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Identifying new targets for SUMO and understanding the function of protein SUMOylation are largely
limited by low level of SUMOylation. It was found recently that Ubc9, the SUMO E2 conjugating enzyme,
is covalently modified by SUMO at a lysine 14 in the N-terminal alpha helix, and that SUMO-modified
Ubc9 has enhanced conjugation activity for certain target proteins containing a SUMO-interacting motif
(SIM). Here, we show that, compared to intact Ubc9, the SUMO-Ubc9 fusion protein has higher conjugat-
ing activity for SIM-containing targets such as Sp100 and human cytomegalovirus IE2. Assays using an
IE2 SIM mutant revealed the requirement of SIM for the enhanced IE2 SUMOylation by SUMO-Ubc9. In
pull-down assays with cell extracts, the SUMO-Ubc9 fusion protein bound to more diverse cellular pro-
teins and interacted with some SIM-containing proteins with higher affinities than Ubc9. Therefore, the
devised SUMO-Ubc9 fusion will be useful for identifying SIM-containing SUMO targets and producing
SUMO-modified proteins.

� 2009 Elsevier Inc. All rights reserved.
Introduction

Covalent modification of proteins by small ubiquitin-like mod-
ifiers (SUMOs) causes changes in the intracellular localization and
stability of proteins, and alters their ability to interact with other
proteins and nucleic acids. In particular, these changes affect the
functions of proteins involved in transcription, macromolecular
transport, the maintenance of nuclear structure, nucleic acid DNA
metabolism, cell signaling, and neurodegenerative disorders (for
reviews, refer to [1–4]).

In the SUMOylation pathway, SUMO precursors are proteolyti-
cally processed at their C-terminal double-glycine motifs, activated
by the formation of a thioester bond with the heteromeric E1
SUMO activation enzyme (SAE1/SAE2) in an ATP and Mg2+-depen-
dent reaction, and then transferred, again via a thioester bond, to
E2 SUMO conjugation enzyme (Ubc9). SUMO is then transferred
from Ubc9 to the lysine residues of substrates directly or with
the help of E3 ligases [1]. Although several families of ubiquitin
E3 ligases provide substrate specificity for ubiquitination, only a
few mammalian SUMO E3 ligases, such as PIAS family members,
RanBP2, and Pc2, have been reported [5–7]. Because Ubc9 is able
to recognize and directly bind to substrates via a conserved motif,
wKXE/D (w, a bulky hydrophobic residue), which surrounds the
modified lysine residues [8–11], both Ubc9 and E3 ligases appear
ll rights reserved.
to control substrate specificity for SUMOylation [1]. SUMOylation
of proteins is reversibly regulated by a family of sentrin/SUMO-
specific proteases that contain well-conserved residues of the cat-
alytic triad (His, Asp, and Cys) [12,13]. In mammals, three SUMO
proteins, SUMO-1, SUMO-2, and SUMO-3 have been identified,
and SUMO-1 shows about 45% amino acid sequence identity to
SUMO-2 and SUMO-3, which share approximately 95% sequence
identity [14–18].

Identifying new SUMO targets and understanding the function
of protein SUMOylation are largely limited by low level of SUMOy-
lation. Recently, several studies have suggested that Ubc9 activity
is regulated by direct interaction with SUMO or by its SUMOyla-
tion. SUMO was shown to bind directly to Ubc9 and this noncova-
lent interaction promoted the formation of SUMO chains [19,20]. In
addition, many studies have suggested that SUMO-1 may be cova-
lently conjugated to Ubc9 in vitro [21,22] and in vivo [23–26].
Knipscheer et al. recently reported that lysine 14 of Ubc9 is modi-
fied by SUMO-1, and that SUMO-modified Ubc9 has enhanced
conjugating activity for certain targets that contain a SUMO-inter-
acting motif (SIM) [27]. In this study, we further evaluated whether
SUMO-Ubc9 fusion can be used to mimic SUMO-modified Ubc9.
We found that, like the SUMO-modified form of Ubc9, the N-termi-
nal SUMO fusion of Ubc9 enhances SUMOylation of proteins con-
taining a SIM. Our data suggest that the SUMO-Ubc9 fusion
construct may be useful for identifying or producing SUMO-modi-
fied proteins and for regulating the cellular SUMO pathway.

