

It is noteworthy that the ‘forked’ Ub linkages were disas-

sembled very slowly by the isopeptidases associated with the

26S proteasomes unlike the Lys48 or Lys63 linkages in the

same Ub conjugates (Kim et al, 2007). One goal of these

studies was to learn whether these forked heterogeneous Ub

chains are responsible for the resistance to degradation of the
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proteins to which they are attached. For example, the resis-

tance of the forked linkages to proteasomal isopeptidases

might account for the failure of these Ub chains to support

rapid degradation. Alternatively (or in addition), these anom-

alous chains might bind to the 26S proteasome less strongly

than Lys48 or Lys63 chains, as we show here.

The formation of nondegradable Ub conjugates by the

small ring-finger or U-box E3s with UbcH5 is quite surprising,

as these E3s and UbcH5 function in vivo in the degradation of

a variety of proteins. We therefore postulated that some

additional factors are present in cells, but are missing in

these purified systems, that help prevent the formation of

such nondegradable chains in vivo or that facilitate their

efficient degradation. These studies were undertaken to test

whether any Ub-binding protein might specifically stimulate

the degradation of proteins formed by these E3s with UbcH5

either by inhibiting the formation of these forked chains or by

enhancing their susceptibility to 26S proteasomes. We show

here that S5a/Rpn10 through its ubiquitin interacting motifs

(UIM) can alter the ubiquitination process so as to prevent

the formation of nondegradable forked Ub chains by UbcH5

and ring-finger or U-box E3s, and therefore can stimulate

markedly the degradation of certain substrates.

In most cells, S5a/Rpn10 is primarily an abundant soluble

protein, but in all cells, it also exists as a subunit of the 26S

proteasome. Its functions in vivo both in the proteasome and

as a free protein have long been uncertain. S5a binds Ub

chains through its two C-terminal UIM domains (Hofmann

and Falquet, 2001; Wang et al, 2005). It was originally

discovered as a subunit of the 26S proteasome’s 19S regula-

tory complex (PA700) and was initially proposed to be the

binding site for ubiquitinated proteins (Deveraux et al, 1994;

van Nocker et al, 1996a, b). However, S5a/Rpn10 is not

essential for viability of yeast (Lambertson et al, 1999) or

for the integrity of the 19S regulatory particle (Wojcik and

DeMartino, 2002). In Drosophila and yeast, DRpn10 mutants

have major defects in the degradation of certain proteins and

accumulate Ub conjugates (Rubin et al, 1997; Lambertson

et al, 1999; Saeki et al, 2002; Chuang et al, 2005), especially

under stressed conditions where cells generate large amounts

of misfolded proteins (e.g. heat-shock), and when overall

rates of proteolysis rise (Medicherla and Goldberg, 2008). It

is also noteworthy that Rpn10 is essential during embryonic

development of mouse (Hamazaki et al, 2007).

Here we report that S5a/Rpn10 (and perhaps related

proteins) can stimulate the degradation of certain proteins

by preventing the formation of nondegradable Ub chains, and

that the absence of S5a/Rpn10 probably explains the failure

of certain purified E3/E2 combinations to support proteaso-

mal degradation. This requirement for S5a/Rpn10 for forma-

tion of efficiently degraded Ub conjugates may also account

for the presence of free S5a/Rpn10 in the cytosol and help

explain the decreased proteolysis seen in yeast or Drosophila

lacking this protein.

Results

S5a/Rpn10 through its UIM domains stimulates

degradation of proteins ubiquitinated by CHIP

or MuRF1 with UbcH5

Since certain Ub-binding proteins have been reported to facil-

itate proteasomal degradation of Ub conjugates (Verma et al,

2004), we tested whether any known Ub-binding proteins can

enhance proteasomal degradation of firefly luciferase ubiqui-

tinated by UbcH5 and the U-box E3, CHIP. S5a was studied

initially because in yeast and other cells, S5a/Rpn10 is

present primarily free in the cytosol (Haracska and

Udvardy, 1995; Rubin et al, 1997; Wilkinson et al, 2000),

and a lack of Rpn10 in yeast and Drosophila cells leads to

reduced degradation of certain proteins (Rubin et al, 1997;

Lambertson et al, 1999; Saeki et al, 2002; Wojcik and

DeMartino, 2002). To measure the effects of S5a on the rate

of luciferase degradation, we assayed the hydrolysis of
125I–luciferase to 125I-peptide soluble in trichloroacetic acid.

When S5a (50 nM) was present during the ubiquitination

reaction together with 26S proteasomes (3.6 nM), luciferase

(100 nM) was degraded up to threefold faster than when no

S5a was added (Figure 1A). When a higher amount of S5a

(500 nM) was present, luciferase was degraded even faster

(Figure 1B). With increasing amounts of S5a, proteasomal

degradation of luciferase increased dramatically by up to 25-

fold (Figure 1C). To learn whether S5a has similar effects on

proteolysis with other E3s, we assayed the degradation of

troponin I by MuRF1, UbcH5 and pure 26S proteasomes

(Figure 1D and Supplementary Figure S2). As found with

luciferase, the presence of S5a during ubiquitination

enhanced degradation of troponin I.

Mammalian S5a binds to Ub chains through its two UIM

domains in its C-terminal region (Hofmann and Falquet,

2001; Wang et al, 2005). We therefore tested whether the

binding of these UIM-domains to the Ub-chain might also

cause a stimulation of proteolysis. A fusion composed of the

C-terminal half of S5a (residues 203–329) and glutathione-S-

transferase (GST–UIM) markedly stimulated (up to 25-fold)

proteasomal degradation of luciferase in a similar manner as

S5a (Figure 1C). By contrast, GST alone had no effect (data

not shown). Thus, the UIM-domains seem to be crucial for

the enhancement of proteasomal degradation by S5a, and this

effect of S5a does not require its N-terminal von Willebrand

factor-A (vWA) homology domain (Hofmann and Falquet,

2001), which in yeast is essential for the incorporation of

Rpn10 into the proteasome and for its ability to stimulate the

degradation of certain proteins (Fu et al, 2001).

To test whether the yeast homolog of S5a, Rpn10, which

contains only one UIM domain, can also enhance the degra-

dation of these proteins by the Ub–proteasome pathway, we

compared the proteasomal degradation of troponin I using

MuRF1, UbcH5, and ATP with or without Rpn10 from

Saccharomyces cerevisiae present. As shown in Figure 1E,

addition of Rpn10 also increased the degradation of troponin I

by rabbit-muscle 26S proteasomes. Thus, the ability to

stimulate proteolysis seems to be a specific property of the

UIM domain in S5a or Rpn10.

