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BAG-1 is a ubiquitin domain protein that links the
molecular chaperones Hsc70 and Hsp70 to the protea-
some. During proteasomal sorting BAG-1 can cooperate
with another co-chaperone, the carboxyl terminus of
Hsc70-interacting protein CHIP. CHIP was recently
identified as a Hsp70- and Hsp90-associated ubiquitin
ligase that labels chaperone-presented proteins with the
degradation marker ubiquitin. Here we show that
BAG-1 itself is a substrate of the CHIP ubiquitin ligase
in vitro and in vivo. CHIP mediates attachment of ubiq-
uitin moieties to BAG-1 in conjunction with ubiquitin-
conjugating enzymes of the Ubc4/5 family. Ubiquityla-
tion of BAG-1 is strongly stimulated when a ternary
Hsp70-BAG-1-CHIP complex is formed. Complex forma-
tion results in the attachment of an atypical polyubiq-
uitin chain to BAG-1, in which the individual ubiquitin
moieties are linked through lysine 11. The noncanonical
polyubiquitin chain does not induce the degradation of
BAG-1, but it stimulates a degradation-independent as-
sociation of the co-chaperone with the proteasome. Re-
markably, this stimulating activity depends on the si-
multaneous presentation of the integrated ubiquitin-
like domain of BAG-1. Our data thus reveal a
cooperative recognition of sorting signals at the proteo-
lytic complex. Attachment of polyubiquitin chains to
delivery factors may represent a novel mechanism to
regulate protein sorting to the proteasome.

The control and maintenance of the three-dimensional struc-
ture of proteins are prerequisites for cell survival and involve a
cooperation of molecular chaperones and energy-dependent
proteases (1-4). Molecular chaperones recognize hydrophobic
regions exposed on unfolded proteins and stabilize non-native
conformations. As a consequence formation of insoluble protein
aggregates is prevented, and folding to the native state is
promoted. On the other hand, energy-dependent proteases,
such as the eukaryotic 26 S proteasome, degrade irreversibly
damaged proteins that fail to be folded properly.

Selection of proteins for degradation by the proteasome in-
volves ubiquitin conjugation (5-7). A polyubiquitin chain is
attached to a protein substrate through the concerted action of
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a ubiquitin-activating enzyme (E1),! a ubiquitin-conjugating
enzyme (E2), and a ubiquitin-protein isopeptide ligase (E3). In
contrast to the presence of only one type of E1 enzyme in the
eukaryotic cytosol, E2 and E3 enzymes are recruited from large
protein families and mediate a specific recognition of a large
repertoire of protein substrates. A polyubiquitin chain gener-
ated through the linkage of lysine 48 residues of successive
ubiquitin moieties is usually sufficient to target a protein sub-
strate to the proteasome, where finally deubiquitylation, un-
folding, and degradation occur.

Recent studies shed light onto molecular mechanisms under-
lying the cooperation of molecular chaperones with the ubiq-
uitin/proteasome system during protein quality control. Two
co-chaperones, CHIP and BAG-1, are of central importance in
this regard. The CHIP protein was shown to act as a chaper-
one-associated ubiquitin ligase that directs chaperone sub-
strates to the proteasome (8-12). CHIP interacts with the
constitutively expressed Hsc70, the stress-inducible Hsp70, or
Hsp90 via its amino-terminal tetratricopeptide repeat domain.
This interaction negatively regulates ATPase and folding ac-
tivities of the Hsc/Hsp70 chaperone and induces remodeling of
Hsp90 heterocomplexes into a folding incompetent state (8, 13).
In addition, CHIP possesses a U box domain at its carboxyl
terminus which is structurally related to RING domains but
lacks the Zn2"-chelating residues (4, 14). The U box domain
provides the structural basis for the ubiquitin ligase activity of
CHIP (9, 10, 12). In conjunction with ubiquitin-conjugating
enzymes of the Ubc4/5 family CHIP mediates polyubiquityla-
tion of protein substrates presented by Hsc/Hsp70 and Hsp90.
As a consequence, CHIP induces the degradation of known
chaperone substrates such as the glucocorticoid hormone re-
ceptor or immature endoplasmic reticulum-localized forms of
the cystic fibrosis transmembrane conductance regulator in cell
culture experiments (8, 11). The ubiquitylation factor CHIP
apparently mediates the removal of chaperone-selected pro-
teins from the productive folding pathway and targets them for
degradation by the proteasome.

The Hsc/Hsp70 cofactor BAG-1 acts as a coupling factor
between molecular chaperones and the proteasomal complex
(15). BAG-1 belongs to a family of proteins with an integral

! The abbreviations used are: E1, ubiquitin-activating enzyme; E2,
ubiquitin-conjugating enzyme; E3, ubiquitin-protein isopeptide ligase;
CHIP, carboxyl terminus of Hsc70-interacting protein; HA, hemagglu-
tinin; HEK, human embryonic kidney; Hsc70, 70-kDa heat shock cog-
nate protein; Hsp40, Hsp70, Hsp90, 40-, 70-, and 90-kDa heat shock
proteins, respectively; 4K-R, mutant form of BAG-1M with four lysine
to arginine substitutions within its ubiquitin-like domain; MOPS,
4-morpholinepropanesulfonic acid; RIPA, radioimmune precipitation
assay buffer.
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ubiquitin-like domain, so called ubiquitin domain proteins (6).
The referred domain appears to serve as a proteasomal target-
ing signal and enables BAG-1 to recruit Hsc/Hsp70 to the
proteasome (15). In addition, BAG-1 is able to stimulate the
release of chaperone substrates from Hsc/Hsp70 because of its
nucleotide exchange activity (16—18). This chaperone-regulat-
ing activity may stimulate a transfer of chaperone substrates to
the proteasome. In fact, evidence for a participation of BAG-1
in proteasomal targeting was recently provided when BAG-1
was shown to promote the degradation of the glucocorticoid
hormone receptor in conjunction with CHIP (9). Cooperation of
the two cofactors appears to reflect their physical interaction.
BAG-1 and CHIP are able to associate simultaneously with
Hsc/Hsp70 because of binding to different domains of the chap-
erone, and formation of the ternary chaperone-cofactor complex
is promoted further through a direct interaction between the
two cofactors (9). Accordingly, a model for the cooperation of
Hsc/Hsp70 with the ubiquitin-proteasome system was pro-
posed which integrated BAG-1 and CHIP activity (3, 4, 19).
Association with CHIP seems to convert the Hsc/Hsp70 chap-
erone into a substrate recognition factor of a functional ubiq-
uitin ligase complex, whereas BAG-1 supports binding of the
ligase complex to the proteasome and triggers the release of
ubiquitylated substrates from Hsc/Hsp70 for their transfer to
the proteasome. However, central mechanistic and regulatory
aspects of the proposed cooperation remained elusive.

