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The proteasome is the major non-lysosomal proteolytic machine in cells that, through degradation of
ubiquitylated substrates, regulates virtually all cellular functions. Numerous accessory proteins influence
the activity of the proteasome by recruiting or deubiquitylating proteasomal substrates, or by maintain-
ing the integrity of the complex. Here we show that the ubiquitin specific protease (USP)-4, a deubiqui-
tylating enzyme with specificity for both Lys48 and Lys63 ubiquitin chains, interacts with the S9/Rpn6
subunit of the proteasome via an internal ubiquitin-like (UBL) domain. S9/Rpn6 acts as a molecular clamp
that holds together the proteasomal core and regulatory sub-complexes. Thus, the interaction with USP4
may regulate the structure and function of the proteasome or the turnover of specific proteasomal

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

The active pool of a given protein is controlled by its rates of
synthesis and degradation. The balance between these events is
highly regulated and essential for the successful progression of cel-
lular functions such as the cell cycle, signal transduction and gene
expression [1]. The typical signal for targeting intracellular pro-
teins for degradation is ubiquitylation [1]. The covalent linkage of
ubiquitin to target proteins is performed by an enzyme cascade
that includes a ubiquitin activating enzyme (E1), a ubiquitin conju-
gating enzyme (E2) and a substrate-specific ubiquitin ligase (E3)
that mediates the transfer of ubiquitin to the substrate [1].

Ubiquitylation is reversed by a family of cysteine- or metallo-
proteases collectively known as deubiquitylating enzymes (DUBs),
of which approximately 80 members have been identified in the
human genome [2]. DUBs have two main functions: they cleave
ubiquitin monomers from ubiquitin precursors or ubiquitin chain
conjugates, thus maintaining the pool of free ubiquitin available
for conjugation, and they regulate the turnover of ubiquitin chains,
thus controlling the fate of specific substrates and signaling path-
ways [3]. Compelling evidence indicates that at least part of the
latter function occurs at the proteasome where proteasome-
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associated DUBs determine the time of residence and rate of
substrate degradation by cleaving or trimming the ubiquitin chains
[4].

The proteasome is a highly conserved multi-catalytic protease
complex composed of a barrel-shaped 20S catalytic core with the
proteolytic activities buried in the inside, and a 19S regulatory
particle that serves as a gatekeeper for entry into the catalytic
chamber. The 19S can be further divided into the ‘base’ and ‘lid’
sub-complexes. The base, located in closest proximity to the open-
ing of the 20S cylinder, comprises six AAA-ATPases that mediate
the unfolding and threading of substrates into the catalytic cham-
ber, two scaffolding subunits S1 and S2 (known as Rpn1 and Rpn2
in yeast) and the ubiquitin receptors S5a/Rpn10 and ADRM1/
Rpn13. The composition and function of the lid are less understood
but it is believed to play key roles in the recognition of ubiquitylat-
ed substrates and regulation of the rate of proteolysis since it
exerts both ubiquitin ligase and DUB activities [1].

Three DUBs are known to be associated with the mammalian
proteasome: the constitutive lid subunit S13/Rpn11 and the tran-
siently associated USP14/Ubp6 and UCH37, also known as UCHL5
[5]. These proteasome-associated DUBs have opposite effects on
substrate degradation, while the S13 subunit promotes the degra-
dation of ubiquitylated substrates [6,7], USP14 and UCH37 delay
proteolysis [8,9].

Here we identify USP4, a multifunctional DUB with potential
roles in cancer, as a proteasome interacting partner. We show that
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USP4 directly binds to the S9 subunit of the 19S regulatory particle
through an N-terminal domain that resembles but is functionally
distinct from the UBL domains of hHR23a/b and Ubiquilin-1. S9
is an essential subunit of the proteasome [10,11] and was recently
shown to form a molecular clamp that holds together the 20S core
and 19S, regulating thereby the structural integrity of the 26S pro-
teasome [12-14]. Thus, USP4 may play a role in proteasome
assembly or in the dynamics of substrate ubiquitylation at the
proteasome.