Rpn10 was proposed to enhance proteasomal degradation

of certain proteins by facilitating the delivery of Ub conju-

gates to the proteasome (Verma et al, 2004), and the UBL–

UBA proteins (e.g. Rad23) were also reported to facilitate

degradation of certain substrates by such a mechanism (Chen

and Madura, 2002; Medicherla et al, 2004; Verma et al, 2004).

We therefore tested whether HHR23A (the human homolog of

Rad23) can enhance the degradation of luciferase in a similar

fashion as S5a. However, HHR23A failed to enhance protea-

somal degradation of luciferase. Also the addition of HHR23A

together with S5a blocked the enhancement of degradation
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by S5a (Figure 1B), perhaps because HHR23A bound prefer-

entially to the Ub chains on luciferase and prevented S5a

from binding to them, or because the HHR23A bound to the

UIM2 domain of S5a (Hiyama et al, 1999) and prevented its

activity.

To stimulate degradation, S5a must be present

during the ubiquitination step

In these experiments, S5a, the ubiquitinating enzymes and

proteasomes were all present simultaneously. Among the

possible explanations of this large stimulation of proteolysis

could be that S5a and the GST–UIM fusion act on the

proteasome to enhance the binding of the Ub chain to the

26S particle or to enhance its proteolytic activity (Verma et al,

2004). However, these explanations were found to be quite

unlikely as the S5a had to be present during the ubiquitina-

tion reaction to enhance proteolysis. Addition of S5a after the

formation of the Ub conjugate did not enhance proteasomal

degradation of 125I–luciferase. Also, S5a addition after ubi-

quitination inhibited degradation and deubiquitination of

these conjugates by the 26S proteasome (Figure 1F). Thus,

the presence of S5a during substrate ubiquitination by UbcH5

and CHIP is crucial for its enhanced degradation, and under

these conditions, S5a does not seem to help in delivering the

conjugates to the 26S particle, as was reported earlier with an

SCF ligase by Verma et al. (Verma et al, 2004).

Ub chains composed of Lys48 linkages are believed to be

degraded preferentially by proteasomes (Chau et al, 1989;

Gregori et al, 1990; Johnson et al, 1995). The Ub chains

formed by UbcH5 and ring-finger or U-box E3s contain all

seven possible isopeptide linkages but mainly Lys11-, Lys48-

and Lys63-linkages, as well as forked linkages in which two

Ub molecules are attached to the proximal Ub. These forked

linkages are relatively resistant to deubiquitination by 26S

proteasomes, which might account for the very slow degra-

dation of the Ub conjugates (Kim et al, 2007). Therefore, it is

possible that the presence of S5a during the ubiquitination

process might enhance proteolysis by increasing the forma-

tion of Lys48 chains. We then assayed whether S5a could still

enhance proteasomal degradation of luciferase ubiquitinated

by CHIP and UbcH5 using a K48R Ub mutant. Although

purified 26S proteasomes degraded luciferase ubiquitinated
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Figure 1 The presence of S5a during substrate ubiquitination enhances its degradation by proteasomes. (A) S5a stimulates proteasomal
degradation of luciferase. 125I–luciferase (100 nM) was denatured for 10 min at 43 1C in the presence of HSP70 (150 nM). The complex of 125I–
luciferase and HSP70 was incubated with CHIP (500 nM), UbcH5 (750 nM) and purified 26S proteasomes (3.6 nM) in the presence or absence of
50 nM S5a. At different time intervals, degradation of luciferase was assayed at 371C by measuring the appearance of TCA-soluble radioactivity
with a g-counter. (B) Addition of S5a, but not the UBL–UBA protein HHR23A stimulated Ub-dependent degradation of 125I–luciferase by 26S
proteasomes. HHR23A also inhibited the enhancement of proteolysis by S5a. Purified 26S proteasomes, CHIP, UbcH5 plus S5a or HHR23A
(500 nM each) were present from the start of the reaction as in (A). Ubiquitination and proteasomal degradation of 125I–luciferase were
measured after 1 h using SDS–PAGE and a phosphorimager. (C) Ub-dependent degradation of 125I–luciferase increased dramatically upon
addition of increasing amounts of S5a (J) or a GST fusion with the UIM domain of S5a (residues 203–329), GST–UIM (K). The reaction was
carried out for 1 h and assayed as in (A), but using 125I–luciferase (250 nM), 26S proteasomes (3.6 nM), and S5a or GST–UIM were present from
the outset. (D) Troponin I ubiquitinated by MuRF1 and UbcH5 in the presence of S5a (50 or 100 nM) is degraded more rapidly by 26S
proteasomes. Troponin I (100 nM) was ubiquitinated by MuRF1 (500 nM) and UbcH5 (250 nM) in the presence of 26S proteasomes (3.6 nM) for
1 h at 37 1C. Degradation of troponin I was assayed by western blotting. As controls, reactions were incubated without 26S proteasomes or with
26S proteasomes preincubated with PS341 (1mM). (E) Increasing amounts of Rpn10, the S. cerevisiae homolog of S5a, enhanced proteasomal
degradation of troponin I by 26S proteasomes purified from rabbit muscle. The reaction was carried out and assayed as in (D) except that Rpn10
was used instead of human S5a. (F) Addition of S5a after the ubiquitination reaction does not enhance proteasomal degradation of
ubiquitinated luciferase. Ubiquitination was carried out for 1 h at 37 1C in the absence of S5a with CHIP and UbcH5, and the Ub conjugates
generated were isolated as described in the Methods. Degradation of the Ub-conjugated luciferase by 26S proteasomes (3.6 nM) was then
measured at 37 1C for 1 h in the presence of increasing amounts of S5a. (G) Lys48 is not necessary for the stimulation of proteolysis by S5a.
Luciferase was ubiquitinated by CHIP and UbcH5 with K48R mutant Ub in the presence of 26S proteasomes. Addition of S5a (500 nM) at the
outset enhanced hydrolysis of luciferase, whereas luciferase ubiquitinated without S5a was not degraded (as was found with wild type Ub (B)).
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with the K48R mutant very poorly, addition of S5a during

ubiquitination stimulated luciferase degradation dramatically

(Figure 1G). In fact, S5a also stimulated degradation of

proteins ubiquitinated with K11R, K29R or K63R Ub

(Supplementary Figure S2). Thus the changes in ubiquitina-

tion that lead to greater proteolysis do not involve increased

formation of Lys48 (or any other specific) linkages.

S5a blocks the formation of Lys6þLys11,

Lys27þLys29 and Lys29þ Lys33 forks, but not standard

isopeptide linkages

Our finding that the presence of S5a during ubiquitination of

a substrate by CHIP or MuRF1 with UbcH5 enhances degra-

dation by proteasomes (Figure 1) strongly suggests that S5a

alters the structure of the Ub chains formed on the substrate.