Here, we show that BAG-1 itself is a substrate of the CHIP
ubiquitin ligase in vitro and in vivo. CHIP cooperates with
ubiquitin-conjugating enzymes of the Ubc4/5 family during
ubiquitylation of BAG-1. The efficiency of ubiquitylation is
increased strongly upon formation of the ternary Hsc70-BAG-
1-CHIP complex. In this situation, a single polyubiquitin chain
with linkages involving lysine 11 is assembled on BAG-1. No-
tably, CHIP-mediated ubiquitylation does not induce the deg-
radation of BAG-1 but stimulates binding to the proteasome in
a degradation-independent fashion. We provide evidence that
the integrated ubiquitin-like domain of BAG-1 and the at-
tached polyubiquitin chain are recognized by the proteasome in
a cooperative manner. Our data reveal a novel regulatory step
during the sorting of chaperone substrates to the proteasome.

MATERIALS AND METHODS

Antibodies and Recombinant Proteins—The following antibodies
were used: mouse anti-Hsc/Hsp70 (Stressgen), rabbit anti-BAG-1 (C-16,
Santa Cruz Biotechnology), mouse anti-ubiquitin (Zymed Laboratories
Inc.), rabbit anti-ubiquitin (Sigma), and mouse anti-human C-8 (Af-
finiti). Purified bovine ubiquitin was purchased from Sigma, and the
ubiquitin K48R mutant, N-methylated ubiquitin, and rabbit E1 were
from Affiniti. Other point mutants of ubiquitin were expressed recom-
binantly in Escherichia coli BL21 (DE3) pJY2 cells using corresponding
pET3a plasmids (20). Cells were lysed by sonication in 20 mm MOPS,
pH 7.2, 100 mm KCI containing Complete protease inhibitor (Roche
Molecular Biochemicals). The lysate was centrifuged for 30 min at
30,000 X g, and the resulting supernatant was used as a soluble extract.
Rat Hsc70, human BAG-1M, and BAG-1S were purified as described
after recombinant expression in baculovirus-infected Sf9 cells (16, 21,
22). Wheat E1 was also expressed recombinantly in insect cells and
purified as described for bacterially expressed E1 (23). The C130 frag-
ment of BAG-1 (covering the carboxyl-terminal 130 amino acids of the
co-chaperone) was expressed in E. coli using a corresponding pTYB2
construct and purified as described via its self-cutting intein/chitin
binding domain (22). Human Hsp40 (Hdj-1) and human UbcH5b were
expressed in bacteria and purified as described (9, 16). A mutant form
of BAG-1M with arginine substitutions of all lysine residues within the
ubiquitin-like domain of the co-chaperone (4K-R) was generated by PCR
using corresponding primers, subcloning into pET3a (Novagen), and
expression in E. coli BL21 (DE3). The ATPase domain of Hsc70 was
purified and immobilized as described previously (16). For initial ubiq-
uitylation experiments His-tagged CHIP was used, which was purified
as described (13). For purification of untagged CHIP the chip cDNA was
subcloned into pET3a (Novagen). The protein was expressed in E. coli
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BL21 (DE3) pLysS cells. Cells were lysed by sonication in buffer A (20
mM MOPS, pH 7.2, 50 mm KCl, 0.5 mm EDTA) containing 1 mM B-mer-
captoethanol and Complete protease inhibitor. After centrifugation of
the lysate at 100,000 X g for 30 min at 4 °C, the supernatant was
applied to a DEAE-Sepharose column (Amersham Biosciences). Bound
protein was eluted by a linear gradient of 50-300 mm KCIl. CHIP-
containing fractions were pooled, and the potassium concentration was
adjusted to 50 mM. The fractions were loaded onto an HT Gel hydroxy-
apatite column (Bio-Rad), and elution of bound protein occurred in a
linear gradient from 20 to 200 mM potassium phosphate at pH 7.0.
CHIP-containing fractions were pooled, and the potassium concentra-
tion was adjusted below 120 mm. The fractions were applied to a Source
30Q column (Amersham Biosciences), and bound CHIP was eluted by a
linear gradient of 120-300 mM KCl. CHIP-containing fractions were
pooled and stored at —80 °C. 26 S proteasomes were purified from
human red blood cells as described previously (24). Protein concentra-
tions were determined using the Bio-Rad Bradford reagent with puri-
fied IgG (Sigma) as the standard.

Transfection of Mammalian Cells—Mammalian cells were tran-
siently transfected with a CalPhos transfection kit (Clontech) using
pcDNAS3.1-hbag-1S, pcDNA3.1-hbag-1M, pcDNAS3.1-chip, and
pcDNAS3.1-HA-ubiquitin according to the protocol of the manufacturer.
As control, plasmid pcDNAS3.1-myc/his-lacZ was used. Usually, cell
extracts were prepared 48 h post-transfection. Expression of BAG-1
isoforms in HeLa cells was analyzed after lysis of cells in RIPA buffer
(25 mM Tris-HCI, pH 8.0, 150 mMm NaCl, 0.1% SDS, 0.5% sodium deoxy-
cholate, 1% Nonidet P-40, 10% glycerol, 2 mm EDTA) containing Com-
plete protease inhibitor for 15 min on ice. Samples were centrifuged at
30,000 X g at 4 °C for 20 min, and the soluble fraction was used as cell
lysate. Effects of CHIP overexpression on the ubiquitylation of BAG-1
in HEK 293 cells were analyzed with stably transfected cells. For this
purpose the CHIP-expressing plasmid was linearized before transfec-
tion, and stably transfected cells were finally selected in the presence of
1,200 pg/ml Geneticin (Invitrogen). After selection stably transfected
cells were cultivated in medium containing 600 pg/ml Geneticin.