2. Materials and methods
2.1. Plasmids and yeast-two hybrid screen

The N-terminal region of USP4 was cloned in-frame with the
GAL4 DNA binding domain (DBD) and Myc tag in the yeast
expression vector pGBKT7 (Clontech, Mountain View, CA, USA),
generating the yeast two-hybrid bait pGBKT7-GAL4(DBD)-
USP4(1-318)-Myc. The screen was performed using the
Matchmaker™ pretransformed HeLa library (Clontech) according
to manufacturer’s protocol. GST-S9, GST-S9(1-142), GST-S9(143-
422) and USP4-GST cloned in the pGEX-5X-1 plasmid (Amersham
Biosciences, Buckinghamshire, UK) have been described previously
[15]. His(6x)-USP4 cloned in pDEST17 plasmid was kindly pro-
vided by Rohan Baker (The Australian National University, Can-
berra, Australia). The USP4 mammalian expression has been
previously described [15] and USP4 truncations USP4(1-318),
USP4(1-220), USP4(1-120), USP4(1-963)(AUBL), USP4(UBL) were
cloned in frame with a C-terminal Myc-tag in pCDNA4 (Invitrogen,
Carlsbad, CA, USA). Myc-Ubiquilin-1 [16] and mHR23A-YFP were
kindly provided by Nico Dantuma (Karolinska Institutet,
Stockholm, Sweden).

2.2. Recombinant protein purification

GST or GST-fusion proteins were expressed in the Escherichia
coli strain BL21. Bacteria cultured to an OD of 0.7 were induced
for 5 h with 0.5 mM isopropyl-B-p-1-thiogalactopyranoside (IPTG)
at 27 °C. The cells were washed in ice-cold PBS, resuspended in
buffer containing 50 mM NaCl, 50 mM Tris pH 8.0, 1 mM EDTA,
0.5% IGEPAL supplemented with phenylmethylsulfonylfluorid
(PMSF) (0.18 mg/ml) (Sigma-Aldrich, MO, USA) and protease
inhibitor cocktail (Roche Applied Science, Basel, Switzerland) and
lysed by three cycles of freeze-thaw and sonication. The proteins
were purified on glutathione sepharose according to manufac-
turer’s protocol (Amersham Biosciences). USP4-His was expressed
in E. coli strain BL21 and purified using His-trap columns (GE
Healthcare, Little Chalfont, UK).

2.3. Antibodies and tissue culture

The following primary antibodies were used: anti-B-actin (AC-
15), anti-GFP (sc-8334), anti-Myc (A14) and anti-Myc (9E10) from
Santa Cruz Biotechnology (Santa Cruz, CA, USA), anti-S9 (A302-
750A) from Bethyl Laboratories (Montgomery, USA), anti-S8
(Rpt6) and anti-20S core from Biomol (Exeter, UK), anti-His (Ab-
1) from Oncogene (La Jolla, CA, USA), anti-USP4(188-200) from
Sigma. Secondary antibodies for Western blot were donkey anti-
rabbit or sheep anti-mouse conjugates (Zymed Laboratories Inc.,
San Francisco, CA, USA). The human cervical cancer cell line HeLa
and the human embryonic kidney cell line HEK293T were main-
tained in Dulbecco’s modified Eagle’s medium supplemented with
10% fetal calf serum (v/v), 2 mM glutamine, and 100 units/ml pen-
icillin and 100 pg/ml streptomycin (Sigma). Transfections were
performed using jetPEI (Polyplus Transfection, Illkirch, France)

according to manufacturer’s protocol or by the calcium phosphate
method [17].