The conjugates formed by CHIP with UbcH5 in the absence

of S5a might resist proteasomal degradation because of the

presence of diverse isopeptide linkages or of the forked Ub

chains (Kim et al, 2007). To test if S5a might alter the nature

of ubiquitin linkages formed, we analysed the isopeptide

linkages in the polyUb chain formed on luciferase by CHIP

and UbcH5 by mass spectrometry. The Ub–luciferase con-

jugates were isolated by immunoprecipitation, digested with

trypsin, and subjected to nano-LC-MSMS to determine

whether the different tryptic fragments that are indicative of

different isopeptide Ub linkages (termed UPKs) were present

(Kim et al, 2007).

Surprisingly, unlike the Ub–luciferase conjugates formed

in the absence of S5a, the polyUb chain synthesized with S5a

present yielded no detectable peptide in which two Ubs are

linked to the lysines at Lys6 and Lys11 (UPK6/11) (Table I).

Thus, S5a prevented the formation of this type of forked

chain. UPK peptides indicative of other types of forks (i.e.

UPK27/29 and UPK29/33) were also not found in the Ub–

luciferase conjugates formed with S5a present, but were

present in chains formed in its absence. Although S5a com-

pletely blocked the synthesis of Lys6þLys11 forks, it did not

affect the formation of the standard isopeptide linkages,

including the abundant Lys11, Lys48 and Lys63, as well as

the rarer Lys6 linkages. This selective suppression of the

synthesis of forked Ub chains by S5a might account for the

more rapid degradation of these Ub conjugates (see below).

This marked inhibition of the synthesis of forked chain

by S5a was not restricted to ubiquitination by CHIP. Similar

types of forked heterogeneous chains are formed during auto-

ubiquitination of MuRF1 with UbcH5 (Kim et al, 2007). The

addition of S5a to this reaction mixture also prevented the

formation of Lys6þLys11, Lys27þ Lys29, and Lys29þ Lys33

linkages without affecting the levels of standard isopeptide

linkages (Table I). These similar findings with two quite

different E3s also make it very likely that S5a might prevent

fork formation by interacting with the growing Ub chain

rather than with the E3.

S5a’s UIM2 domain blocks formation

of forked Ub chains

Since the Ub-binding C-terminal region of S5a alone could

stimulate proteasomal degradation (Figure 1), we tested

whether these C-terminal UIM domains could also prevent

the formation of forked polyUb chains. Although GST by

itself had no effect on fork formation by CHIP, the addition of

the GST–UIM fusion to the ubiquitination reaction, like

addition of S5a, blocked the production of Lys6þ Lys11

linkages (Table I), and did not affect the synthesis of standard

isopeptide linkages. Thus, the effects of S5a on fork forma-

tion, like the effects on proteolysis, are most likely because of

its UIM domains, and do not require its N-terminal vWA

domain. To identify the region in S5a’s C-terminal half that is

responsible for the inhibition of fork formation, we analyzed

the types of isopeptide linkages formed on luciferase by CHIP

and UbcH5 in the presence of a small portion of S5a that

contains only its UIM1, UIM2 or both UIM1þUIM2 domains

(fused to a His-tag). Interestingly, peptides containing only

the UIM1 domain did not prevent the formation of forked Ub

chains, while those containing UIM2 or UIM1þUIM2 did

block the formation of Lys6þLys11 and other forks (Table I).

Thus, the UIM domain, especially UIM2, seems to be respon-

sible for the effect of S5a.

Since HHR23A, unlike S5a, did not enhance proteasomal

degradation of luciferase (Figure 1B), we analyzed the types

Table I S5a and its UIM domains prevent the formation of forked polyUb chains by CHIP and MuRF1

Ub-peptide
CHIP MuRF1

None S5a GST GST–UIM His-UIM1 His-UIM2 His-UIM1+2 HHR23A None S5a

Linear
UPK6 + + + + + + + + + +
UPK11 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
UPK48 +++ +++ +++ +++ +++ +++ +++ +++ +++ +++
UPK63 +++ +++ + + + +++ +++ +++ +++ +++

Forked
UPK6/11 + 0 + 0 + 0 0 + + 0
UPK27/29 + 0 + 0 + 0 0 + + 0
UPK29/33 + 0 + 0 + 0 0 + + 0

PolyUb chains formed by purified UbcH5 and E3s were digested by trypsin and the quantities of UPKs were analyzed by nano-LC-MS/MS.
+, Low abundancy, o10% of total UPKs identified.
+++, High abundancy, 410% of total UPKs identified.
0: not detected.
The pool of Ub peptides from Ub–luciferase conjugates (CHIP) or Ub-MuRF1 was identified by nano-LC-MSMS methods. S5a, fusion proteins
containing S5a’s UIMs or HHR23A was added to ubiquitination mixture from the outset and GST was added as a control of GST-UIM. For the
reaction with GST and GST-UIM, a different batch of enzymes (E1, E2 and CHIP) from other reactions was used.
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of isopeptide linkages formed in the presence of HHR23A. Ub

chains formed by CHIP and UbcH5 in the presence of

HHR23A still contained Lys6þLys11, Lys27þLys29, and

Lys29þ Lys33 forks, which might explain the inability of

HHR23A to stimulate proteasomal degradation of Ub conju-

gates formed by UbcH5.

Ub chains synthesized with S5a are susceptible

to the proteasome-associated DUBs

The heterogeneous forked Ub–protein conjugates and speci-

fically the Lys6þ Lys11 forks (whose content, unlike other

linkages, could be assayed only semi-quantitatively) were

found to be quite resistant to the isopeptidases associated

with the 26S proteasome and to degradation by 26S protea-

somes (Kim et al, 2007). To test whether the prevention of

formation of forked Ub chains by S5a enhances the deubi-

quitination of the conjugates by 26S proteasomes, we isolated

by immunoprecipitation the ubiquitinated luciferase formed

by CHIP in the presence and absence of S5a, and then

compared their rates of deubiquitination by purified 26S

proteasomes. On incubation with pure proteasomes, the

Ub–luciferase conjugates formed in the presence of S5a

were disassembled, whereas those formed without S5a

showed a minimal disassembly, as measured by their disap-

pearance on western blotting (Figure 2A).

S5a does not stimulate degradation of proteins linked

to non-forked chains

These findings argue strongly that S5a, through its UIM

domain, promotes the degradation of proteins by pre-

venting formation of the Lys6þ Lys11, Lys27þ Lys29, and

Lys29þ Lys33 (and perhaps other) forked linkages whose

presence somehow blocks degradation. If true, S5a should

not stimulate the degradation of proteins linked to non-

forked homogeneous Ub chains. We had earlier shown that

MuRF1 with UbcH1 forms homogeneous Lys48 Ub chains on

troponin I or with UbcH13/Uev1a forms Lys63 chains, and

that both types of Ub conjugates are rapidly degraded by

26S proteasomes, unlike the forked Ub–troponin I conjugates

formed by MuRF1 and UbcH5 (Kim et al, 2007). Therefore,

by altering the E2s, we could test whether the presence of

S5a during the ubiquitination reaction enhances the degra-

dation of troponin I linked to a Lys48 chain or Lys63 chain

(Figure 2B). The hydrolysis of this substrate linked to these

homogeneous Ub chains was not enhanced by addition of

S5a, unlike Ub–troponin I conjugates formed with UbcH5

(Figure 1D). These findings further indicate that the preven-

tion of formation of forked chains is the primary reason for

the stimulation of proteasomal degradation by S5a.