Immunoprecipitations—For immunoprecipitations of BAG-1 iso-
forms under denaturing conditions, HEK 293 cells were resuspended in
buffer B (50 mm Tris-HCI, pH 7.4, 5 mm EDTA, 1% SDS, 5 mM dithio-
threitol). The cell suspension was boiled for 5 min and diluted with 9
volumes of buffer C (50 mm Tris-HCl, pH 7.4, 100 mm NaCl, 5 mm
EDTA, 1% Triton X-100) containing Complete protease inhibitor. The
diluted lysate was passaged repeatedly through a thin needle to reduce
the viscosity of the solution and cleared by ultracentrifugation at
100,000 X g at 4 °C for 30 min. To the resultant supernatant 2 ug of
anti-BAG-1 antibody or control IgG was added, and samples were
incubated for 1 h at 4 °C. After the addition of protein G-Sepharose,
incubation was continued for an additional hour. Protein G-Sepharose-
absorbed immunocomplexes were collected by centrifugation and
washed five times with RIPA buffer followed by elution of immunocom-
plexes in SDS-PAGE loading buffer. Samples were analyzed by SDS-
PAGE and immunoblotting.

For coimmunoprecipitation of Hsc/Hsp70-associated BAG-1, tran-
siently transfected HeLa cells were lysed in 25 mm Tris-HCI, pH 7.5,
100 mm KCI (buffer D) containing 0.5% Tween 20, 2 mMm EDTA, and
Complete protease inhibitor. Lysates were centrifuged for 10 min at
30,000 X g at 4 °C, and to the supernatant fractions 0.04 ug/ul anti-
Hsc/Hsp70 or control IgG was added. Samples were incubated for 1 h at
4 °C, followed by the addition of protein G-Sepharose and further incu-
bation for 1 h. Immunocomplexes were collected by centrifugation,
washed four times with buffer D containing 0.5% Tween 20, once with
buffer D lacking detergent, and bound BAG-1 was eluted by incubation
for 15 min at 30 °C in buffer D containing 1 mm ATP, 2 mm MgCl,, and
protease inhibitors. Protein G-Sepharose was collected by centrifuga-
tion, and ATP-eluted proteins were precipitated from the supernatant
fraction by the addition of trichloroacetic acid. Precipitated protein was
analyzed by SDS-PAGE and immunoblotting.

In Vitro Ubiquitylation—Purified BAG-1M (0.6 pg in a 10-ul reac-
tion) was incubated for 2 h at 30 °C in the presence of 20% rabbit
reticulocyte lysate (Promega) in 20 mm MOPS, pH 7.2, 50 mm KCI, 0.1
mM dithiothreitol, containing 10 mm MgCl,, 5 mm ATP, 1 mM phenyl-
methylsulfonyl fluoride, 2 ug/ml aprotinin, 0.5 ug/ml leupeptin. When
indicated, 10 ug of purified ubiquitin and 0.4 pg of ubiquitin aldehyde
(Affiniti) were added. In initial ubiquitylation reactions that explored
the ubiquitylation activity of CHIP, histidine-tagged CHIP was used.
Purified human BAG-1M and BAG-1S (each 0.6 ug/10-ul reaction) were
incubated in the presence of 0.1 uMm rabbit E1, 4 um UbcH5b, 2 um
His-CHIP, and 2.5 pg/pl ubiquitin in 20 mm MOPS, pH 7.2, 100 mMm
KCI, 5 mm MgCl,, 10 mMm dithiothreitol, and 1 mm phenylmethylsulfonyl
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fluoride (buffer E) for 2 h at 30 °C. Samples were analyzed by SDS-
PAGE and immunoblotting with anti-BAG-1 antibody. To analyze ubig-
uitylation of the 4K-R mutant of BAG-1M, a soluble extract from BL21
(DES3) cells expressing the recombinant protein was prepared by soni-
cation in buffer A and centrifugation at 100,000 X g for 30 min. 30 ug
of the bacterial extract was used in the ubiquitylation assay. For ubiq-
uitylation reactions that involved formation of Hsc70-BAG-1-CHIP com-
plexes untagged CHIP was used to avoid steric hindrance. Purified
human BAG-1S (2 um) was incubated in the presence of 0.1 uM wheat
E1, 8 um UbcH5b, 3 um CHIP, and 1.25 pg/ul ubiquitin (Sigma) in
buffer E for 2 h at 30 °C. When indicated, ubiquitin was replaced by
K48R ubiquitin at a concentration of 1.25 ug/ul, and purified Hsc70 and
Hsp40 were added at a concentration of 3 and 0.3 uM, respectively. To
analyze the linkage of the BAG-1-attached ubiquitin chain in more
detail, ubiquitylation was performed as described above in the presence
of soluble bacterial extracts containing point mutants of ubiquitin.
Before the experiment, the ubiquitin concentration within the extracts
was analyzed by immunoblotting, and the amount of extract added to
the ubiquitylation reactions was adjusted so that similar amounts of
ubiquitin and mutant ubiquitin were present during the reaction (about
0.3 pg/pl final concentration). Ubiquitylation in the presence of N-
methylated ubiquitin (1.25 pg/ul final concentration) was performed at
an increased concentration of conjugation components to counteract the
reduced conjugation efficiency of the methylated protein, i.e. 0.3 um
wheat E1, 24 um UbcH5b, and 6 um CHIP were used. Samples were
analyzed by SDS-PAGE and immunoblotting.

Hsc70 ATPase Domain Binding Assay—Binding of ubiquitylated
BAG-1M to the ATPase domain of Hsc70 was assayed by previously
established ATPase domain affinity chromatography (15). Prior to
ATPase domain binding, in vitro ubiquitylation of BAG-1M was per-
formed as described above in the presence of reticulocyte lysate and
purified ubiquitin. After incubation for 2 h, a 5-fold volume of 20 mm
MOPS, pH 7.2, 150 mm KCl, 5 mm EDTA (buffer F) was added, and
samples were incubated in the presence of the ATPase domain affinity
resin for 30 min at 4 °C. The affinity resins were washed four times with
buffer F followed by boiling in SDS-PAGE sample buffer.

