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Ubiquilin proteins have been shown to interact with a wide vari-
ety of other cellular proteins, often regulating the stability and
degradation of the interacting protein. Ubiquilin contains a UBL
(ubiquitin-like) domain at the N-terminus and a UBA (ubiquitin-
associated) domain at the C-terminus, separated by a central re-
gion containing Sti1-like repeats. Little is known about regulation
of the interaction of ubiquilin with other proteins. In the present
study, we show that ubiquilin is capable of forming dimers, and
that dimerization requires the central region of ubiquilin, but not

its UBL or the UBA domains. Furthermore, we provide evidence
suggesting that monomeric ubiquilin is likely to be the active
form that is involved in binding presenilin proteins. Our results
provide new insight into the regulatory mechanism underlying the
interaction of ubiquilin with presenilins.
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INTRODUCTION

Ubiquilin is a conserved protein that has been found in all
eukaryotes examined [1]. This novel protein is characterized
by a UBL (ubiquitin-like) domain at its N-terminus, a central
more variable domain containing several different short repeats,
and a UBA (ubiquitin-associated) domain at its extreme C-ter-
minus. There are three ubiquilin genes in humans: ubiquilin-1
is expressed ubiquitously, ubiquilin-2 is expressed with a more
restricted tissue expression pattern than ubiquilin-1, and ubiquilin-
3 is expressed only in the testis [1–3]. Human ubiquilin-1 encodes
a protein of 589 amino acids, whereas ubiquilin-2 and -3 encode
proteins of 624 and 655 amino acids respectively. The three pro-
teins differ from each other primarily by the presence or absence of
long insertions in the central region of the protein. The functional
significance of these insertions is unknown.

Ubiquilin proteins have been reported to interact with numerous
proteins that are apparently unrelated [1,3–16]. In most cases,
overexpression of ubiquilin has been found to increase the stab-
ility of the interacting protein, although it is not yet clear how
ubiquilin functions in this capacity [1,4,5,8,15,17,18]. This role
is particularly puzzling, as ubiquilin, similar to Rad23 with
which it shares similar structural organization [19–22], has also
been proposed to function as a shuttle factor acting to deliver
polyubiquitinated proteins to the proteasome for degradation
[5,6,12,23–26]. In this scenario, the UBA domain of ubiquilin,
which has been shown to bind polyubiquitinated chains, would
bind polyubiquitinated proteins through interaction with their
conjugated polyubiquitinated chains and bind the proteasome via
UBL interaction with the S5a subunit of the 26 S proteasome
[18,22,27,28].

Although ubiquilin has been shown to interact with a number
of proteins, little is known of how the interaction of ubiquilin with
its various binding partners is regulated. Ubiquilin may be subject

to spatial or temporal regulation, post-translational modification
or some other regulatory modification. One possibility is that
oligomerization of ubiquilin proteins regulates its ability to bind
its other interactors. To test this hypothesis we examined whether
ubiquilin forms oligomers in vitro and in vivo, and whether oligo-
merization is required for interaction with PS2 (presenilin-2). We
report that ubiquilin is capable of forming dimers, and that the
monomer is likely the active form that binds PS2.

EXPERIMENTAL

Yeast two-hybrid liquid assay

In addition to constructs encoding the full-length ubiquilin-1 and
-2 proteins, ubiquilin-1 constructs encoding the UBL domain,
UBA domain, ubiquilin(�UBL), ubiquilin(�UBA) and ubiqui-
lin(�UBL/�UBA) were prepared. All constructs were cloned
into both bait and prey vectors. Yeast strain EGY48 was sequen-
tially transformed with lacZ reporter plasmid pSH18-34, and
various permutations of ubiquilin constructs cloned into bait and
prey vectors pEG202 and pJG4-5 respectively. Yeast transform-
ants were selected for by plating on the appropriate drop-out
plates. Interaction between ubiquilin constructs was measured
by assaying for β-galactosidase enzyme activity in liquid cul-
tures using ONPG (O-nitrophenyl-β-D-galactopyranoside) as a
substrate [29]. All interactions were normalized to a lamin bait
in pEG202 as a negative control [30]. Assays were performed in
triplicate.

Statistical analysis

For statistical analysis, the Microscoft Excel program was used
to calculate S.D., and the significance was determined using the
P value function.

Abbreviations used: GFP, green fluorescent protein; GST, glutathione S-transferase; HA, haemagglutinin; Ni-NTA, Ni2+-nitrilotriacetate; ODC, ornithine
decarboxylase; PS, presenilin(s); UBA, ubiquitin-associated; UBL, ubiquitin-like.
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HeLa cell culture, DNA transfection and immunoprecipitation