To further test whether S5a can stimulate the degradation

of proteins linked to chains that are not forked but are formed

by UbcH5, we assayed the effects of S5a on degradation of

luciferase ubiquitinated with several mutant Ubs containing

only a single lysine and therefore unable to form forked

chains (Figure 2C). Although S5a consistently stimulated

degradation with wild-type Ub, no significant stimulation

was observed with luciferase linked to Lys6, Lys11, Lys48,

or Lys63 chains through single-lysine Ub (Supplementary

Figure S3). Interestingly, at low concentrations, S5a caused

a small but reproducible increase in degradation of luciferase

conjugated with one such mutant, the K33 single-lysine Ub

(Figure 2C and Supplementary Figure S3). Nevertheless, as

shown in Figure 1C, higher S5a concentrations stimulated the

degradation of WT conjugates dramatically, but they caused

no further increase in degradation of the conjugates linked to

a K33 chain. Thus, although there might be a small capacity

of S5a at low concentrations to enhance proteolysis by

another mechanism (probably by helping deliver the conju-

gates to the 26S (Verma et al, 2004)), the large stimulation of

degradation with UbcH5 correlates with its capacity to pre-

vent formation of forked Ub-chains.

Forked Ub chains, unlike those formed with S5a

present, have low affinity for the 26 proteasome

A simple explanation for the slow disassembly of the forked

Ub chains by proteasomal isopeptidases (Kim et al, 2007) and

for the low rate of degradation of the proteins linked to forked

chains could be that these forked chains fail to bind tightly to

26S. To examine this possibility, we compared the relative

affinities of the forked and non-forked Ub chains for the

proteasome by testing whether polyUb conjugates made in

the presence or absence of S5a could competitively inhibit the
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Figure 2 The presence of S5a during ubiquitination enhances
deubiquitination and degradation of Ub conjugates formed only
by UbcH5. (A) The ubiquitination of 125I–luciferase was carried out
with or without S5a (500 nM) present for 1 h at 37 1C. After this
reaction was terminated, Ub conjugates were isolated by immuno-
precipitation and then incubated with 3.6 nM of purified rabbit 26S
proteasomes for 1 h at 37 1C. The isopeptidase caused a decrease in
the amount of high-molecular-weight conjugates (higher than
191 kDa), which were synthesized with S5a present than in the
conjugates synthesized without S5a. The addition of S5a (500 nM)
after ubiquitination did not promote deubiquitination by the pro-
teasome. Ubi: Ubiquitination. (B) Addition of S5a (50 or 500 nM)
during ubiquitination did not enhance the proteasomal degradation
of troponin I linked to homogeneous Lys48 or Lys63 Ub chains.
Ubiquitination of troponin I by MuRF1 and UbcH1 from the Lys48
chain or UbcH13/Uev1a to form the Lys63 chain were carried out as
in the Figure 1D. (C) At standard concentration of S5a (500 nM),
only WT Ub stimulated significantly degradation of luciferase. No
significant increase in degradation with S5a was seen with the K6,
K11, K27, K29, K48 and K63 single-lysine mutant Ub (data not
shown). However, at low concentration of S5a (25 nM), a small but
reproducible increase in Ub-dependent proteolysis was seen with
K33 single lysine Ub. The reactions were carried out as in Figure 1C.
Insert shows enhanced hydrolysis of 125I–luciferase with low con-
centrations of S5a.
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degradation of troponin I linked to homogeneous Lys63 or

Lys48 chains. In control experiments, luciferase linked to a

Lys63 chain (i.e. ubiquitinated by UbcH13/Uve1a and CHIP)

inhibited the degradation of troponin I linked to Lys63 chains

(i.e. ubiquitinated by UbcH13/Uev1a and MuRF1) and of

troponin I linked to Lys48 chains (i.e. ubiquitinated by

UbcH1 and MuRF1) by pure 26S proteasomes. By contrast,

luciferase linked to a mixed forked Ub chain (i.e. ubiquiti-

nated by UbcH5 and CHIP in the absence of S5a) could not

inhibit the degradation of troponin I linked to a Lys63

chain (Figure 3A) or to a Lys48 Ub chain (Figure 3B).

These findings argue that 26S proteasomes bind Ub–protein

conjugates composed of homogeneous Lys63 and also Lys48

chains, with much higher affinities than the nondegradable

forked chains. By contrast, the mixed Ub–luciferase con-

jugates without forks, which were formed by CHIP with

UbcH5 in the presence of S5a, could inhibit the degra-

dation of Ub–troponin I conjugates composed of Lys63

linkages (Figure 3C).

To confirm that forked Ub chains bind poorly to 26S

proteasomes unlike non-forked ones made in the presence

of S5a, we assayed the binding of ubiquitinated GST–MuRF1

to 26S proteasomes (Figure 3D). To facilitate the isolation of

pure Ub conjugates, GST–MuRF1 was allowed to auto-ubi-

quitinate with or without a S5a present, while immobilized

on a column, and the binding of 26S proteasomes to these

immobilized conjugates was then assayed. The GST–MuRF1

ubiquitinated with UbcH5 and S5a showed a higher affinity

for 26S proteasomes than GST–MuRF1 ubiquitinated without

S5a (i.e. forked conjugates). This result was obtained when

the quantity of proteasomes associated with Ub–MuRF1 was

measured by assaying the peptidase activity or by immuno-

blot against the a3 subunit. These observations make it likely

that the low affinity of forked Ub conjugates for the 26S

proteasome is the primary reason for their low rate of

degradation, and that S5a by preventing the formation of

forked Ub chains by UbcH5 and ring-finger or U-box E3s

enhances the capacity of the Ub conjugates to bind to the 26S

proteasomes.