Pulse-Chase Experiments—COS-7 cells were transiently transfected
with 1.5 ug of pcDNA3.1-hbag-1S and 2.5 pg of pcDNA3.1-chip or
pcDNAS3.1-myc/ his-lacZ/35-mm dish. 24 h post-transfection cells were
washed with phosphate-buffered saline and incubated for an additional
hour at 37 °C in 1 ml of methionine-free medium. Metabolic labeling
was performed for 1 h by the addition of 50 wCi/ml [**S]methionine. The
labeled cells were washed twice with phosphate-buffered saline and
incubated further in medium supplemented with 25 ug/ml cyclohexi-
mide and 1 mM unlabeled methionine. At the indicated time points the
cells were harvested, frozen immediately in fluid N,, and stored at
—80 °C. For immunoprecipitation, cells were thawed on ice and lysed in
RIPA buffer supplemented with Complete protease inhibitor. Cell ly-
sates were cleared by centrifugation at 30,000 X g at 4 °C for 20 min.
Protein concentration of the lysates was determined, and equal
amounts of lysate protein were incubated with 1 ug of anti-BAG-1
antibody at 4 °C for 1 h followed by the addition of protein G-Sepharose
and an additional incubation period for 1 h at 4 °C. The Sepharose was
collected by centrifugation and washed four times with RIPA buffer,
prior to elution of bound proteins by boiling in SDS-PAGE loading
buffer. Samples were separated on an SDS-polyacrylamide gel and
analyzed using a PhosphorImager. Quantification of bands was carried
out with OptiQuant software version 3.0 (Packard Instrument).

Proteasome Binding Assay—To analyze the effects of BAG-1 ubiqui-
tylation on the association of the cofactor with the proteasome, 30-ul
ubiquitylation reactions were performed in the presence of 6 um BAG-
1S, 6 pum C130, 0.1 um wheat E1, 8 um UbcHb5b, 6 um CHIP, 0.6 pum
Hsp40, 6 um Hsc70, and 2.5 pg/ul ubiquitin as indicated in buffer E for
2 h at 30 °C. Samples were cooled on ice followed by the addition of
purified human 26 S proteasomes (16 pug/sample) and incubation for 1 h
at 4 °C. Samples were diluted in 400 ul of 20 mm MOPS, pH 7.2, 100 mm
KCl, 3 mm MgClL,, 2 mm ATP, 1 mM phenylmethylsulfonyl fluoride, and
split into two equal aliquots. One aliquot received 5 ug of anti-BAG-1
antibody, the other one the same amount of control IgG. Aliquots were
incubated at 4 °C for 1 h, protein G-Sepharose was added, and incuba-
tion was continued at 4 °C for an additional hour. The Sepharose was
collected by centrifugation and washed four times with buffer G (20 mm
MOPS, pH 7.2, 100 mm KCl, 0.5% Tween 20) and once with buffer G
lacking detergent. Bound proteasomes were dissociated from the im-
munocomplexes by the addition of detergent-free buffer G containing 2
mM MgCl,, 1 mMm ATP, and 1 mM phenylmethylsulfonyl fluoride and
incubation at 30 °C for 20 min. The protein G-Sepharose was sedi-
mented by centrifugation, and ATP-eluted proteins were precipitated
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Fic. 1. Ubiquitylated forms of BAG-1 can be detected in vivo. A,
HeLa cells were transiently transfected with vector constructs express-
ing B-galactosidase (left lane), BAG-18S (center lane), and BAG-1M (right
lane), and BAG-1 isoforms were detected in cell lysates with an anti-
BAG-1 antibody. Elevation of the intracellular levels of BAG-1S and
BAG-1M allows the detection of covalently modified forms of the co-
chaperones, consistent with an attachment of a single ubiquitin moiety
(arrowheads). 40 pg of soluble protein extract was loaded per lane. B,
coexpression of BAG-1S and hemagglutinin-tagged ubiquitin (HA-ub)
results in the appearance of two modified forms of the co-chaperone
caused by conjugation of endogenous and tagged ubiquitin to BAG-1S.

from the supernatant fraction by the addition of trichloroacetic acid.
Sepharose beads were washed again using buffer G followed by elution
of BAG-1 through boiling in SDS-PAGE loading buffer. Samples were
analyzed by SDS-PAGE and immunoblotting with specific antibodies.

RESULTS

Ubiquitylated Forms of BAG-1 Are Detectable in Vivo—
BAG-1 exists as multiple isoforms in human HeLa cells (25).
The most abundant isoforms are the nuclear BAG-1L (~55 kDa
apparent molecular mass) and the cytosolic BAG-1M (~46
kDa) and BAG-1S (~36 kDa) (Fig. 1A). However, after tran-
sient expression of BAG-1M and BAG-1S in human HeLa cells,
the anti-BAG-1 antibody specifically detected additional
polypeptides that possibly arose from covalent modification of
the isoforms (Fig. 1A, arrowheads). Modification led to an in-
crease of the apparent molecular mass by about 10 kDa. It thus
appeared conceivable that the isoforms were modified by at-
tachment of a ubiquitin moiety. To verify this hypothesis a
tagged form of ubiquitin carrying a hemagglutinin (HA) epitope
was coexpressed with BAG-1S. Coexpression led to the appear-
ance of a second modified form of BAG-1S, consistent with the
attachment of both HA-tagged and endogenous ubiquitin (Fig.
1B). Apparently, the chaperone cofactor can be covalently mod-
ified by attachment of ubiquitin.

To exclude the possibility that BAG-1 ubiquitylation was
only a consequence of transient overexpression, endogenous
BAG-1 was immunoprecipitated from human HEK 293 cells
and analyzed for the presence of ubiquitylated isoforms by
subsequent immunoblotting using an anti-ubiquitin antibody.
The immunoprecipitation was performed under denaturing
conditions to remove BAG-1-associated ubiquitylated proteins
(9). In this situation high molecular mass ubiquitin conjugates
were still detectable in BAG-1 immunoprecipitates (Fig. 2). The
data reveal modification of endogenous BAG-1 isoforms by
multiple ubiquitin attachment in vivo.