Ubiquilin-1 constructs described above were cloned into both
pEGFP-N1 and pCMV-Myc vectors (ClonTech). HeLa cells
were grown in DMEM (Dulbecco’s modified Eagle’s medium)
supplemented with 10% FBS (fetal bovine serum). Cells were co-
transfected with pEGFP-N1-ubiquilin and pCMV-Myc-ubiquilin
constructs using LipofectamineTM 2000 reagent according to the
manufacturer’s instructions (Invitrogen). Each plasmid cDNA
(2 µg) was used to transfect cells plated on 10 cm dishes. Cells
were collected 20 h after transfection in standard RIPA buffer
with 0.5% Nonidet P40 and protease inhibitors. Cell lysates
were sheared using a 21-gauge needle and spun for 10 min at
13000 g prior to BCA assay. Total protein (500 µg; at a 1 µg/1 µl
concentration) was used for each immunoprecipitation reaction.
For immunoprecipitation, cells were first pre-incubated with Pro-
tein A–Sepharose beads for 30 min. The mixture was then spun
at 1000 g for 1 min, and the resultant supernatant was added to
fresh beads along with 10 µl rabbit anti-GFP (green fluorescent
protein) antibody. Reactions were incubated at 4 ◦C for 2 h with
gentle rotation. Beads were then washed 5 times with RIPA buffer
prior to adding sample buffer and boiling for 5 min. Immuno-
precipitation reactions and total lysates were separated by SDS/
PAGE.

Western blot analysis

Proteins were transferred on to nitrocellulose membrane, which
was blocked with non-fat dried milk prior to probing with anti-
body. Antibodies used were mouse anti-Myc (1:100; hybridoma
supernatant 9E10), rabbit anti-HA (haemagglutinin) (1:1000;
Sigma) and mouse anti-ODC (ornithine decarboxylase)
(1:200; Sigma) and rabbit anti-GFP (1:1000; generated against re-
combinant GFP). Secondary antibodies conjugated to horseradish
peroxidase were used at a concentration of 1:3000 (Amersham).

Cell staining and immunofluorescence microscopy

HeLa cells were plated on to glass coverslips in 10 cm dishes and
transfected with 2 µg each of CMV (cytomegalovirus) express-
ion plasmids encoding the following combinations of fusion
proteins: Myc–ubiquilin-1 and ubiquilin-1–GFP, Myc–ubiquilin-
1 and ubiquilin-2–GFP, Myc–ubiquilin-2 and ubiquilin-1–GFP,
or Myc–ubiquilin-2 and ubiquilin-2–GFP. Cells were fixed and
stained for immunofluorescence microcopy as described previ-
ously [1,31]. Primary antibodies used were mouse anti-Myc
(hybridoma supernatant 9E10) antibody at a final concentration of
1:100, and rabbit anti-GFP antibody diluted (1:500). Fluorescence
staining of cells was visualized using a ×100 objective under an
inverted Leica DM IRB microscope and images were captured
using a Photometrics SenSys camera and merged using IPLab
Software.

Assay for ubiquilin-1 dimerization or oligomerization

Ubiquilin-1 was cloned into pGST-T1 vector or pET-21a(+) vec-
tor to generate GST (glutathione S-transferase)–ubiquilin-1 or
ubiquilin-1–His6 respectively. For this assay, GST–ubiquilin-
1 was purified as described previously [31]. Ubiquilin-1–His6

was purified using Ni-NTA (Ni2+-nitrilotriacetate)–agarose beads
using the manufacturer’s instructions (Qiagen). Proteins were
mixed at 1:1 and 10:1 ratios (ubiquilin-1–His6/GST–ubiquilin-
1). For 1:1 ratio, 250 µg of purified GST–ubiquilin-1 and 250 µg
of purified ubiquilin-1–His6 were mixed together in a 1 ml volume
with 1 × PBS. The protein mixture was incubated for 20 min at
4 ◦C with gentle rotation. After 1 h, 1.5 ml of glutathione–agarose
beads were added to the mixture, followed by rotation for 1 h at

4 ◦C. The slurry was then packed into a column, washed twice
with GST wash buffer, and then the protein eluted with 10 mM
glutathione in 50 mM Tris/HCl (pH 8.0). To this eluant, 2 ml
Ni-NTA agarose beads were added and the slurry was again
incubated with rotation for 1 h at 4 ◦C. The slurry was next packed
into a column and washed twice with His wash buffers (Qiagen).
Finally, the protein was eluted with 250 mM imidazole. Fractions
were saved from each step outlined above and separated by
SDS/PAGE (8.5% gels). Proteins were transferred on to nitro-
cellulose membrane, which was blocked in non-fat dried milk
prior to probing with antibody. Antibodies used were rabbit
anti-ubiquilin (1:1000) [1], rabbit anti-GST (1:1000) (raised
against recombinant GST protein) and mouse anti-His5 (1:1000)
(Qiagen). Secondary antibodies conjugated to horseradish per-
oxidase were used at a concentration of 1:3000. Relative band
intensities were quantified using IPGel software.