Discussion

S5a enhances degradation of certain Ub conjugates

It is now well established that the types of Ub chains formed

on a substrate are determined by the nature of both the E2
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Figure 3 26S proteasomes had a lower affinity for luciferase linked
to forked Ub chains than for luciferase linked to homogeneous
Lys63 chains or non-forked chains synthesized in the presence
of S5a. (A) Unlike Lys63 Ub–luciferase conjugates, mixed forked
Ub–luciferase conjugates failed to inhibit proteasomal degradation
of Lys63 Ub–troponin I conjugates, even at high concentrations.
Troponin I linked to a Lys63-Ub chain (formed by MuRF1 and
UbcH13/Uev1a as in Figure 2C) was isolated, and degradation by
proteasomes was assayed with increasing amounts of luciferase
linked to a mixed forked Ub chain (formed by CHIP and UbcH5 as
in Figure 2A) or luciferase linked to a Lys63 Ub chain (formed by
CHIP and UbcH13/Uev1a) in a similar manner. The degradation
reaction was run for 1 h at 37 1C. Left panel shows the conjugates
assayed with an anti-troponin I antibody. Right panel; percent
degradation of Ub–troponin I was quantitated using a densito-
meter. (B) Unlike Lys63 Ub–luciferase conjugates, mixed forked
Ub–luciferase conjugates failed to inhibit proteasomal degradation
of Lys48 Ub–troponin I conjugates, even at high concentrations. The
experiment was carried out as in (A), but troponin I was linked to
a Lys48 Ub chain by MuRF1 and UbcH1 (formed as in Figure 2C).
(C) The presence of S5a during ubiquitination of luciferase with
UbcH5 and CHIP enhances affinity of the Ub conjugates for the
proteasome, as shown by their ability to competitively inhibit
degradation of Lys63 Ub–Troponin I conjugates. The capacity of
different types of Ub–luciferase conjugates to inhibit proteasomal
degradation of troponin I formed by MuRF1 and UbcH13/Uev1a
was measured as in (A). Increasing amounts of luciferase linked to
a forked Ub chain (formed by CHIP and UbcH5), a mixed Ub-chain
lacking forks (formed by CHIP and UbcH5 with 500 nM of S5a) or a
Lys63 Ub-chain (formed by CHIP and UbcH13/Uev1a), were added
to reactions as in (A). The amount of Ub–troponin I conjugates
remaining were measured using a densitometer. (D) Forked Ub
chain has low affinity for 26S proteasomes. GST–MuRF1 bound to
a glutathione-resin was incubated with E1 and UbcH5 to allow
auto-ubiquitination with or without S5a present. After ubiquitina-
tion, other components of the reaction were removed by extensive
washing. SDS–PAGE and silver-staining showed the purity of (Ub)n-
GST–MURF1 after purification (panel ii). An equivalent amount of
ubiquitinated GST–MuRF1 from each reaction was incubated with
26S proteasomes for 30 min at 4 1C. 26S proteasomes not bound
to ubiquitinated GST–MuRF1 were removed by extensive washing.
To measure bound particles, the chymotrypsin-like activity (suc–
LLVY–amc cleavage) of 26S proteasomes bound to ubiquitinated
GST–MuRF1 was measured using flourometer (panel i). The activity
of 26S proteasomes bound to GST–MuRF1 ubiquitinated with S5a
present was designated as 100%. To verify that the activity of
26S proteasomes shown in panel (i) represents the real amount of
proteasomes, the same reactions were analyzed by western blotting
(panel iii). The amount of a3 was measured by western blotting
using an anti-a3 antibody (panel iii). Lane 1: input (1/10),
Lane 2: No Ub, Lane 3: þ S5a an Lane 4: without S5a. Amount of
a3 from the reaction with Ub–MuRF1 ubiqutinated with S5a was
set as 100%.
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and E3 (Kim et al, 2007). This study, however, indicates that

the presence of S5a can also affect the nature of the Ub chain

synthesized by U-box and ring-finger E3s, together with

UbcH5 and presumably closely related E2s (e.g. Ubc4 or

UbcH7). UbcH5 is probably the E2 most commonly used in

in vitro assays and has been reported in vivo to catalyse the

degradation of many proteins together with multiple E3s.

Although with HECT-domain E3s, UbcH5 supports the for-

mation of Lys48 or Lys63 chains, with monomeric ring-finger

or U-box E3s, ubiquitination by UbcH5 seems to be a rather

random process. The resulting Ub chains contain all possible

isopeptide linkages and multiple types of forks, and are much

more resistant to degradation by proteasomes than substrates

linked to Lys48 or Lys63 chains (Kim et al, 2007). This

resistance to degradation and proteasomal isopeptidases led

us to postulate that these poorly degraded conjugates result

from the use of purified enzymes, and that cells contain

additional factors that ensure the formation of rapidly de-

graded Ub conjugates, but are missing when the Ub–protea-

some system is reconstituted in vitro.

By preventing the ‘off-pathway’ formation of nondegrad-

able Ub conjugates, S5a seems to function like a ‘molecular

chaperone’ for proteolysis. Unlike any other proteasomal

subunit, S5a/Rpn10 is found free in large amounts in the

cytosol (van Nocker et al, 1996b; Rubin et al, 1997). Strains of

yeast and Drosophila lacking S5a/Rpn10 have a reduced

capacity for degradation of certain proteins (Rubin et al,

1997; Lambertson et al, 1999; Saeki et al, 2002; Chuang

et al, 2005). These defects have been generally attributed to

defective proteasome function in the DRpn10 strains, but in

light of these findings, they might also result in part from the

capacity of S5a/Rpn10 to prevent the formation of forked

conjugates by certain E3/E2 pairs. Since S5a stimulated pro-

teolysis only when present during the ubiquitination step,

S5a must alter the conjugation process and is not simply

serving either as a proteasomal receptor for polyUb chains

as proposed earlier (Deveraux et al, 1994; van Nocker et al,

1996a, b) or as a ‘shuttle factor’ that facilitates the association

of preformed conjugates with the 26S (Chen and Madura,

2002; Verma et al, 2004; Chuang et al, 2005; Richly et al,

2005). If free S5a were simply to bind to Ub chains in the

cytosol, it would be expected to compete with proteasomal

S5a/Rpn10 and reduce the degradation of ubiquitinated pro-

teins (Verma et al, 2004), as was found here when S5a was

added after synthesis of the conjugates. This inhibitory effect

probably accounts for the early observation that addition of

S5a to cell extracts reduces Ub-dependent proteolysis

(Deveraux et al, 1995).