The Ubiquitin Ligase CHIP Can Mediate Ubiquitylation of
BAG-1 in Conjunction with UbcH5b—We sought to reconsti-
tute BAG-1 ubiquitylation in vitro. As a first step toward this
goal rabbit reticulocyte lysate was used as a source for the
ubiquitin-activating enzyme K1, ubiquitin-conjugating en-
zymes, and ubiquitin ligases. In the presence of reticulocyte
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Fic. 2. Polyubiquitin chains are attached to endogenous
BAG-1. To verify ubiquitylation of endogenous BAG-1, BAG-1 isoforms
were immunoprecipitated from HEK 293 cell lysates under denaturing
conditions. High molecular mass ubiquitin conjugates of the co-chaper-
one were specifically detected in anti-BAG-1 immunoprecipitates using
an anti-ubiquitin antibody (ex. represents 30 ug of cellular lysate; IP,
immunoprecipitates; HC, immunoglobulin heavy chain, LC, immuno-
globulin light chain).

lysate, purified BAG-1M was modified by the attachment of
ubiquitin moieties, and ubiquitylation was enhanced by the
addition of purified ubiquitin and ubiquitin aldehyde, an inhib-
itor of ubiquitin isopeptidases (Fig. 3A). With experimental
conditions for BAG-1 ubiquitylation established, we tested
whether CHIP participates in the ubiquitylation process. CHIP
was identified previously as a ubiquitin ligase that cooperates
with Ubc4/5 ubiquitin-conjugating enzymes and binds BAG-1
(9, 10, 12, 26). Indeed, CHIP was able to mediate ubiquitin
attachment to different BAG-1 isoforms and mutant forms of
the co-chaperone in conjunction with UbcH5b (Fig. 3, B and C).
Singly modified forms of BAG-1 were detectable under the
chosen experimental conditions. However, ubiquitylation effi-
ciency was increased strongly in the presence of Hsc/Hsp70, as
will be shown later in this study.

Ubiquitin Attachment to BAG-1 Does Not Involve the Inte-
grated Ubiquitin-like Domain of the Co-chaperone—Conceiv-
ably, the integrated ubiquitin-like domain of BAG-1 may func-
tion as an acceptor site for ubiquitin attachment. The domain
comprises four lysine residues, one of which corresponds to
lysine 48 in ubiquitin that is used for polyubiquitin chain
formation. We therefore constructed a mutant form of BAG-
1M, 4K-R, which lacked all four lysine residues within its
ubiquitin-like domain because of lysine to arginine substitu-
tions. Unexpectedly, the mutant form was still modified by
ubiquitin attachment when incubated with the CHIP/UbcH5b
conjugation machinery in the presence of E1 (Fig. 3C). Appar-
ently, lysine residues outside the ubiquitin-like domain are
utilized by the conjugation machinery.

Ubiquitylation of BAG-1 Does Not Interfere with Binding of
the Cofactor to Hsc/ Hsp70—We analyzed whether ubiquityla-
tion of BAG-1 affects binding of the cofactor to Hse/Hsp70. To
address this question, ubiquitylated BAG-1M was generated in
vitro, and binding to the ATPase domain of Hsc70 was analyzed
by affinity chromatography. Ubiquitylated BAG-1M was re-
tained on the affinity resin (Fig. 4A). It thus appears unlikely
that the ubiquitylation of BAG-1 alters the interaction of the
cofactor with Hsc/Hsp70. This conclusion was supported fur-
ther by immunoprecipitation experiments. When Hsc/Hsp70
immunocomplexes were isolated from HelLa cells overexpress-
ing BAG-18S, ubiquitylated cofactor was detectable in associa-
tion with the chaperones (Fig. 4B). Ubiquitylation of BAG-1
may thus affect not only the cofactor itself, but may have
functional consequences for the cofactor-chaperone complex
that exists in mammalian cells.

CHIP Promotes Ubiquitylation of BAG-1 in Vivo—The exper-
iments described above suggested a role of CHIP in mediating
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Fic. 3. BAG-1 can be ubiquitylated in the presence of reticu-
locyte lysate and by the CHIP/UbcH5b ubiquitin conjugation
system. A, purified BAG-1M was incubated in the presence of rabbit
reticulocyte lysate (retic.) as a source of ubiquitin conjugation compo-
nents and ubiquitin, and covalently modified forms of the chaperone
cofactor were detected using a BAG-1-specific antibody. Endogenous
BAG-1 isoforms present in reticulocyte lysate are not detectable under
the chosen conditions. Purified ubiquitin (ubiquitin) and ubiquitin al-
dehyde (ubi.-ald.) were added when indicated. B, ubiquitylation of
BAG-1M was reconstituted with purified rabbit E1, human UbcH5b,
and human CHIP. C, the CHIP/UbcH5b conjugation system mediated
ubiquitin attachment to BAG-1M, BAG-1S, and 4K-R. The different
forms of BAG-1 were detected using a specific antibody.

ubiquitylation of BAG-1 in the cellular milieu. We therefore
investigated how CHIP expression affects BAG-1 ubiquityla-
tion in cell culture experiments. For this purpose, CHIP was
overexpressed in HEK 293 cells. Overexpression did not alter
the amount of ubiquitylated proteins detectable in cellular
extracts (Fig. 5). However, a significant increase of ubiquity-
lated BAG-1 isoforms was detectable after immunoprecipita-
tion of the cofactor under denaturing conditions. Consistent
with the in vitro data shown above, the CHIP ubiquitin ligase
promotes ubiquitylation of BAG-1 in vivo.