Assay for PS interaction with ubiquilin-1 dimers or monomers

Ubiquilin-1–His6 and GST–ubiquilin-1 were purified as described
above. [35S]Methionine-labelled PS1 or PS2 was synthesized in
a coupled in vitro transcription–translation reaction [1]. For the
PS-binding assay, 100 µg each of ubiquilin-1–His6 and GST–
ubiquilin-1, and 100 µl of [35S]methionine-labelled PS1 in vitro
translation product were mixed together in a 1 ml volume in
1 × PBS and incubated for 1 h at 4 ◦C with gentle rotation.
After 1 h, 1.5 ml glutathione–agarose beads were added to the
mixture, followed by rotation for 1 h at 4 ◦C. The slurry was then
added to a column, washed twice with GST wash buffer, and
then the bound protein eluted with 10 mM glutathione in 50 mM
Tris/HCl (pH 8.0). To this eluant, 1.5 ml Ni-NTA–agarose beads
were added and the slurry was again incubated with rotation for
20 min at 4 ◦C. The slurry was next packed into a column and
washed twice with His wash buffers. The protein mixture was
then eluted with 250 mM imidazole. Fractions from each step
were separated by SDS/PAGE (8.5% gels). The first gel was
stained with Coomassie Blue for 30 min prior to destaining in
methanol buffer. This gel was next dried and exposed to film by
autoradiography. For the second gel, proteins were transferred
on to nitrocellulose membrane and immunoblotted for ubiquilin.
Rabbit anti-ubiquilin was used at a dilution of 1:1000, followed
by incubation with horseradish peroxidase.

RESULTS

Ubiquilin-1 and -2 isoforms interact with each other in yeast

Ubiquilin was previously found to be self-activating in yeast two-
hybrid screens [6]. To investigate whether ubiquilin proteins can
interact with one another, we measured the interaction of the
proteins using yeast two-hybrid β-galactosidase liquid assays.
Ubiquilin-1 and -2 proteins were used as both bait and prey.
We found that ubiquilin-1 and ubiquilin-2 isoforms interacted
with one another in all their different combinations (Figure 1A).
Ubiquilin-1 interacted with ubiquilin-1 and ubiquilin-2 to the
same extent, whereas homophilic interaction between ubiquilin-2
was stronger than the homophilic interaction between ubiquilin-1
proteins. Similar results were obtained when the baits and prey
were switched (results not shown). These data demonstrate that
ubiquilin is capable of self-interaction in yeast.

Interaction between ubiquilin isoforms does not require the UBL
or the UBA domain

We next investigated which regions of ubiquilin are critical for
self-interaction. Ubiquilin has a UBL domain near the N-terminus
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Figure 1 Ubiquilin-1 and -2 interact with each other in yeast

Interaction of ubiquilin (Ubqln)-1 and -2 isoforms in yeast: demonstration that the central region
and not the UBL or UBA domains are responsible for the interaction. (A) Yeast co-transformed
with ubiquilin-1 or -2 as prey and ubiquilin-1 or -2 as bait were assayed using a β-galactosidase
liquid assay to test for interaction. All experimental values are normalized to yeast that were
co-transformed with the preys together with lamin in bait vector (pEG202). Note that ubiquilin-1
interacts with ubiquilin-1 and -2 to the same extent, with a relative intensity of 79 units. Also
note, ubiquilin-2 interacts more strongly with ubiquilin-2, with a relative intensity of 129 units.
Each assay was performed in triplicate. The interactions marked with ** were found to be
statistically significant (P < 0.01). (B) Yeast were co-transformed with ubiquilin-1 constructs
as indicated as both bait and prey. Ubiquilin-1 constructs include (from left to right): the full-
length protein, deletion of the UBL domain, deletion of the UBA domain, deletion of both the
UBL and UBA domains, the UBA domain alone, the UBA domain as prey and the UBL domain as
bait, and the UBL domain alone. The interactions marked with ** were found to be statistically
significant (P < 0.01). Compared with the full-length interaction, deletion of the UBL domain
does not significantly decrease interaction (P > 0.05). Deletion of the UBA domain leads to
a slight decrease in interaction, although it does not completely abolish interaction. The UBA
domain alone cannot reconstitute the intensity of interaction seen with the full-length protein.
Together, these results indicate that the central region of ubiquilin is critical for interaction.

and a UBA domain at the C-terminus. As the UBL domain is struc-
turally similar to ubiquitin, and as UBA domains have been
shown to bind ubiquitin moieties, we examined whether self-inter-
action of ubiquilin occurs through interaction of its UBL and UBA
domains. Again using β-galactosidase liquid assays, we measured
the interaction of ubiquilin-1 constructs lacking either the UBL
domain or the UBA domain, or both the UBL and the UBA do-
mains, when expressed as both bait and prey in yeast (Figure 1B).
We found that deletion of the UBL domain did not decrease
homophilic interaction of ubiquilin-1 relative to the full-length
protein. Deletion of the UBA produced a slight decrease in self-
interaction as compared with the full-length protein. However,
neither deletion of the UBA domain or the UBL domain alone,

nor simultaneous deletion of both the UBL and UBA domains,
was sufficient to abrogate ubiquilin-1 self-interaction (Figure 1B).

To further investigate whether the UBL and UBA domains
of ubiquilin-1 are capable of self-interaction, we used the do-
mains alone as both bait and prey. We found that the UBL
domain neither self-interacted nor did it interact with the UBA do-
main (Figure 1B). We did observe some slight interaction between
the UBA domains; however, this interaction was only one tenth
of the strength observed with the full-length protein (Figure 1B).
We conclude that, although the UBA domain may contribute to
self-interaction of ubiquilin, it is the central region of ubiquilin
that is critical for this interaction.