2.4. Immunoprecipitation, GST pull-down and in vitro binding assays

Co-immunoprecipitations were performed in a buffer containing
50 mM Tris (pH 7.4), 150 mM Nacl, 0.05 mM EDTA, and 1% IGEPAL
(Sigma) supplemented with protease inhibitor mixture cocktail
(Roche Applied Science). For immunoprecipitations of 19S or 268,
the lysis buffer was complemented with 2 mM ATP (Sigma). The
immunoprecipitation of FLAG-tagged proteins was performed with
FLAG (M2) affinity gel (Sigma). For GST-pull-down, purified proteins
were incubated with cell lysates for 3 h at 4 °C with gentle rotation
and for in vitro binding studies purified proteins were mixed in
buffer containing 50 mM NaCl, 50 mM Tris pH 8.0, 1 mM EDTA,
0.5% IGEPAL. The unbound protein was washed away and specific
interaction was detected by western blotting.

3. Results
3.1. USP4 interacts with the S9 subunit of the proteasome

USP4 is a multifunctional DUB that cleaves both Lys48 and
Lys63 ubiquitin chains [15,18,19] and regulates various cellular
functions including NF-kB and Wnt signaling, the activity of the tu-
mor suppressor p53 and correct mRNA splicing [15,20-22]. In order
to learn more about the activities of USP4 we endeavor to identify
its interacting partners. To this end, the N-terminal domain of USP4
(amino acid 1-318) that precedes the conserved DUB-homology
domain was used as bait in a yeast-2 hybrid (Y2H) screen (Supple-
mentary Table S1). This region contains a DUSP (Domain present in
Ubiquitin Specific Proteases) domain juxtaposed to an ubiquitin-
like (UBL)-domain and a nuclear export signal (NES). The function
of the DUSP and UBL domains are unknown while the NES works
in concert with a C-terminal nuclear localization (NLS), enabling
the nuclear-cytoplasmic shuttling of USP4 [23].

A total of 90 interactions were identified in the Y2H screen
(Supplementary Table S1). The most frequent interaction was with
LGALS1 but this was excluded from further analysis since it is often
detected as a non-specific binding partner in this type of screen.
The next most frequent interaction was observed with the S9
subunit of the proteasome. In order to validate the interaction,
pull-down experiments were performed using purified recombi-
nant GST-S9 and lysates of HEK293T cells transiently transfected
with a USP4-Myc expressing plasmid. A robust interaction
between USP4-Myc and GST-S9 was observed in western blots
probed with the anti-Myc antibody (Fig. 1A) and similar results
were obtained with lysates of cells overexpressing USP4-GFP (not
shown). The finding was further supported by immunoprecipita-
tion of the endogenous S9 in USP4-Myc transfected HE293T cells,
which revealed efficient co-precipitation (Fig. 1B). The interaction
was not dependent on the enzymatic activity of USP4 since the cat-
alytic site mutant USP4 (C311S)-Myc co-immunoprecipitated with
endogenous S9 with equal efficiency (not shown). To investigate
whether the interaction is direct or dependent on accessory pro-
teins that may be present in the cell lysates, in vitro binding assays
were performed using purified GST, GST-S9 and His(6x )-USP4. As
illustrated by the representative experiment shown in Fig. 1C,
purified His(6x)-USP4 exclusively co-precipitated with GST-S9,
confirming that the interaction is specific and direct.