Hsc70 Increases the Processivity of BAG-1 Ubiquityla-
tion—We noted that CHIP primarily induced the formation of
mono- or diubiquitylated BAG-1 under in vitro conditions,
whereas overexpression of CHIP in cell lines stimulated polyu-
biquitylation of the co-chaperone (Figs. 3 and 5). This sug-
gested a participation of additional proteins during ubiquityla-
tion. In this regard it is noteworthy that BAG-1 and CHIP can
associate simultaneously with Hsc/Hsp70 (9). We hypothesized
that formation of the ternary chaperone-cofactor complex pro-
motes recognition of BAG-1 by the CHIP ubiquitin ligase and
may thus increase the efficiency of ubiquitylation. To verify
this hypothesis, Hsc70 and the co-chaperone Hsp40 were added
to in vitro ubiquitylation reactions. Hsp40 was included be-
cause BAG-1 preferentially binds to the ADP-bound state of
Hsc70, which, in the presence of ATP, is attained through
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Fic. 4. Ubiquitin attachment to BAG-1 does not interfere with
Hsc/Hsp70 binding. A, after in vitro ubiquitylation of BAG-1M in
rabbit reticulocyte lysate (retic.), an association with the ATPase do-
main of Hsc70 immobilized on activated Sepharose beads was investi-
gated. Ubiquitylated BAG-1M was found associated with the Hsc70
ATPase domain (input corresponds to 3.3% of the volume of the samples
after the ubiquitylation reaction; bound represents 6.6% of the volume
of the SDS-eluates from the ATPase domain affinity resin). B, after
overexpression of BAG-1S in HeLa cells (BAG-1S), ubiquitylated
BAG-1S (ub-BAG-1S) was coprecipitated with an anti-Hsc/Hsp70 anti-
body (anti-Hsc70). Immunoprecipitated proteins were eluted from Hsc/
Hsp70 with ATP, and ATP-eluates were probed with an anti-BAG-1
antibody. When indicated, mouse IgGs were used as control antibody
Ig@).

stimulation of Hsc70 ATPase activity by Hsp40. Indeed, addi-
tion of Hsc70 and Hsp40 resulted in a strong stimulation of
BAG-1 ubiquitylation mediated by CHIP, and the attachment
of multiple ubiquitin moieties to BAG-1 became apparent
(Fig. 6A).

CHIP Mediates the Formation of a Lysine 11-linked Polyu-
biquitin Chain on BAG-1, Which Does Not Serve as a Degrada-
tion Signal—We wanted to test whether multiple lysine resi-
dues within BAG-1 are used for ubiquitin attachment.
Therefore, ubiquitin was replaced by N-methylated ubiquitin
that is unable to form polyubiquitin chains. In this situation,
only a singly modified form of BAG-1 was detectable even after
prolonged exposure (Fig. 6B). This indicates polyubiquitylation
of BAG-1 at a single lysine residue. The architecture of the
BAG-1-attached polyubiquitin chain was analyzed using sev-
eral point mutants of ubiquitin. Replacement of ubiquitin by a
mutant form with a lysine to arginine substitution at position
48 did not inhibit polyubiquitin chain formation (Fig. 6, A and
(). Similar results were obtained when a triple mutant with
arginine substitutions at positions 29, 48, and 63 was used (Fig.
6C). CHIP apparently mediates the formation of a noncanoni-
cal polyubiquitin chain on BAG-1 with linkages involving ly-
sine residues other than lysines 29, 48, and 63. This was
confirmed when ubiquitin mutants engineered to carry only a
single lysine residue were utilized. The addition of lysines 29,
48, and 63, respectively, did not result in polyubiquitylation of
BAG-1 (Fig. 6C). In contrast, in the presence of a mutant form
of ubiquitin in which only lysine 11 was maintained, efficient
polyubiquitylation of BAG-1 was observed. Apparently, ubiq-
uitin moieties attached to BAG-1 by the CHIP conjugation
machinery are mainly linked through lysine 11. Although the
function of lysine 11-linked chains is largely enigmatic, a pre-
vious report revealed a role of such chains in proteasomal
degradation when attached to an artificial model substrate
(27). However, we observed that overexpression of CHIP in
COS-7 cells did not significantly alter the stability of BAG-1
(Fig. 7). CHIP-mediated attachment of a lysine 11-linked ubiq-
uitin chain to BAG-1 apparently serves functions other than
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Fic. 5. Overexpression of CHIP induces the polyubiquityla-
tion of endogenous BAG-1 in vivo. CHIP-overexpressing HEK 293
cells were lysed under denaturing conditions and BAG-1 isoforms im-
munoprecipitated from soluble lysates. Ubiquitylated forms of BAG-1
were detected in immunoprecipitates using an anti-ubiquitin (upper
panel) and an anti-BAG-1 antibody (lower panel) (ex. represents 30 pug
of soluble lysate; IP, anti-BAG-1 immunoprecipitates; HC, immunoglob-
ulin heavy chain; LC, immunoglobulin light chain).

targeting the chaperone cofactor for degradation.
CHIP-mediated Polyubiquitylation of BAG-1 Stimulates the
Association of BAG-1 with the Proteasome—It was revealed
previously that BAG-1 associates with the proteasome via its
integrated ubiquitin-like domain (15). We reasoned that CHIP-
mediated ubiquitylation of BAG-1 provides an additional sort-
ing signal to stimulate proteasomal association of the chaper-
one cofactor in a degradation-independent manner. Therefore,
the effects of CHIP on the association of BAG-1 with the pro-
teasome were analyzed. Because CHIP is also able to induce
the ubiquitylation of Hsc70- and BAG-1-bound proteins (9), in
vivo experiments were considered inconclusive, and thus bind-
ing assays with purified components were performed. In these
experiments a deletion fragment of BAG-1, C130, was also
used. C130 covers the carboxyl-terminal 130 amino acids of the
cofactor and thus lacks the integrated ubiquitin-like domain.
Yet, the fragment retains the ability to bind and regulate
Hsc/Hsp70 (22). Both BAG-1 and C130 were ubiquitylated ef-
ficiently in the presence of the Hsc70/Hsp40 chaperone system
and the ubiquitin conjugation machinery comprising E1, CHIP,
and UbcH5b (Fig. 8A). Using point mutants of ubiquitin we
confirmed that the ubiquitin moieties of the C130-attached
chain are mainly linked through lysine 11, as observed for
full-length BAG-1 (data not shown). Association with the pro-
teasome was monitored after the addition of purified human
proteasomes and subsequent isolation of BAG-1 complexes by
immunoprecipitation. In the absence of ubiquitylation (minus
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Fic. 6. Hsc70 stimulates CHIP-mediated ubiquitylation of
BAG-1, resulting in the attachment of a single lysine 11-linked
polyubiquitin chain to the co-chaperone. A, in vitro ubiquitylation
reactions were performed using purified BAG-1S as a substrate. When
indicated, purified ubiquitin, a lysine 48 to arginine mutant form of
ubiquitin (48R), purified wheat E1, human UbcH5b, human CHIP, rat
Hsc70 (70), and human Hsp40 (40) were added. Ubiquitylation of
BAG-1S was analyzed by immunoblotting with an anti-BAG-1 anti-
body. B, in vitro ubiquitylation assays were performed using N-meth-
ylated ubiquitin that blocks polyubiquitin chain formation. C, point
mutants of ubiquitin were used in in vitro ubiquitylation assays, which
completely lacked all lysine residues (K0) or possessed only a single
lysine residue (K6, K11, K27, K29, K33, K48, and K63). 29R /48R /63R
represent a triple mutant of ubiquitin with lysine to arginine substitu-
tions at the indicated positions. A sample that did not receive the
ubiquitin-activating enzyme E1 was used as a control (WT w/o EI).
Ubiquitylated forms of BAG-1S were detected by immunoblotting. The
lower panel shows the amount of ubiquitin and its mutant forms pres-
ent during the ubiquitylation reaction. Similar amounts of the different
forms were added. Ubiquitin was detected with a specific antibody.