Ubiquilin isoforms oligomerize in HeLa cells

The yeast two-hybrid assays revealed that ubiquilin isoforms
interact with each other in yeast. We next examined whether ubi-
quilin isoforms can bind one another in mammalian cells by co-
immunoprecipitation assays. To do so, we co-transfected HeLa
cells with Myc- and GFP-tagged ubiquilin constructs. Myc–ubi-
quilin was co-transfected with GFP alone as a negative control
for these experiments. After transfection (20 h) the cells were
lysed and rabbit anti-GFP antibody was added to the lysates to
immunoprecipitate GFPs. Immunoblot analysis of the immuno-
precipitates revealed that the Myc–ubiquilin proteins co-
immunoprecipitate when co-expressed with ubiquilin–GFP
proteins, but not when co-expressed with GFP alone (Figure 2A).
Myc–ubiquilin-1 was co-immunoprecipitated with ubiquilin-1–
GFP or with ubiquilin-2–GFP (Figure 2A). The co-immuno-
precipitation of ubiquilin proteins is unlikely to be an artifact
of tagging of the proteins with GFP, because we observed
similar co-immunoprecipitation of HA- and Myc-tagged ubi-
quilin proteins (results not shown). Likewise Myc–ubiquilin-2
was co-immunoprecipitated with ubiquilin-1–GFP (results not
shown) and with ubiquilin-2–GFP (Figure 2A). Interestingly,
although the proteins were expressed at similar levels, more Myc–
ubiquilin-2 was co-immunoprecipitated with ubiquilin-2–GFP
than with ubiquilin-1–GFP. We speculate that this is because of
stronger interactions of ubiquilin-2 proteins, as found in yeast two-
hybrid assays. We next used immunofluorescence microscopy
to determine whether ubiquilin-1 and ubiquilin-2 proteins co-
localize in cells. As shown in Figure 2(B), cells co-transfected
with Myc- and GFP-tagged ubiquilin constructs revealed excellent
co-localization of the two ubiquilin-tagged proteins, in all possible
combinations, strongly suggesting that ubiquilin-1 and ubiquilin-
2 proteins interact with each other in cells. These results confirm
the yeast two-hybrid data and demonstrate that ubiquilin can form
oligomers in mammalian cells.

UBA domain of ubiquilin is not required for oligomerization
in HeLa cells

We next confirmed that deletion of the UBA domain did not
abolish ubiquilin oligomerization in HeLa cells. HeLa cells were
co-transfected with plasmids encoding Myc–ubiquilin-1(�UBA)
and ubiquilin-1(�UBA)–GFP or Myc–ubiquilin-1(�UBA) and
GFP alone. Immunoprecipitation from cell lysates was performed
as described above. In agreement with yeast two-hybrid data,
deletion of the UBA domain did not abolish ubiquilin oligomeriz-
ation (Figure 3). It is interesting to note that oligomerization
of the ubiquilin-1(�UBA) protein appears to be greater than
oligomerization of the full-length ubiquilin protein. Similar ex-
periments with the ubiquilin-1(�UBL) and ubiquilin-1(�UBL/
�UBA) constructs also confirmed that deletion of these domains
does not abolish ubiquilin oligomerization (results not shown).
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Figure 2 Ubiquilin-1 and -2 oligomerize in HeLa cells

(A) HeLa cells were co-transfected with Myc–ubiquilin (Ubqln) and ubiquilin–GFP or Myc–ubi-
quilin and GFP. The GFP tag was immunoprecipitated from cell lysates using rabbit anti-GFP
and Protein A–Sepharose beads. The immunoprecipitates and cell lysates were separated by
SDS/PAGE. Immunoblotting for the Myc tag and the GFP tag reveals that Myc–ubiquilin and
ubiquilin–GFP or GFP were expressed as expected (lysates). The immunoprecipitate (IP) lanes
confirm that proteins containing the GFP tag were indeed immunoprecipitated (IP: anti-GFP,
bottom two panels). There is a non-specific band that co-migrates around the same molecular
mass as ubiquilin–GFP; however, the presence of ubiquilin–GFP in the appropriate lanes is
easily distinguished by the much greater band intensity as compared with the negative control
lanes. Lanes 1, 3 and 5: negative controls where Myc–ubiquilin does not co-immunoprecipitate
with GFP as expected. Lanes 2, 4 and 6: ubiquilin isoforms interact and co-immunoprecipit-
ate from HeLa cell lysates, confirming the yeast two-hybrid data. Lane 7: note that cells transfected
with ubiquilin–GFP alone still show immunoprecipitation of ubiquilin–GFP from cell lysates,
and this ubiquilin–GFP protein is not cross-reactive with the anti-Myc antibody. (B) HeLa
cells grown on coverslips were co-transfected with plasmid DNA encoding Myc–ubiquilin-1
and ubiquilin-1–GFP, or with Myc–ubiquilin-1 and ubiquilin-2–GFP, or Myc–ubiquilin-2 and
ubiquilin-2–GFP. The cells were stained for Myc (red) or GFP (green), and the result of merging
the two images is shown on the right-hand side. Note the extensive co-localization of the two
tagged ubiquilin proteins in the cells. Scale bar, 5 µm.