http://dx.doi.org/10.1016/j.bbrc.2009.07.103
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Fig. 1. The structure of the SUMO-Ubc9 fusion protein. (A) The structures of Ubc9
and SUMO-Ubc9 fusion proteins are shown. In the SUMO-Ubc9 fusion protein, the
SUMO lacking the C-terminal six amino acids was fused to the N-terminus of
Ubc9(K14R) through a linker of two amino acids (Lys and Leu). The normal
processing site (after underlined double-Gly residues) on SUMO precursor is
indicated as an arrowhead. (B) The amounts (0.5, 1, and 1.5 lg) of His-Ubc9 and the
His-SUMO-Ubc9 construct used in the in vitro assays were compared by Coomassie
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Materials and methods

Cell culture and transient DNA transfection. 293T and human
foreskin fibroblast (HF) cells were grown and transfected as previ-
ously described [28].

Plasmids. Plasmids expressing GST-SAE2/SAE1 and His-Ubc9
have been described previously [29]. A pET-17b (Novagen)-based
plasmid expressing T7-SUMO-1GG was kindly provided by Ho Zoon
Chae (Chonnam National University, Republic of Korea). Plasmids
expressing flag-SUMO-1 and HA-IE2 were generated in a pSG5
background [30] and expression plasmid for myc-IE2 was gener-
ated on a background of pCS3-MT using Gateway technology
(Invitrogen). Plasmids for GST-IE1, GST-PML VI, GST-IE2(135–
289), and GST-Sp100A were generated in a pGEX-derived back-
ground also using Gateway technology [31]. Plasmid expressing
GST-RanGAP1(ND419) has been previously described [11]. To gen-
erate plasmid expressing IE2 SIM mutant, the IVIS residues be-
tween 200 and 203 were replaced with A residues using the
Stratagene QuickChange site-directed mutagenesis protocol. Ubc9
K14R mutant was generated using the same mutagenesis protocol.
His-tagged SUMO-1-Ubc9(K14R) fusion was generated in a
pDEST17 (Invitrogen) background by placing Ubc9 behind SUMO-
1DGG, a truncated SUMO-1 without the six carboxyl-terminal ami-
no acids including double-glycine residues. Plasmids for GFP-Ubc9
and GFP-SUMO-Ubc9 fusion constructs were also generated in a
pDEST53 (Invitrogen) background by placing Ubc9 or SUMO-
Ubc9 behind GFP using Gateway technology.

In vitro SUMOylation assays. Recombinant GST fusion proteins
were expressed in Escherichia coli, and purified on glutathione–
agarose 4B (Peptron) according to the manufacturer’s instruments.
His-tagged proteins were also produced in E. coli, and purified on
Ni–NTA beads (Invitrogen) according to the manufacturer’s proce-
dure. T7-SUMO-1GG was expressed in E. coli and purified on DEAE-
Sephacel columns (Bio-Rad) and subsequent Sephacryl S-200 gel
filtration chromatography (Amersham). Typical SUMOylation reac-
tions were conducted in a 30 ll volume containing 70 nM GST-
SAE2/SAE1, 0.1 � 3 lM His-Ubc9 or His-SUMO-Ubc9, and 9 lM
SUMO-1GG in buffer [50 mM Tris–HCl (pH 7.5), 10 mM MgCl2,
1 mM DTT, and 5 mM ATP]. Reaction mixes were incubated for
1 h at 37 �C. Reactions were terminated using SDS sample buffer
containing b-mercaptoethanol, and reaction products were sepa-
rated by sodium dodecyl sulfate (SDS)–polyacrylamide gel electro-
phoresis (PAGE).

Antibodies. Anti-His (H-3) and anti-GFP (B-2) mouse monoclonal
antibody (MAb) conjugated with horseradish peroxidase (HRP),
anti-Daxx rabbit PAb (M-112), and anti-GST MAb (B-14) were pur-
chased from Santa Cruz. Anti-HA rat MAb (3F10) and anti-myc
mouse MAb (9E10) conjugated with HRP were purchased from
Roche. Anti-flag mouse MAb M2 was obtained from Sigma. Rabbit
anti-PML PAb was described previously [29], anti-IE1 PAb was
raised in rabbits using purified IE1 protein, and anti-Sp100 rabbit
PAb was provided by Paul D. Ling (Baylor College of Medicine,
Houston, TX, USA).