3.2. USP4 interacts with the 26S proteasome

We next tested whether USP4 could interact with the
assembled 26S proteasome. To this end, proteasomes were
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Fig. 1. USP4 interacts with the S9 subunit of the proteasome. (A) GST pull-down experiments showing the interaction between S9 and USP4. Purified GST and GST-S9 were
used together with lysates of HEK293T cells overexpressing USP4-Myc. Input equals 5% of the total cell lysate. (B) Endogenous S9 interacts with USP4. S9 was precipitated
from lysates of HEK293T cells overexpressing USP4-Myc and western blots were probed with S9 and Myc antibodies. (C) In vitro binding experiment showing direct
interaction of USP4 with S9. Purified GST-S9 and USP4-His were mixed at 1:1 ratio. USP4-His(6x) was detected with an anti-His antibody.
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Fig. 2. USP4 associates with the 26S proteasome. (A) Proteasomes were immunoprecipitated from HEK293T cells expressing USP4-GFP or GFP with an antibody to the S8
subunit. Western blots were probed as indicated. Detection of the 20S core particle confirms the immunoprecipitation of intact proteasomes. (B) HeLa-S3 cells either stably
expressing a FLAG-B4 subunit of the 20S, were transiently transfected with USP4-Myc and immunoprecipitation was performed using FLAG-affinity gel. The lysates were
analyzed by western blot and probed as indicated. (C) Endogenous USP4 associates with the proteasome. The proteasome was immunoprecipitated with the S8 antibody and

blots were probed with antibody specific for S8 and USP4.

immunoprecipitated form HEK293T cells using antibodies to the S8
ATPase that is localized in the base of the 19S. Immunoprecipita-
tion of the entire proteasomes was confirmed by probing the blots
with antibodies specific for the 20S core complex. Co-precipitation
of transfected USP4-GFP was readily detected (Fig. 2A), whereas
GFP alone was not present in the IP. In order to further confirm that
USP4 interacts with the assembled 26S proteasome the immuno-
precipitations were repeated in the HeLa-S3 cell line that stably

expresses a FLAG-tagged B4 subunit of the 20S core. The cells were
transiently transfected with USP4-Myc and immunoprecipitation
was performed using FLAG affinity gel. Western blots of FLAG-IPs
were probed with antibodies to the S8 subunit, which confirmed
immunoprecipitation of the intact 26S (Fig. 2B). USP4-Myc was
also readily detected in the blots confirming that USP4 interacts
with the assembled proteasome. Finally we tested whether the
interaction of USP4 with the proteasome also occurs under
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Fig. 3. The N-terminal UBL1 domain of USP4 interacts with S9. (A) Schematic illustration of the USP4 constructs used to identify the domain responsible for interaction with
S9. The numbers in brackets indicate the amino acid position within USP4. (B) Deletion of the UBL1 domain abolishes binding to S9. Purified GST-S9 was used in pull-down
assays together with lysates of HEK293T cells overexpressing sequential truncated USP4. Western blots were probed with an anti-Myc antibody. A Comassie stained gel
confirming equal input of GST and GST-S9 is shown in the lower panel. (C) GST-pull-down experiments illustrating the interaction of the UBL1 domain of USP4 with GST-S9.
The cells were pretreated over night with 10 uM of MG132 in order to accumulate detectable levels of USP4 (UBL1)-Myc. Western blots of input and pull-down samples were
probed with an anti-Myc antibody. (D) GST-pull-down experiment illustrating requirement of the UBL1 domain for binding to S9. Purified GST and GST-S9 were used in pull-
down experiment together with lysates of HEK293T cells overexpressing UBL1 deleted USP4. Western blots were probed with an anti-Myc antibody.

physiological levels of expression. As shown in Fig. 2C, endogenous
USP4 was detected in complex with proteasomes precipitated from
HEK293T cells using antibodies to the S8 subunit, supporting the
physiological relevance of the interaction.

3.3. The UBL1 domain of USP4 specifically interacts with the N-
terminus of S9

In order to map the region of USP4 involved in the interaction
with S9, a series of Myc tagged USP4 deletion mutants were

expressed in HEK239T and cell lysates were used in pull-down as-
says with purified GST-S9 or, as control, GST alone. USP4 contains
two UBL domains. The C-terminal UBL2 domain is embedded in the
catalytic domain and has autoregulatory functions [19], while the
function of the N-terminal UBL1 domain is unknown. In the first
set of experiments we tested the interaction of S9 with the N-
terminus of USP4 that was used in the Y2H assays, USP4(1-318)-
Myc, and with two sequentially truncated forms removing either
the region downstream of the UBL1 domain, USP4(1-220)-Myc,
or this region together with the UBL1 domain, USP4(1-120)-Myc,