Ubiquilin forms dimers in vitro

Having shown that ubiquilin proteins can self-interact in yeast
and form oligomers in mammalian cells, we next investigated the
stoichiometry of these oligomers. Specifically, we wanted to know
whether ubiquilin forms dimers or a higher-order oligomer. To do
this, we mixed purified GST–ubiquilin-1 and purified ubiquilin-
1–His6 proteins together in various ratios (Figure 4). After an

Figure 3 Ubiquilin-1(�UBA) proteins oligomerize in HeLa cells

HeLa cells were co-transfected with Myc–ubiquilin-1(�UBA) and ubiquilin-1(�UBA) –GFP
or Myc–ubiquilin-1-(�UBA) and GFP. Myc–ubiquilin-1 and ubiquilin-1–GFP or GFP were in-
cluded as a positive control. The GFP tag was immunoprecipitated as described in the Experi-
mental section. Probing the lysates with anti-Myc and anti-GFP confirmed that the proteins
were expressed as expected. The immunoprecipitate lanes (IP: anti-GFP section, lanes 2
and 4 ) show that the GFP tags were immunoprecipitated (lower two panels). The upper panel
of the immunoprecipitation reactions probed with anti-GFP shows that Myc–ubiquilin-1
co-immunoprecipitates with ubiquilin-1–GFP, but not with GFP alone. Also, Myc–ubi-
quilin-1(�UBA) co-immunoprecipitates with ubiquilin-1(�UBA)–GFP, but not GFP alone,
further supporting the data from the yeast two-hybrid analysis. Lane 5 confirms that ubi-
quilin-1–GFP does not cross-react with the anti-Myc antibody. Ubqln, ubiquilin.

incubation period, the proteins were first passed over a column
containing glutathione–agarose beads. The bound proteins were
then eluted and next passed over a Ni-NTA column. The bound
proteins were again eluted. This final protein fraction, which binds
to both the glutathione–agarose and the Ni-NTA columns, should
only contain complexes comprising both GST–ubiquilin-1 and
ubiquilin-1–His6 proteins. This fraction was separated by SDS/
PAGE and then transferred on to nitrocellulose. Probing with
anti-ubiquilin antibody reveals that the bands corresponding to
GST- and His-tagged ubiquilin are at a 1:1 ratio, regardless of
the initial ratio (1:1 or 10:1) at which they were mixed. Separate
Western blots confirm that the 97 kDa band corresponds to GST–
ubiquilin-1 and the 66 kDa band corresponds to ubiquilin-1–His6

(Figure 4). These data demonstrate that ubiquilin forms dimers
in vitro.

Monomeric ubiquilin interacts with PS in vitro

In order to determine whether it is the monomeric form of ubi-
quilin or the dimer that interacts with another protein, such as PS
[1], we mixed the purified proteins described above together with
[35S]methionine-labelled PS1. Similar to the in vitro dimerization
experiment, we incubated the proteins together before passing
over successive columns for each tag. The protein mixture was
first passed over a column containing glutathione–agarose beads.
The bound proteins were next eluted and passed over a column
containing Ni-NTA beads. Finally, the bound proteins were eluted
from the Ni-NTA column. Unbound fractions were collected at
each step prior to eluting the bound fractions, which were passed
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Figure 4 Ubiquilin-1 forms dimers in vitro

(A) Purified proteins ubiquilin-1–His6 and GST–ubiquilin-1 were mixed together in vitro in
a 1:1 ratio. The protein mixture was first added to a column with glutathione–agarose beads.
The unbound fraction was collected, the beads were then washed, and finally the proteins
were eluted using 10 mM GSH. This eluted protein mixture was then added to a column with
Ni-NTA beads. Again, the unbound fraction was collected, the beads washed and the proteins
eluted using 250 mM imidazole buffer. Fractions were separated by SDS/PAGE. Immunoblotting
with anti-ubiquilin shows the proteins present in each fraction of the purification process.
Ubiquilin-1–His6 has a molecular mass of 66 kDa and GST–ubiquilin-1 of 97 kDa. Note that
the final ratio of ubiquilin-1–His6 to GST–ubiquilin-1 is 1:1 (two lanes containing the purified
fractions are shown). Anti-His and anti-GST blotting confirmed that the 66 kDa and 97 kDa
bands correspond to ubiquilin-1–His6 and GST–ubiquilin-1 respectively. (B) Purified proteins
ubiquilin-1–His6 and GST–ubiquilin-1 were mixed together in vitro in a 10:1 ratio. The proteins
were passed through glutathione–agarose and Ni-NTA columns as described for (A). Note that
even though the two different tagged-proteins were mixed together in a 10:1 ratio, they were
recovered after purification over the two affinity columns in a 1:1 ratio. Ubqln, ubiquilin.