E1 controls), proteasome was found associated with BAG-1 but
not with C130 (Fig. 8B). This is consistent with our previous
observation that the integrated ubiquitin-like domain of the
cofactor is required for proteasome binding (15). The amount of
proteasome detectable in association with BAG-1 was in-
creased significantly after CHIP-mediated ubiquitylation of the
chaperone cofactor (Fig. 8B, compare the last two lanes). The
lysine 11-linked polyubiquitin chain on BAG-1 apparently
stimulates binding of the cofactor to the proteolytic complex.
Remarkably, however, proteasome binding was not observed
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Fic. 7. CHIP does not induce BAG-1 degradation. COS-7 cells
expressing BAG-1S and CHIP (circles), or BAG-1S alone (squares) were
labeled with [**Slmethionine and chased for the indicated time. BAG-1S
was immunoprecipitated using anti-BAG-1 antibody, and the amount of
radiolabeled co-chaperone was quantified with a PhosphorImager. Data
represent the means of four experiments = S.D. The amount of BAG-1
detectable at time point zero was set to 100%.

for ubiquitylated C130. The polyubiquitin chain alone is appar-
ently unable to induce detectable binding of the BAG-1 mutant
form to the proteolytic complex, but it enhances binding to the
proteasome when presented together with the integrated ubiq-
uitin-like domain in the full-length protein. Our data thus
suggest a cooperative recognition of the two sorting signals
during proteasomal targeting of BAG-1.

It has to be pointed out that Hsc70 was also ubiquitylated
efficiently by CHIP and UbcH5b under the chosen experimen-
tal conditions (Fig. 8A). Similar to our findings for BAG-1,
CHIP-mediated ubiquitylation of Hsc70 results in the attach-
ment of a noncanonical ubiquitin chain to the chaperone (10). It
was therefore conceivable that ubiquitylation of Hsc70 might
contribute to the formation of BAG-1-proteasome complexes in
our binding assay. However, ubiquitylated Hsc70 did not in-
duce an association of C130 with the proteasome (Fig. 8B). The
polyubiquitin chain attached to Hsc70 is apparently unable to
induce detectable binding of BAG-1 to the proteasome on its
own. Yet, our data do not exclude a possible stimulatory role of
the Hsc70-attached chain when presented to the proteasome
together with the integrated ubiquitin-like domain of BAG-1
within a ternary Hsc70-BAG-1-CHIP complex. A cooperative
binding of sorting signals by the proteasome may thus occur
between the integrated ubiquitin-like domain of BAG-1 and
noncanonical polyubiquitin chains attached to BAG-1 and
Hsc/Hsp70.

DISCUSSION

The chaperone cofactors BAG-1 and CHIP were shown pre-
viously to team up to switch the activity of Hsc70 and Hsp70
from protein folding to protein degradation (9). The data pre-
sented here reveal a new level of functional cooperation be-
tween the two cofactors by demonstrating CHIP-mediated
ubiquitylation of BAG-1 and subsequent increased targeting to
the proteasome that does not result in BAG-1 degradation. In
conjunction with ubiquitin-conjugating enzymes of the Ubc4/5
family, CHIP mediates attachment of a lysine 11-linked polyu-
biquitin chain to BAG-1. Although polyubiquitin chains linked
through lysine 48 serve as degradation signals, the function of
noncanonical chains with other linkages is less clear (7). There
is some evidence for a role of lysine 29-linked chains in protea-
somal degradation (for review, see Ref. 7), whereas lysine 63-
linked chains apparently mediate nondegradative functions
during DNA repair, the stress response, and endocytosis (7, 28,
and references therein) and affect ribosome activity in a deg-
radation-independent fashion (29). So far the physiological role
of lysine 11-linked chains has not been analyzed in detail.
Baboshina and Haas (27) have shown that the ubiquitin-con-
jugating enzyme E2;pp is able to attach lysine 11-linked chains
to itself in an in vitro autoubiquitylation reaction and targets
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Fic. 8. CHIP-mediated polyubiquitylation stimulates the asso-
ciation of BAG-1 with the proteasome. A, in vitro ubiquitylation
reactions were performed using purified BAG-1S, C130, Hsp40 (40),
Hsc70 (70), E1, UbcH5b, CHIP, and ubiquitin as indicated. Samples
that did not receive E1 were used as controls. Ubiquitin conjugation to
BAG-1S, C130, and Hsc70 was analyzed by SDS-PAGE and immuno-
blotting with anti-BAG-1 and anti-Hsc/Hsp70 antibody. The asterisk
marks a dimeric form of C130 which was not resolved during SDS-
PAGE. B, in vitro ubiquitylation reactions were incubated with purified
human proteasomes, and BAG-1S- and C130-associated proteins were
immunoprecipitated using an anti-BAG-1 antibody. Unrelated rabbit
IgG was used as control antibody. Associated proteasomes were de-
tected in ATP-eluates from isolated immunocomplexes using an anti-
body against the catalytic core subunit C-8 (C-8). Immunoprecipitated
BAG-1S and C130 were detected by immunoblotting with an anti-
BAG-1 antibody. Ubiquitylated forms of BAG-1S and C130 are masked
by the light and heavy chain of the antibody (LC and HC, respectively).