494

PAM+PCI/PINT

S9(1-142) [ 5 L

PAM+PCI/PINT

§9(1-422) - 2

S9(143-422)

C
Myc-Ubiquilin1 + +
USP4-Myc + +
GST + +
GST-S9 o+
pull down | Myc . 100
—75
e
Q@
.8
inpu g —50
o
o
=37
— - —25

B. Zhao et al./Biochemical and Biophysical Research Communications 427 (2012) 490-496

B
GST +
GST-S9 +
GST-S9(1-142) +
GST-S9(143-422) +
USP4-Myc  + + + o+
puII down ‘ Myc “ —-100
yo W - 0o
. —75
—
. t 0
Inpu % —
g -50
e}
[&] —t—
—-37
E— — —25
D mMHR23A-YFP +
USP4-GFP +
GFP +
GST-S9 + + +
GST +
pull down |GFP - —150
—100
- s
GFP
—-50
37
-
input —75
e — ‘
Q0
@
o -50
1]
I}
© —37
-_

Fig. 4. USP4 interacts with the N-terminal region of S9. (A) Schematic illustration of the domain structure of S9 and the constructs generated in order to identify the region
interacting with USP4. The PCI/PINT and PAM domain is indicated. (B) GST pull-down experiment demonstrating the interaction of USP4 with the N-terminus of S9. Purified
GST, GST-S9, GST-S9(1-142) and GST-S9(143-422) were incubated with lysates of HEK293T cells overexpressing USP4-Myc. (C and D) The N-terminus of S9 does not interact
with known UBL-containing proteins. Lysates of HEK293T cells transiently overexpressing USP4-Myc and Myc-Ubiquilin1 (C) or USP4-Myc and mHR23A-YFP (D) were
incubated with purified GST or GST-S9. Western blots were probed with anti-Myc antibodies and the input GST and GST-S9 was detected in coomassie stained gels.

which leave intact the DUSP domain (Fig. 3A). As expected, interac-
tion of GST-S9 with USP4(1-318) was readily detected. Deletion of
the C-terminal 102 amino acids had no effect while the interaction
was lost upon further deletion of the UBL1 domain (Fig. 3B). To fur-
ther investigate the contribution of the UBL1 domain, pull-down
assays were performed with either the Myc-tagged domain alone
(Fig. 3C) or with an USP4 mutant lacking the UBL1 domain
(Fig. 3D) alongside appropriate control. The transfected US-
P4(UBL1)-Myc polypeptide was highly unstable in cells (not
shown) but interaction with GST-S9 was readily detected when
the cells were pretreated overnight with 10 pM of the proteasome
inhibitor MG132 (Fig. 3C). Furthermore, internal deletion of the
UBL1 domain (USP4AUBL-Myc) prevented the interaction of
USP4 with GST-S9 (Fig. 3D), indicating that the UBL1 is the only re-
gion of USP4 required for interaction with the proteasome.

The C-terminus of S9 contains a PCI-domain, also referred to as
PINT motif (Proteasome, Int-6, Nip-1 and TRIP-15) [24] and a PAM

domain (PCI associated module) (Fig. 4A). The PAM and PCI/PINT
regions mediate protein-protein interactions and are present in
six of the non-ATPase subunits of the 19S. The PCI/PINT motifs
connect the six subunits in a horseshoe-like structure that sits
slightly tilted on the top of the proteasome. To narrow down the
region of interaction with USP4, the GST-S9 construct was divided
in two parts containing either the N-terminal 142 amino,
GST-S9(1-142), or the C-terminal PAM and PCI/PINT domains,
GST-S9(143-422) (Fig. 4A). Pull-down assays performed with puri-
fied GST-S9 and lysates of USP4-Myc transfected HEK293T cells
indicated that USP4 exclusively interacts with the N-terminus of
S9 (Fig. 4B).