Figure 5 Monomeric ubiquilin-1 binds PS1 and PS2 in vitro

Purified proteins GST–ubiquilin-1 and ubiquilin-1–His6 were mixed together in vitro along
with [35S]methionine-labelled PS1 or PS2. The protein mixture was sequentially passed over
glutathione–agarose and Ni-NTA columns. Unbound protein was collected from each column
prior to washing with the appropriate column wash buffer. The eluted (bound) protein mixture
from the glutathione–agarose column was subsequently added to the Ni-NTA column. The bound
protein mixture was eluted from each column using 10 mM GSH or 250 mM imidazole buf-
fer. Protein fractions were separated by SDS/PAGE. Autoradiography revealed that PS1 binds
to the glutathione–agarose column, but not the subsequent Ni-NTA column. Immunoblotting
the [35S]methionine-labelled PS1 blot for ubiquilin revealed that GST–ubiquilin-1 and ubi-
quilin-1–His6 both remain after passing through the two columns. Ubqln, ubiquilin.

over the subsequent column. Fractions from each step were separ-
ated by SDS/PAGE. Duplicate gels were run for each experiment,
one of which was dried and used to obtain an autoradiogram,
whereas the other was used to transfer proteins on to nitrocellulose
prior to probing for ubiquilin.

If the dimeric form of ubiquilin is responsible for binding PS1, a
known ubiquilin interactor, then we expected to observe binding of
PS1 protein to both the glutathione–agarose and Ni-NTA columns.
Instead, however, we found that PS1 was only present after bind-
ing the glutathione–agarose column, but not after passing
over the subsequent Ni-NTA column (Figure 5, upper panel).

Immunoblotting with anti-ubiquilin revealed that GST–ubiquilin-
1 and ubiquilin-1–His6 are both present after passing over
the two columns (Figure 5, lower panel). Reversing the order of the
columns confirmed that PS1 is unable to bind simultaneously with
both GST–ubiquilin-1 and ubiquilin-1–His6 (results not shown).
This indicates that the ubiquilin dimer does not interact with
PS1, but rather it is the monomeric form that interacts with this
protein. Similar results were obtained using PS2 (results not
shown). Note that [35S]methionine-labelled full-length PS1 pro-
tein is more easily distinguishable than PS2 (see [1]), and it is for
this reason it is the only result shown. Interestingly, immunoblot
analyses of proteins that were pulled down from the in vitro-
translated PS1 or PS2 reactions using GST–ubiquilin-1 revealed
strong anti-ubiquitin reactivity, suggesting that ubiquilin most
likely binds poly-ubiquitinated PS proteins (results not shown).
This result leads us to speculate that ubiquilin most likely binds
polyubiquitinated PS proteins via its UBA domain, because the
UBA domain can bind polyubiquitin chains [18] and because we
found it was necessary and sufficient for binding PS proteins [1].

Increased expression of PS2 disrupts ubiquilin dimerization in vivo

We next sought to determine whether it is the monomeric form
of ubiquilin or the dimer that interacts with PS in vivo. We
previously demonstrated that ubiquilin interacts strongly with PS2
both in vitro and in vivo [1]. We therefore examined the effects
of increasing PS2 levels on ubiquilin dimerization. Therefore
HEK-293 cells were co-transfected with equal amounts of cDNAs
coding for Myc–ubiquilin-1, ubiquilin-1–GFP or GFP alone, and
increasing amounts of PS2. GFPs were then immunoprecipitated
from the transfected cell lysates and immunoblotted for the Myc
tag and subsequently for the GFP tag. In parallel, the total cell
lysates were probed for Myc, GFP and PS2. We found that, as
increasing amounts of PS2 were co-transfected, there was a dose-
dependent decrease in the amount of ubiquilin that dimerized
(Figure 6A). This effect was not due to differences in expression
of ubiquilin proteins, as approximately equal levels of Myc–
ubiquilin and ubiquilin–GFP proteins were expressed regardless
of the levels of PS2 expression. These findings suggest that it is
the monomeric form of ubiquilin that interacts with PS2.

We next examined whether the PS2-induced disruption of ubi-
quilin dimerization would still occur if the UBA domain of ubiqui-
lin was deleted. The reason we examined this possibility was
that our yeast two-hybrid data suggested the UBA domain does
not appear to be involved in ubiquilin dimerization, whereas
according to our in vitro binding assays the domain was necessary
and sufficient for binding PS [1]. Therefore we predicted that
deletion of the PS-binding site in ubiquilin (i.e. deletion of its UBA
domain) should result in a protein that might not dissociate into
the monomer upon overexpression of PS2. Thus, we repeated the
same experiment shown in Figure 6(A), but this time transfected
the cells with Myc–ubiquilin-1(�UBA) and ubiquilin-1(�UBA)–
GFP and increasing amounts of PS2. In agreement with our
prediction, increased expression of PS2 had little, to no, effect on
the disruption of ubiquilin-1(�UBA) dimerization (Figure 6B).
This result suggests that interaction of the UBA domain of
ubiquilin with PS may be necessary for the disruption of ubiquilin
dimerization.