Immunoblot analysis. For SUMOylation assays in transfected
cells, cells were washed with PBS containing 5 mM NEM, and sam-
ples were prepared by boiling cells in SDS loading buffer. The clar-
ified cell extracts were then separated by SDS–PAGE followed by
the standard procedure of immunoblotting [32].

Pull-down assays. HF cells (2 � 107) were lysed with cold PBS, 1%
NP-40, 5% glycerol, and 1% complete protease inhibitor cocktail
(Sigma). The cell extracts were pre-cleared with Ni–NTA beads,
and incubated with 100 lg of His-Ubc9 or His-SUMO-Ubc9 fusion
proteins immobilized to Ni–NTA agarose beads for 6 h at 4 �C.
Beads were then washed with 20 mM Tris–HCl (pH8.0) containing
100 mM NaH2PO4 and 25 mM imidazole. The bound proteins were
eluted with SDS loading buffer at 100 �C and analyzed by Coomas-
sie Blue staining or immunoblotting analysis.

Results and discussion

The SUMO-Ubc9 fusion protein has a higher conjugating activity for
substrates containing a SIM than wild-type Ubc9

It was recently suggested that the SUMO-modified form of Ubc9
has enhanced conjugating activity for certain SIM-containing tar-
gets [27]. Since the identified SUMOylation site lies close to the
N-terminus, we asked whether the N-terminal SUMO fusion of
Ubc9 also enhances the conjugating activity compared to intact
Ubc9. We generated the SUMO-fused Ubc9(K14R) fusion construct
(Fig. 1A). In this fusion protein, the original SUMO conjugation site
(K14) of Ubc9 is abolished. Since the SUMO fused to the N-termi-
nus of Ubc9 lacks double-glycine residues, this SUMO moiety is
not processed by SUMO proteases. Both Ubc9 and SUMO-Ubc9 pro-
teins were expressed in E. coli with a His tag at their N-termini, and
partially purified for use in in vitro assays (Fig. 1B).

We first compared the conjugating activities of Ubc9 and
SUMO-Ubc9 using SUMO substrates without a SIM, such as Ran-
GAP1(ND419), IE1, and PML VI [33,34]. In in vitro SUMOylation
assays using these substrates, the conjugating activities of wild-
type Ubc9 and the SUMO-Ubc9 fusion were comparable (Fig. 2A).
We next tested two other SUMO substrates such as Sp100A
[27,35] and IE2 of HCMV [29], which contain a SIM. In vitro
SUMOylation assays showed that the SUMO-Ubc9 fusion protein
had greater conjugating activity for both Sp100A (by 2.5-fold)
and IE2 (by 9-fold) than wild-type Ubc9 (Fig. 2B). This result sug-
gests that the SUMO-Ubc9 fusion may functionally mimic the
reported activity of the SUMO-modified form of Ubc9.
Blue staining.
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Fig. 2. Comparison of in vitro SUMO conjugating activities for diverse substrates between Ubc9 and SUMO-Ubc9 fusion. (A) In vitro SUMOylation reactions were conducted
using GST-RanGAP1(ND419), GST-PML VI, or GST-IE1 with increasing amounts of His-Ubc9 or His-SUMO-Ubc9 (0.1, 0.2, and 0.3 lM for RanGAP1(ND419), or 1, 2, or 3 lM for
PML VI or IE1). The reaction products were analyzed by SDS–PAGE (12% for RanGAP1(ND419) and 8% for PML VI or IE1) and immunoblotted with anti-GST (for RanGAP1),
anti-PML, or anti-IE1 Ab. The amounts of unmodified and SUMO-modified proteins were quantified by counting using Scion Image software (Scion Corporation) and the % of
protein modified over total amount of protein was indicated. (B) Similar in vitro SUMOylation assays were performed with GST-Sp100A or GST-IE2(135–289). The reaction
products were analyzed by SDS–PAGE [8% for Sp100A and 12% for IE2(135–289)] and immunoblotted with anti-GST [for IE2(135–289)] or anti-Sp100 Abs. The amounts of
SUMOylated proteins were quantitated as above.
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Enhanced IE2 SUMOylation by the SUMO-Ubc9 fusion protein occurs
in a SIM-dependent manner