A variety of findings indicate that the ability of S5a to

inhibit fork formation accounts for its capacity to dramati-

cally stimulate the breakdown of protein ubiquitinated by

UbcH5 and CHIP or MuRF1: (1) S5a had to be present during

Ub conjugation both to prevent fork formation and to en-

hance proteasomal degradation (Figure 1F). (2) This block-

age of fork formation correlated with S5a’s ability to increase

the disassembly of the polyUb chain by the proteasome

(Figure 2A) and to increase conjugate binding to the protea-

some (Figure 3). (3) S5a did not stimulate degradation when

the same substrate, troponin I, was linked to homogeneous

Ub chains that lack forks, that is, Lys48 or Lys63 chains

formed with WT Ub by UbcH1 or UbcH13/Uev1a or Lys6,

Lys11, Lys48, or Lys63 chains formed by UbcH5 with single

lysine mutant Ubs (Figure 2B and C). (Although low con-

centrations of S5a caused a small stimulation, specifically of

degradation of K33-single lysine Ub chains, this effect cannot

account for the large stimulation seen with higher concentra-

tions of S5a and wild-type Ub.) (4) Most importantly, under

the conditions where they stimulated proteolysis, S5a and the

fusion of GST with S5a’s UIM1 and UIM2 domains prevented

formation of Lys6þ Lys11, Lys27þ Lys29, and Lys29þLys33

forks, but did not alter the content of standard isopeptide

linkages (Table I). Together, these data strongly argue that

S5a acts by preventing the formation of forked Ub chains,

and no evidence was obtained for the alternative possibility

that S5a enhances the capacity of 26S proteasomes to degrade

or disassemble these mixed, forked conjugates.

The presence of forks in the conjugates formed by UbcH5

seems responsible for their relative resistance to proteasomal

isopeptidases, and this resistance might contribute to the

inability of proteasomes to rapidly degrade these ubiquiti-

nated proteins. However, probably a more important factor in

their resistance to proteolysis is that the forked Ub conjugates

have little or no affinity for the 26S particle, since they could

not competitively inhibit proteasomal degradation of Lys63-

or Lys48-linked Ub conjugates. By contrast, the non-forked,

mixed conjugates formed with S5a present competitively

inhibit the degradation of these Lys63 or Lys48 linked sub-

strates. Also our assay of conjugate binding to the 26S clearly

showed that forked ubiquitin chains have a lower affinity

than non-forked ubiquitin chains (Figure 3). Thus, prevent-

ing fork formation clearly enhanced conjugate binding to the

26S complex.

An important, initially surprising finding was that the

presence of Lys6, Lys11 and Lys63 linkages in the Ub chains

did not prevent the dramatic (up to 25-fold) stimulation of

proteasomal degradation by high S5a concentrations. Thus,

S5a enhanced proteasomal degradation of luciferase and

troponin I ubiquitinated by UbcH5 and suppressed fork

formation without significantly altering the content of these

various isopeptide linkages. It is widely stated that only Ub

chains composed of Lys48, Lys29 or Lys 11 linkages can

target proteins to the 26S proteasome (Finley et al, 1994;

Johnson et al, 1995; Pickart and Cohen, 2004; Jin et al, 2008)

and that other linkages serve distinct functions in vivo.

However, we observed that troponin I linked to Lys63 chains

is degraded rapidly by purified mammalian 26S proteasomes,

in fact even more rapidly than Lys48 chains (Kim et al, 2007)

and that such chains bind strongly to these particles

(Figure 3, and (Hofmann and Pickart, 2001)). Also, cyclin

B1 ubiquitinated by APC degraded rapidly, although it con-

tains several types of linkages or might lack Lys48 linkages

(Kirkpatrick et al, 2006). Furthermore, the observation that

the proteasome-associated Ub ligase, Hul5, synthesizes Lys63

chains on Ub conjugates and enhances their degradation, also

suggests a preference of the 26S for Lys63 chains (Crosas

et al, 2006). Thus, in vivo, there probably are cytosolic

proteins that bind selectively to Lys63 chains and prevent

their rapid hydrolysis.

Our earlier findings (Kim et al, 2007) suggested that the

slow cleavage of forked linkages by proteasomal isopepti-

dases, especially the Lys6þ Lys11 forks (which are the most

reliably quantitated forks) might account for the resistance to

proteasomal degradation. In this study, we showed that S5a

prevents the formation of all three types of forked linkages

S5a blocks synthesis of forked polyubiquitin chain
HT Kim et al

&2009 European Molecular Biology Organization The EMBO Journal VOL 28 | NO 13 | 2009 1873



(Kim et al, 2007). It is also possible that these E3s with UbcH5

might link two Ub chains to more distant Lys residues on the

proximal Ub, but such bifurcated structures (unlike those

where two Ub chains are linked to adjacent lysine residues)

do not withstand tryptic digestion and therefore cannot be

detected by the current approaches. If such distant forks are

formed, they would also be likely to retard proteasomal

degradation.

Although S5a/Rpn10 seems to be essential during mouse

development (Hamazaki et al, 2007), cells lacking S5a are

viable (Lambertson et al, 1999; Wojcik and DeMartino, 2002),

contain functional 26S proteasomes (Verma et al, 2004), and

show defects in the degradation of only a limited groups of

proteins (Rubin et al, 1997; Lambertson et al, 1999; Saeki

et al, 2002), perhaps because these proteins are ubiquitinated

by ring-finger or U-box E3s with UbcH5. The limited func-

tional defect in the DRpn10 cells under normal conditions

might indicate that other Ub-binding proteins (especially

other UIM proteins) can compensate for the lack of free

S5a. Although the UBA protein, HHR23A (the human homo-

log of Rad23), did not suppress fork formation (Table I) and

did not stimulate proteolysis, under the condition used here,

in contrast to S5a or the GST–UIMS5a fusion, Rad23, at lower

concentrations, was reported to enhance proteasomal degra-

dation by delivering Ub conjugates to the 26S proteasome

(Verma et al, 2004). In this study, we also noted that S5a,

at low concentrations, could slightly increase proteolysis by a

mechanism not involving the suppression of fork formation

(Figure 2C and Supplementary Figure S3), since it occurred

with non-forked K33 single-lysine Ubs. Thus, free S5a might

stimulate Ub-dependent proteolysis by multiple mechanisms

(see below and (Matiuhin et al, 2008)) in addition to the large

stimulation by preventing fork formation by certain E3/E2

pairs. The crucial role of S5a in ensuring formation of

degradable Ub conjugates probably accounts for the presence

of free S5a in the cytosol. In related experiments (Kim and

Goldberg, unpublished observations), we have shown that in

many mammalian cells, most S5a is free in the cytosol, as

was found earlier in Drosophila and yeast (Haracska and

Udvardy, 1995; Rubin et al, 1997; Wilkinson et al, 2000).

Surprisingly, however, in HeLa cells, most S5a is in the

proteasome, and little is free as reported earlier (Hendil

et al, 2002). Possibly in these cells and in S5a-deficient

lines, fork formation is more frequent than in other cells.

Alternatively, other cell Ub-binding proteins might function

in these cells in place of S5a to prevent fork formation.