Since an UBL domain mediates the interaction of USP4 with S9,
we surmised that the N-terminus of S9 might contain an UBL-
binding domain. The UBL-binding domains of proteasome subunits
S5a/Rpn10 or S2/Rpn1 act as docking sites for substrate chaperones
such as Rad23 (also known as HR23A) and Ubiquilin-1 (also known
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as Dsk2 or PLIC-1) [18]. Thus, although the N-terminus of S9 does
not contain a canonical UBL-binding motif, we tested whether
these UBL-containing proteins also interact with S9. To this end,
purified GST-S9 was used in pull-down assays together with
lysates of HEK293T cells overexpressing paired USP4-Myc
and Myc-Ubiquilin-1 (Fig. 4C) or USP4-GFP and mHR23A-YFP
(Fig. 4D) alongside appropriate controls. In both cases, co-precipi-
tation was exclusively observed between S9 and USP4, which con-
firms the specificity of the interaction and suggests dependence on
distinct features of the UBL1 domain of USP4 and the N-terminus
of S9.

4. Discussion

The proteasome is a dynamic complex where numerous tran-
siently interacting proteins contribute to the overall function of
protein degradation. The identity and number of interacting part-
ners vary depending on the method used for analysis [25]. Here
we identify USP4 as a third proteasome-interacting DUB. The
best-characterized proteasome-interaction motif is the UBL do-
main. While the amino acid composition of different UBL domains
vary substantially, they typically share the p-grasp fold of ubiquitin
[26]. Compelling evidence support a role of UBL domains in regu-
lating the activity, specificity or interactions of several DUBs
[27,28]. We have found the N-terminal UBL domain of USP4 binds
to the N-terminus of the 19S proteasome subunit S9. This interac-
tion is specific for USP4 and does not involve a conventional UBL-
binding domain in S9.

The functional significance of the interaction between USP4 and
S9 remains to be elucidated. The ubiquitylation status of proteaso-
mal substrates is dynamic and it remains unclear how, and in
which order, the substrate binds, is deubiquitylated and unfolded
prior to degradation. Previously identified proteasome interacting
DUBs, USP14/Ubp6 and UCH37, dock to the S1/Rpn1 and ADRM1/
Rpn13 respectively and are strategically positioned in close prox-
imity to the incoming ubiquitylated substrates [13]. Furthermore,
their enzymatic activity is dramatically increased upon interaction
with the proteasome [29,30], which is likely to restrict their func-
tion to the complex. Unlike these DUBs, the enzymatic activity of
USP4 against fluorogenic substrates was not affected by the inter-
action with S9 (Supplementary Fig. S2), suggesting that USP4 is ac-
tive also in the absence of the proteasome. This is well in line with
previous studies that have documented the capacity of USP4 to
control the activity of specific substrates and signaling pathways
[15,20,21,31]. The site of interaction at the proteasome also sug-
gests a different function compared to other proteasome associ-
ated DUBs. The Rpn6 subunit of the Saccharomyces cerevisiae and
Drosophila melanogaster proteasome was recently shown to form
a flexible finger that touches the o2 subunit of the 20S, facing away
from the entrance of the catalytic chamber [12,13]. In agreement
with this structure, functional studies suggest that Rpn6 stabilizes
the 26S holocomplex [14,32]. It is tempting to speculate that the
interaction of USP4 with this region of the proteasome could play
arole in the maturation or stability of the 26S complex. Since bind-
ing to S9 was not dependent on the catalytic activity of USP4, this
effect may not require the DUB function. It is also possible that the
proteasome docking and DUB activities of USP4 may cooperate in
regulating the turnover of specific substrates, or in view of the dou-
ble specificity of USP4 for both Lys48 and Lys63 chains, the stabil-
ity or function of larger protein complexes.
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