To investigate whether the enhanced conjugating activity of the
SUMO-Ubc9 fusion protein requires a SIM in target proteins, an IE2
SIM mutant was used. IE2 contains a SIM (IVISDSEEE from 200 to
208) that resembles one of the several proposed consensus se-
quences of a SIM, i.e., h-h-X-S-X-S/T-a-a-a (h, hydrophobic; a,
acidic; X, any amino acid) [36]. We produced IE2(135–289), which
contained the SUMOylation sites (K175 and K180) and a SIM [29],
and its SIM mutant version, IE2(mSIM), which contained substitu-
tions of four consecutive IVIS residues between 200 and 203 to A
residues (Fig. 3A). In in vitro SUMOylation assays, the SUMO-
Ubc9 construct efficiently modified wild-type IE2 (up to 40% of
total IE2) but not SIM mutant (Fig. 3B, top). The SUMOylation level
of the IE2 SIM mutant was not significantly increased by Ubc9 or
the SUMO-Ubc9 construct (Fig. 3B, bottom). These results demon-
strate that the enhanced conjugating activity of SUMO-Ubc9 for IE2
compared to wild-type Ubc9 depends on the presence of a SIM
within IE2.

We also compared the conjugating activities of wild-type Ubc9
and SUMO-Ubc9 fusion protein in co-transfected cells. The results
showed that the SUMO-Ubc9 fusion protein had higher conjugat-
ing activity for IE2 in transfected cells than wild-type Ubc9
(Fig. 3C, left), and this enhanced activity of the SUMO-Ubc9 con-
struct was not detected for the IE2 SIM mutant (Fig. 3C, right).
These results indicate that the enhanced SUMOylation of IE2 by
the SUMO-Ubc9 fusion protein occurs in a SIM-dependent manner.

The SUMO-Ubc9 fusion protein more efficiently interacts with SIM-
containing substrates than Ubc9

In an effort to evaluate whether the SUMO-Ubc9 fusion protein
can be useful in identifying new SUMO substrates, we compared
the binding patterns of wild-type Ubc9 and SUMO-Ubc9 fusion
proteins to cellular proteins using pull-down assays. The results
showed that SUMO-Ubc9 bound to more diverse cellular proteins
than Ubc9 (Fig. 4A, left panel). Furthermore, the SUMO-Ubc9 fusion
protein showed higher binding affinities for Sp100 proteins and
Daxx, two known SIM-containing substrates [27,35] (Fig. 4A, right
two panels). These data suggest that SUMO-Ubc9 may be useful in
identifying new SUMO substrates, as well as in producing the
SUMO-modified form of SIM-containing proteins.

Our results demonstrate that the SUMO-Ubc9 fusion protein
has greater conjugating activity than wild-type Ubc9 for SIM-con-
taining SUMO targets (Sp100 and IE2), whereas their activities
were comparable for SUMO targets without a SIM (Ran-
GAP1(ND419), PML VI, and IE1). Importantly, as in the case of
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enhanced SUMOylation of Sp100 by the SUMO-modified Ubc9 [27],
the enhanced SUMOylation of IE2 by the SUMO-Ubc9 fusion pro-
tein requires the intact SIM within IE2. Moreover, our results using
pull-down assays demonstrate that, like the SUMO-modified form
of Ubc9, the SUMO-Ubc9 fusion protein has enhanced binding
activities for SIM-containing substrates. Therefore, the SUMO-
Ubc9 fusion protein and the SUMO-modified form of Ubc9 appear
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protein should be useful for indentifying, producing and character-
izing SUMO-modified proteins in vitro and in vivo. Our findings also
support the notion that SUMOylation of Ubc9 has a regulatory role
in the SUMO pathway. In addition to SUMO targets, SIMs are also
found in the SAE2 of E1 [36] and in E3 ligases such as PIAS proteins
and RanBP2 [37]. Therefore, in addition to its proposed role in tar-
get discrimination [27], it is also possible that SUMOylation of
Ubc9 may regulate its recognition of E1 and E3 enzymes. In this re-
gard, the SUMO-Ubc9 fusion protein may also be useful for regulat-
ing the cellular SUMO pathway.
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