Probable mechanism of the inhibition of fork formation

Most likely, S5a prevents the synthesis of forked chains by

binding to the growing polyUb chain through its UIM do-

mains and sterically blocking the linkage to a proximal Ub of

additional Ub molecules released from UbcH5 (Figure 4). An

analysis of S5a’s structure by NMR has indicated that its two

UIM domains can bind simultaneously to distant Ub moieties

(Wang et al, 2005). However, it is unclear exactly which

portions of S5a might shield the terminal ubiquitin from

multiple ubiquitinations. The UIM domains fused to GST

can prevent the formation of forked chain in similar fashion

as S5a. The strongest evidence that S5a bound to growing Ub

chains shields the lysines from the highly reactive Ub is that

the S5a molecule itself also gets ubiquitinated (Uchiki et al,

2009). Under our typical experimental conditions, S5a and

the GST–UIM fusion were found to be extensively ubiquiti-

nated by CHIP or MuRF1 with UbcH5 during the ubiquitina-

tion of the substrate or auto-ubiquitination of the E3s. In

yeast, Rpn10 (Crosas et al, 2006) and in mammals, S5a

(Uchiki et al, 2009) are rapidly degraded presumably because

of their continual ubiquitination. In addition, other proteins

that contain UIM domains tend to be ubiquitinated in vivo

(Klapisz et al, 2002; Oldham et al, 2002; Polo et al, 2002;

Hicke and Dunn, 2003; Timsit et al, 2005), and after ubiqui-

tination, these proteins have been reported to show reduced

affinity for polyUb chains (Miller et al, 2004). In a related

study, we have obtained strong evidence that ubiquitination

of the UIM protein is a consequence of its binding to the

growing Ub chain and that S5a (unlike a typical E3 substrate)

is ubiquitinated by a very wide variety of E3s with UbcH5

(Uchiki et al, 2009).

Perhaps the strongest evidence that this ubiquitination of

S5a is linked to its ability to prevent fork formation (Figure 4)

is that S5a gets ubiquitinated by CHIP or MuRF1 with UbcH5,

but not when these E3s function with UbcH1 or Ubc13/Uev1,

which attach Ub moieties in a precise manner yielding

homogenous linkages. By contrast, with UbcH5, ubiquitina-

tion is a rather nonspecific process in which the highly

reactive Ub, released from UbcH5, reacts with any Lys on

the proximal Ub and on occasion reacts with two Lys residues

on the same Ub, but not if S5a is present to bind to the

growing chain and to shield the proximal Ubs. Under these

conditions, the Lys residues on S5a might instead become

ubiquitinated. Thus, this tendency of S5a to be ubiquitinated

might be an accidental consequence of its shielding function

(i.e. a consequence of its residing in a dangerous neighbor-

hood), rather than being an essential mechanism for the

protection against fork formation.

Substrate
S5a UIM-domain)

Ubiquitin

(

No S5a

Undegradable

E1

E2E3

+ S5a

Degradable

E1

E2E3

Figure 4 Proposed mechanism on how S5a prevents the formation
of forked polyUb chains. Without S5a, ring-finger and U-box Ub
ligases with UbcH5 form non-degradable Ub conjugates containing
forked polyUb chains, because of the reaction of a lysine on a
proximal Ub with a highly reactive Ub released from UbcH5. The
resulting Ub conjugate is poorly degraded by proteasomes because
of the presence of forks in the polyUb chain which reduces binding
to the 26S proteasome. S5a binds to the growing polyUb chain and
blocks the available lysines except those on the terminal Ub and
then shields the chain so as to prevent the formation of more than
one isopeptide linkage on one Ub moiety. During this process, the
bound S5a is itself ubiquitinated.

S5a blocks synthesis of forked polyubiquitin chain
HT Kim et al

The EMBO Journal VOL 28 | NO 13 | 2009 &2009 European Molecular Biology Organization1874



Because the capacities of S5a to prevent fork formation

and to stimulate proteolysis are also seen with GST–UIMS5a,

and because cells lacking S5a show relatively minor defects

in degradation, this new ‘chaperoning’ effect is probably not

a unique property of S5a. Possibly, some other UIM family

members and perhaps other types of Ub-binding proteins

serve similar roles in blocking fork formation. There is

growing evidence in yeast that the UBA proteins, Rad23

and Dsk2, promote degradation by facilitating the delivery

of certain Ub-conjugated proteins to the proteasome

(Wilkinson et al, 2001; Chen and Madura, 2002; Medicherla

et al, 2004; Verma et al, 2004; Richly et al, 2005), and can

function in concert with S5a in promoting degradation

(Lambertson et al, 1999; Verma et al, 2004). Recently, extra-

proteasomal Rpn10 has been reported to regulate Dsk2’s

access to proteasomes in yeast (Matiuhin et al, 2008). Such

a role for Rpn10 seems independent of that described here

and does not seem specific to certain E3/E2 pairs. Since

HHR23A did not prevent fork formation and failed to stimu-

late proteolysis under the present conditions, there seem to

be multiple mechanisms by which a Ub-binding protein

might stimulate proteasomal degradation.

These findings indicate that S5a (and probably some other

Ub-binding proteins) serve an important chaperone-like

function for two major families of Ub ligases, the U-box

and ring-finger E3s, when they function with UbcH5. Other

E3 families, even those containing a ring-finger subunit, such

as the dimeric E3, Brca1/Bard1 (Nishikawa et al, 2004),

probably are much less prone to form forks since they

transfer the Ub moiety in a stereo-specific manner to form

homogenous chains, as do the HECT-domain E3s, E6AP

and Nedd4 (Kim et al, 2007). Thus, the formation of a

forked polyUb chain and the requirement for a chaperone-

like cofactor, like S5a, to prevent fork formation clearly

depend on the nature of the E3/E2’s ligation mechanism.

Possible biological significance of S5a’s preventing

fork formation

The in vivo significance of fork formation and the resultant

slowing of proteasomal degradation are uncertain. It is even

possible that this tendency to form forked chains and its

inhibition by S5a/Rpn10 (or a related protein) are regulated

processes that serve to control the rate of proteolysis under

certain conditions. The levels of S5a seems to be regulated in

mammals, because the amount of free (nonproteasomal) S5a

varies between different cell types (Kim and Goldberg, un-

published observations), the expression of different S5a iso-

forms changes during mouse development (Kikukawa et al,

2002), and S5a expression can be activated by c-Src as an

antiapoptotic response (Gus et al, 2007). However, we believe

it is more likely that fork formation is simply an untoward

(‘off-pathway’) consequence of the catalytic mechanism of

UbcH5 functioning with U-box or ring-finger E3s. S5a thus

seems to function as a molecular chaperone that prevents the

synthesis of nondegradable forked Ub conjugates and en-

hances the efficiency of proteasomal degradation. Therefore,

a failure of S5a/Rpn10 (or related proteins) to block fork

formation might possibly contribute to the increased levels

of Ub conjugates reported in Rpn10-deficient strains. It is

noteworthy that Ub conjugates that are resistant to efficient

proteasomal degradation and deubiquitination are also found

in a variety of late-onset diseases, especially neurodegenerative

diseases (Sherman and Goldberg, 2001; Ciechanover and

Brundin, 2003) where they accumulate as intracellular inclu-

sions. One possible explanation of their unusual stability

could be the presence of forked chains. It is noteworthy

that after heat shock or exposure to oxygen radicals, S5a/

Rpn10 and Ubc4/5 seem essential for the rapid degradation of

the damaged proteins (Medicherla and Goldberg, 2008).