Overexpression of ODC does not disrupt ubiquilin
dimerization in vivo

To establish that the dose-dependent decrease in ubiquilin dimer-
ization induced by over-expression of PS2 was due to increased
binding of PS2 to ubiquilin, we repeated the experiment this
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Figure 6 Over-expression of PS2 leads to dose-dependent decrease in
dimerization of full-length ubiquilin-1 in HeLa cells but not of ubiquilin-
1(�UBA)

(A) HeLa cells were co-transfected with plasmids encoding Myc–ubiquilin-1, ubiquilin-1–GFP
or GFP alone, and increasing amounts of PS2 cDNA. Various amounts of pCMV-HA cDNA were
co-transfected in order to keep the total amount of DNA transfected equal. Co-immunopreci-
pitations were performed as described in the text. Note that with increasing PS2 expression
there is a dose-dependent decrease in ubiquilin dimerization. Immunoblots of the same lysates
confirmed that Myc–ubiquilin-1 and ubiquilin-1–GFP expression levels were expressed at
approximately the same level in each sample. (B) HeLa cells were co-transfected with plasmids
encoding Myc–ubiquilin-1(�UBA), ubiquilin-1(�UBA)–GFP or GFP alone, and increasing
amounts of PS2 cDNA. Immunoprecipitations were performed as described in (A). Note that
deletion of the UBA domain of ubiquilin results in a failure of increased PS2 expression to
disrupt ubiquilin dimerization. Ubqln, ubiquilin.

time using ODC instead of PS2. We hypothesized that ODC
would not interact with ubiquilin, because, unlike PS2, and other
ubiquilin interactors, ODC is degraded by the proteasome in
a ubiquitin-independent manner [32–34]. For this experiment,
HEK-293 cells were co-transfected with equal amounts of cDNAs
coding for Myc–ubiquilin, ubiquilin–GFP or GFP, and increasing
amounts of ODC. Due to the short half-life of ODC, cells were
treated with MG132 for 8 h prior to collecting lysates. Co-
immunoprecipitations were performed as described above. We
found that increasing amounts of ODC had no effect on the
amount of ubiquilin that dimerized (Figure 7). These findings

Figure 7 Over-expression of the ubiquilin non-interactor ODC does not
disrupt dimerization of ubiquilin-1 in HeLa cells

HeLa cells were co-transfected with Myc–ubiquilin-1, ubiquilin-1–GFP or GFP, and increasing
amounts of HA–ODC cDNA. Varying amounts of pCMV-HA cDNA were co-transfected in order
to keep the total amount of DNA transfected equal. Co-immunoprecipitations were carried out
as previously described. Increasing the amount of ODC does not induce a decrease in ubiquilin
dimerization, in contrast with the dose-dependent decrease in ubiquilin dimerization induced by
PS2. Immunoblots of lysates confirmed that Myc–ubiquilin-1 and ubiquilin-1–GFP expression
levels were comparable between samples. Ubqln, ubiquilin.

further support the idea that the ubiquilin monomer is the active
form of the protein.

DISCUSSION

In the present study we have shown that ubiquilin forms dimers,
dependent upon the central region of the protein and independent
of its UBL and UBA domains. Furthermore, our results strongly
suggest that the ubiquilin monomer is the active form of the protein
responsible for interacting with PS1 and PS2. These data provide
new insight into the regulation of ubiquilin interaction with PS,
and will likely be a common theme for ubiquilin interaction with
its other binding partners.

Our findings are the first to conclusively and unambiguously
demonstrate that ubiquilin forms dimers. Although two other
groups have suggested that ubiquilin or the putative yeast ubi-
quilin homologue, Dsk2, form homodimers [5,35], their data
did not reveal the stoichiometry of ubiquilin oligomerization. In
our present study, we show conclusively that two different ubi-
quilin proteins bind to one another in a stoichiometry of 1:1,
strongly indicating that ubiquilin forms dimers. However,
although ubiquilin clearly forms dimers, this does not preclude the
possibility that the dimers then further assemble to form higher-
order oligomers.

We have also demonstrated that ubiquilin can form both
homodimers and heterodimers, as shown by the interaction of
ubiquilin-1 and -2 isoforms in all their possible combinations in
cells. Although the physiological role of these combinations is
unknown at this time, it is likely that dimerization of the dif-
ferent isoforms may add an additional layer of regulation or
complexity with regard to their function. For example, our results
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suggest ubiquilin-2 homodimers have a stronger interaction than
ubiquilin-1 homodimers. This may allow differential activation
of ubiquilin-1 versus ubiquilin-2 to the active monomeric form. It
is likely that differences in the strength of interaction of ubiquilin
-1 and -2 proteins arise from differences in the primary sequence
of the two proteins that facilitate their dimerization. One possibil-
ity is that the collagen-like domain, which is unique to the central
region of ubiquilin-2 [1,5], may contribute to stronger homophilic
interaction of ubiquilin-2 proteins. The differences in the strength
of self-interaction may provide a mechanism utilized by cells to
control the dynamics of interaction of a specific ubiquilin isoforms
with a particular target.