reduced carboxymethylated bovine serum albumin for protea-
somal degradation by attachment of a lysine 11-linked chain in
an in vitro assay. Our data confirm that such a noncanonical
chain is involved in proteasomal targeting. However, when
attached to BAG-1 the lysine 11-linked chain does not act as a
degradation signal but participates in the degradation-inde-
pendent sorting of BAG-1 to the proteasome.
Degradation-independent sorting mediated by CHIP is not
restricted to BAG-1. The chaperones Hsc70 and Hsp70 are
major cellular targets of CHIP, and also in this case the ubiq-
uitin ligase mediates attachment of a noncanonical polyubiq-
uitin chain to the chaperones without inducing degradation
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(10). Although the linkages of the Hsc/Hsp70-attached polyu-
biquitin chain remain to be determined in detail, BAG-1 and
Hsc/Hsp70 are apparently affected similarly by the ubiquityla-
tion activity of CHIP. This is even more remarkable as the
chaperones and the two cofactors assemble to form a cellular
complex that mediates the sorting of chaperone substrates to
the proteasome (9). In fact, efficient ubiquitylation of BAG-1
was only observed upon complex assembly, illustrating the
tight cooperation of Hsc/Hsp70, BAG-1, and CHIP (Fig. 6). We
would therefore like to postulate that CHIP-induced attach-
ment of noncanonical polyubiquitin chains to BAG-1 and Hsc/
Hsp70 is an integral part of the sorting process mediated by the
ternary chaperone-cofactor complex. In support of this hypoth-
esis, we show here that CHIP-induced ubiquitylation stimu-
lates an association of BAG-1 with the proteasome.

It remains to be elucidated why Hsc/Hsp70 and BAG-1 are
not degraded when sorted to the proteasome through CHIP-
induced polyubiquitylation, in contrast to chaperone substrates
like the glucocorticoid hormone receptor (8). Possibly structural
features of the chaperone and the cofactor may render the two
proteins rather resistant to proteasomal degradation. On the
other hand, the ubiquitin ligase Siah was shown recently to
induce the proteasomal degradation of BAG-1 in the olfactory
neuroepithelium (30). This illustrates that BAG-1 can be de-
graded by the proteasome in principle. It thus appears likely
that a combination of structural features of the modified pro-
tein and of the attached type of polyubiquitin chain determine
the degradation efficiency.

We used a deletion fragment of BAG-1, C130, to elucidate
mechanistic aspects of the observed proteasome association.
C130 covers the carboxyl-terminal 130 residues of the chaper-
one cofactor. It lacks the integrated ubiquitin-like domain but
retains the ability to bind and regulate Hsc70 (22). In contrast
to BAG-1, C130 did not bind to the proteasome (Fig. 8B). This
is in agreement with the previously proposed essential role of
the integrated ubiquitin-like domain of BAG-1 in proteasomal
sorting (15). Surprisingly, however, ubiquitylation of C130 did
not induce detectable binding to the proteasome. The data
emphasize the functional importance of the integrated ubiq-
uitin-like domain of BAG-1 for proteasomal targeting of the
chaperone cofactor. Simultaneous recognition of the ubiquitin-
like domain and the cofactor-attached polyubiquitin chain is
apparently necessary to obtain an increased association with
the proteasome upon CHIP-induced ubiquitylation.

On a molecular level such a cooperative recognition of pro-
teasomal sorting signals might be best explained if one as-
sumes two distinct but communicating binding sites within the
19 S regulatory complex of the proteasome. Different subunits
of the 19 S regulatory complex are currently discussed as
ubiquitin receptors of the proteasome (31-37). The S5a/Rpn10
subunit was initially identified as a polyubiquitin receptor and
was later shown to bind also integrated ubiquitin-like domains
for example of the human ubiquitin domain proteins hHR23
and hPLIC-2 (31, 32, 34, 35). Moreover, two distinct ubiquitin
binding domains were identified in S5a, of which only one is
used for ubiquitin domain protein recognition (32, 34). How-
ever, the physiological significance of these findings is cur-
rently a matter of debate. Yeast S5a is not an essential protein
(36), and Pickart and colleagues (33) revealed that S5a in the
context of the assembled 19 S complex does not recognize
polyubiquitin chains efficiently. They provided evidence for a
function of the S6'/Rpt5 subunit of the regulatory complex as a
ubiquitin chain receptor. In addition, a different subunit of the
regulatory complex, Rpnl, was identified recently as a receptor
for integrated ubiquitin-like domains (37). The existence of
distinct binding sites for ubiquitin-like domains and polyubiq-
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uitin chains within the 19 S regulatory particle may thus
provide the molecular basis for the observed cooperative recog-
nition of sorting signals at the proteasome.

What might be the advantage of attaching polyubiquitin
chains to delivery factors with regard to the proteasomal deg-
radation of the delivered substrate protein? Notably, degrada-
tion mediated by the proteasome is considered a delicately
timed process (7, 38). The polyubiquitin chain on the substrate
protein is subjected to deubiquitylation by ubiquitin isopepti-
dases present in the regulatory complex of the proteasome. If
the chain is trimmed before the substrate is unfolded and
inserted into the catalytic core, it is likely to escape unharmed.
It is therefore not surprising that cellular mechanisms have
evolved to increase degradation efficiency. For example, sev-
eral ubiquitin ligases were recently found associated with the
proteasome, suggesting tight coupling of ubiquitylation and
degradation (38-40). Ubiquitin ligase-mediated binding of
substrates in the vicinity of the proteasome is likely to increase
the time available for substrate processing at the proteasome.
On the other hand, a reduction of the necessary processing may
be achieved by the delivery of non-native substrates that can be
inserted directly into the proteasomal core. The Cdc48 AAA
ATPase apparently fulfills such a chaperone-like function dur-
ing proteasomal sorting (41-45), and also the chaperone-BAG-
1-CHIP complex is ideally suited for the delivery of non-native
substrates. Attachment of polyubiquitin chains to the delivery
factors Hsc/Hsp70 and BAG-1 may be considered as another
means to increase the efficiency of the degradation process.
Additional ubiquitin chains in close proximity to the modified
substrate may reduce deubiquitylation activity on the sub-
strate and may consequently prevent premature release of the
substrate. Multiple polyubiquitin chains presented by a deliv-
ery complex and the bound substrate may thus ensure efficient
degradation.
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