Unfortunately, reliable analytic methods are not yet available

to quantify the actual abundance of forks in the highly

heterogeneous pools of Ub chains in normal and stressed

cells and to verify the importance of S5a (and other proteins)

in protecting against accumulation of such non-degradable

Ub conjugates.

Materials and methods

Ubiquitination
Ubiquitination of 125I–luciferase by CHIP and auto-ubiquitination
of MuRF1 were assayed as described earlier (Kim et al, 2007).
125I–luciferase (100 nM) was heat-treated to 43 1C for 10 min in the
presence of Hsp70 (150 nM) and then cooled on ice for 5 min.
Hsp70–luciferase complex was added to the ubiquitination mixture
containing 6His-E1 (50 nM), UbcH5 (750 nM), 6His-CHIP (500 nM),
and ubiquitin (59 mM) in a buffer composed of 20 mM Tris–HCl
(pH7.6), 20 mM KCl, 5 mM MgCl2, 2 mM ATP, and 1 mM DTT. The
actual enzyme concentrations used in each individual experiment
are indicated in the captions. If required, indicated amount of S5a,
GST–UIM (containing residues 203–329 of S5a) or HHR23A puri-
fied from E. coli was added to the reaction. After ubiquitination of
125I–luciferase (for 1 h at 371C), the ubiquitinated proteins were
resolved on SDS–PAGE and then measured using a phosphorimager
(BioRad). Ub–MuRF1 conjugates were resolved on SDS–PAGE and
detected by Coomassie blue staining. Troponin I was ubiquitinated
as described earlier (Kim et al, 2007) and Ub–troponin I conjugates
were detected by western blotting using an anti-troponin I anti-
body. The quantity of each band was calculated by Quantity One
software (BioRad).

Mass spectrometry
To identify the nature of the isopeptide linkages in the polyUb
chains, Ub conjugates were treated exhaustively with trypsin, and
the fragments were analyzed by mass spectrometry (Kim et al,
2007). Ub–luciferase conjugates were isolated with an anti-
luciferase antibody and then resolved on SDS–PAGE. The auto-
ubiquitinated MuRF1 was resolved on SDS–PAGE without immu-
noprecipitation. The bands of Ub conjugates larger than 100 kDa
were excised from the SDS–PAGE gel and were digested with
sequencing-grade trypsin (Promega) as described (Shevchenko
et al, 1996). Digested samples were loaded onto a fused silica
microcapillary C18 column (Magic, Michrom BioResources,
Auburn, CA) prepared in-house (75mm inner diameter, 10 cm in
length). An Agilent 1100 high-pressure liquid chromatography
(HPLC) system (Agilent Technologies, Palo Alto, CA) was used to
deliver a gradient across a flow splitter to the column for over
40 min. The column eluant was directed into an LCQ–Deca
electrospray ion-trap mass spectrometer (ThermoFinnigan, San
Jose, CA), and the eluted peptides were dynamically selected for
fragmentation by the operating software. The acquired MS/MS data
was analyzed with the non-redundant mouse database from NCBI,
using SEQUEST database search tool for peptide identification.
Modifications were permitted to allow for the detection of the
following (mass shift shown in Daltons): oxidized methionine
(þ 16) and ubiquitinated lysine (þ 114).

Deubiquitination of Ub–luciferase conjugates
125I–luciferase was ubiquitinated with or without S5a present. The
reactions were terminated by adding EDTA (final concentration
10 mM) and then purified with an anti-luciferase antibody and
protein A/G resin. The resin was washed with 1� conjugation
buffer thrice. 26S proteasomes (3.6 nM) was added and then
incubated at 37 1C for 1 h. Ub–luciferase resolved on SDS–PAGE,
and then the remaining quantity of large conjugates was measured
using a phosphorimager.
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Proteasomal degradation
125I–luciferase was ubiquitinated in the presence of 3.6 nM of
rabbit-muscle 26S proteasomes in a final volume of 50ml with or
without S5a, and wild-type or a single lysine Ub mutant. After 1 h,
the reaction was stopped by adding 200ml of 7% TCA, and the acid-
soluble radioactivity was measured using a gamma counter. The
same reaction was resolved by SDS–PAGE, and then analyzed using
the phosphoimager. Degradation of troponin I was assayed as
described earlier (Kim et al, 2007) and measured by western
blotting using an anti-troponin I antibody.

Competition of Ub chains for a proteasome
Troponin I was ubiquitinated by resin-bound MuRF1 with either
UbcH1 or UbcH13/Uev1a. The supernatant of reaction was used to
prepare Ub–troponin I conjugates. Ub–luciferase conjugates were
prepared using CHIP and UbcH5 with or without S5a or by CHIP
and UbcH13/Uev1a. After the reaction, CHIP, E1 and Hsp70 were
removed using their His6-tag. Purified 26S proteasomes (6 nM)
and ATP (2 mM) were added to measure the degradation of Ub–
troponin I conjugates. To test the competition for the proteasome,
Ub–luciferase conjugates linked to a different type of Ub chain were
added to the reaction. After 1 h at 371C, remaining Ub–troponin I
was detected by western blotting.

Affinity of ubiquitinated GST–MuRF1 for 26S proteasomes
GST–MuRF1 bound to glutathione-resin was incubated with E1,
UbcH5 and Ub in the presence of ATP. S5a was added to designated
reactions. After 3 h at 371C, other components than GST–MuRF1
was washed off by extensive washing with washing buffer 1 (50 mM

Tris (pH7.5), 100 mM NaCl, 40% glycerol and 1 mM DTT) three
times. 20ml of 25% suspension of resin in washing buffer was
incubated with 2ml of purified 26S proteasomes and 20ml of binding
buffer (40 mM Tris (pH 7.5), 80 mM NaCl, 20 mM MgCl2, 2 mM ATP,
0.05% Triton X-100 and 2 mg/ml BSA) at 4 1C for 30 min with
rotation. Unbound proteasomes were removed by washing thrice
using with 500ml of washing buffer 2 (20 mM Tris (pH 7.5), 40 mM
NaCl, 10 mM MgCl2, 1 mM ATP and 0.025% Triton X-100). The
amount of bound 26S proteasomes was assayed by measuring the
particle’s chymotrypsin-like activity using the fluorogenic substrate
suc–LLVY–amc and also by western blotting using an anti-a3
antibody. Similar results were obtained with each method.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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