It is interesting to note that the ubiquilin-1 construct devoid of
the UBA domain dimerizes to a greater extent than the full-length
ubiquilin-1 construct, despite being expressed at approximately
equal levels. With many of ubiquilin’s interactors, the UBA do-
main of ubiquilin is required and even sufficient to bind the inter-
acting protein [1,8,11–14,18,24]. One possibility for the greater
dimerization of the ubiquilin-1(�UBA) protein is that deletion of
the UBA domain, which normally binds polyubiquitin chains con-
jugated on to proteins, will lead to a build-up of the unbound
ubiquilin-1(�UBA) protein, increasing its chance for self-
association. The UBA domain in the context of the full-length
protein might also obscure the sites involved in ubiquilin self-
interaction, suggesting that ubiquilin self-interaction may be both
negatively and positively regulated by the structure of the protein.

It has been has reported that the putative yeast homologue of
ubiquilin-1, Dsk2, is capable of forming homodimers [36,37].
In these studies, it was found that the UBA domain of Dsk2
is required and sufficient for homodimerization of Dsk2. This
absolute dependency on the UBA domain for dimerization is
contrary to what we observe in the present study. However,
yeast Dsk2 and human ubiquilin-1 share weak homology, with
only 19% sequence identity between the two proteins. Thus
it is likely that human ubiquilin and yeast Dsk2 would have
different biochemical properties, and possibly different functional
properties. Furthermore, since the homology between Dsk2 and
ubiquilin-1 is primarily confined to the UBL and the UBA do-
mains, and we found that human ubiquilin-1 dimerization is de-
pendent upon the central region of the protein, it is possible that
dimerization of the two proteins occurs via different mechanisms.
With regard to ubiquilin, it is interesting to note that variants
within the central region of ubiquilin-1 have been found to
be genetically associated with late-onset Alzheimer’s disease
[38,39], although others have failed to find such an association
[40,41]. The putative genetic association of the ubiquilin-1 gene
with Alzheimer’s disease suggests that the central domain of the
ubiquilin protein might play some function in human disease, and
raise the question of whether the variants in this region affect
ubiquilin function via alterations in the dimerization properties of
the proteins.

Another group has reported an interaction between ubiquilin-1
and K7 protein, a small membrane protein encoded by Kaposi’s
sarcoma-associated herpes virus that is involved in protecting cells
from apoptosis [14]. They found that an increase in K7 protein
levels leads to a disruption of ubiquilin-1 dimerization, which
is analogous to our results showing that increased PS2 levels
induce a dose-dependent decrease in ubiquilin dimerization. The
disruption of ubiquilin dimerization appears to be dependent on
the interaction of ubiquilin with its targets, because we found that
increased expression of ODC, a ubiquilin-non-interacting protein,
does not affect ubiquilin dimerization. Coupled with our in vitro
data directly showing that it is the monomeric form of ubiquilin
that binds PS1 and PS2, we conclude that the monomeric form
of ubiquilin is responsible for binding PS and that the ubiquilin

dimer probably cannot bind PS. Together, these data suggest an
emerging trend for the regulation of ubiquilin interaction with
other proteins in which the monomeric form of ubiquilin is likely
responsible for interacting with the protein. Further studies on
additional ubiquilin interactors will be necessary to determine
whether monomeric ubiquilin is the only form that is able to bind
its target proteins, or if there are any circumstances where the
dimeric ubiquilin form might also be able to interact with the pro-
teins. At this point, the data suggest that the dimeric ubiquilin
form may serve more in a regulatory role to prevent interaction
with other proteins.

One question that inevitably arises from the present study is:
what is the trigger for conversion of the ubiquilin dimer to the
active monomeric form? Our in vitro studies, in which we mixed
two differently tagged species of ubiquilin-1 together and then
tested for dimerization, indicate that the proteins in vitro may
be dynamic and able to dissociate from the homodimer form
and re-associate into a heterodimer. Alternatively, it is possible
that the in vitro protein consists of both monomers and homo-
dimers, and upon mixing the differently tagged proteins, some
of the monomers associate to form heterodimers. It is unclear at
this point whether ubiquilin dimers in vivo can readily associate/
dissociate, or if additional factors exist within the cell milieu to
regulate the interconversion between monomer and dimer. One
possibility is that a build-up of polyubiquitinated proteins in cells
with which ubiquilin can interact could trigger the dissociation
of the ubiquilin dimer to the monomer. In support of this idea,
we found that deletion of the UBA domain of ubiquilin, which
is required for binding PS2, results in the failure of PS to induce
the dose-dependent conversion of ubiquilin from the dimer to
monomer.

Another possibility is that ubiquilin might be subject to
some transient modification that triggers the conversion between
the monomer and the dimer. One such modification might be
phosphorylation, as ubiquilin is a known phosphoprotein [3].
However, the role of phosphorylation of ubiquilin is not known.
In our experiments, we used recombinant bacterially expressed
ubiquilin proteins, which are unlikely to be phosphorylated, to
demonstrate that ubiquilin proteins dimerize. Further experiments
are needed to determine what enzyme(s) are responsible for phos-
phorylation of ubiquilin and how this modification affects
ubiquilin function. Future studies will focus on the role of the ubi-
quilin dimer and monomer, and the dynamics of ubiquilin inter-
action with its targets.
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