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The ubiquitin-related modiﬁer SUMO regulates a wide
range of cellular processes by post-translational modiﬁcation with one, or a chain of SUMO molecules. Sumoylation
is achieved by the sequential action of several enzymes
in which the E2, Ubc9, transfers SUMO from the E1 to
the target mostly with the help of an E3 enzyme. In this
process, Ubc9 not only forms a thioester bond with SUMO,
but also interacts with SUMO noncovalently. Here, we
show that this noncovalent interaction promotes the formation of short SUMO chains on targets such as Sp100 and
HDAC4. We present a crystal structure of the noncovalent
Ubc9–SUMO1 complex, showing that SUMO is located far
from the E2 active site and resembles the noncovalent
interaction site for ubiquitin on UbcH5c and Mms2.
Structural comparison suggests a model for poly-sumoylation involving a mechanism analogous to Mms2-Ubc13mediated ubiquitin chain formation.
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Introduction
SUMO is a ubiquitin-related post-translational modiﬁer that
plays an important role in many cellular pathways including
transcriptional regulation, intracellular transport, DNA repair
and replication (Hoege et al, 2002; Pichler and Melchior,
2002; Girdwood et al, 2003; Seeler and Dejean, 2003; Stelter
and Ulrich, 2003; Yang et al, 2003; Muller et al, 2004).
Sumoylation of substrates generally functions by modulating
their interaction properties with other proteins. Although
SUMO has been detected mostly as single molecule modiﬁcation, recent reports show that formation of SUMO chains is
also observed for SUMO1 in vitro (Pichler et al, 2002; Pedrioli
et al, 2006; Yang et al, 2006) and for SUMO2/3 both in vitro
and in vivo (Tatham et al, 2001; Fu et al, 2005).
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The process of SUMO modiﬁcation is chemically similar to
that of ubiquitin conjugation and the enzymes involved are
mostly homologous. This involves the ligation of the
C-terminus of the modiﬁer to a lysine residue on the substrate,
mediated by a highly regulated three-step cascade. For SUMO,
this requires Aos1-Uba2 as E1 or activating enzyme, Ubc9
as E2 or conjugating enzyme and an E3 ligase such as PIAS,
Pc2 or RanBP2 (Melchior, 2000; Johnson, 2004), although
for many targets the cognate E3 has not yet been identiﬁed.
In the ﬁrst step, a thioester bond is formed between the
modiﬁer and the catalytic cysteine of the E1 enzyme in an
ATP-dependent reaction. This thioester bond is subsequently
transferred to the catalytic cysteine of the E2 enzyme, and in
the last step the modiﬁer is ligated to the e-amino group of a
lysine on the substrate with or without the help of an E3 ligase.
In contrast to ubiquitin conjugation, the E2 enzyme in sumoylation plays an active role in target recognition by interacting
with a CKxE/D consensus site sequence present on most, but
not all targets (Sampson et al, 2001).
The process uses one of four vertebrate SUMO isoforms
that have partially overlapping target speciﬁcity. SUMO2 and
SUMO3 differ only by three N-terminal residues and they
share 45% sequence identity with SUMO1. The recently
identiﬁed SUMO4 is more similar to SUMO2/3 (87%) than
to SUMO1 (41%). Most of the SUMO1 in cells is found in
conjugates, whereas there is a large pool of free cellular
SUMO2/3 (Saitoh and Hinchey, 2000; Tatham et al, 2001;
Ayaydin and Dasso, 2004). Apparently, only SUMO2/3 form
chains on substrates in vivo, whereas SUMO1 chains have
only been shown in vitro (Pichler et al, 2002; Pedrioli et al,
2006; Yang et al, 2006). The SUMO2/3 chains are linked
through lysine 11, located in a traditional SUMO consensus
motif in the ﬂexible N-terminus of SUMO2/3 and seem to
play a role in PML localization (Fu et al, 2005). The single
yeast SUMO homologue, Smt3, also forms chains in vivo,
which are important for the regulation and assembly of the
synaptonemal complex during meiosis (Bylebyl et al, 2003;
Cheng et al, 2006).
Transient interaction is an important feature of the sumoylation process and here the E2, Ubc9, plays a central role by
interacting with the E1, SUMO, the E3 and the target at
various stages. Structural studies have revealed the nature
of interaction of Ubc9 with a target (Bernier-Villamor et al,
2002) and with an E3 enzyme (Reverter and Lima, 2005).
Mutational analysis has indicated the interface between Ubc9
and the SUMO E1 to be mainly through its N-terminal helix
and the loop between the ﬁrst and the second b-strand
(Bencsath et al, 2002). This would suggest a similar interaction, as was recently shown for another ubiquitin-like
molecule, Nedd8, with its E1 APPBP1-UBA3 (Huang et al,
2005).
Ubc9 interacts with SUMO both in the thioester intermediate, a complex that has been structurally characterized for
several ubiquitin E2s with ubiquitin (Hamilton et al, 2001;
McKenna et al, 2003b), as well as in a noncovalent manner.
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This noncovalent Ubc9–SUMO interaction involves the
N-terminal helix of Ubc9, as well as the loop between this
helix and the ﬁrst b-strand, a surface that is also partially
used for E1 interaction (Liu et al, 1999; Bencsath et al, 2002;
Tatham et al, 2003). As a consequence, SUMO and the E1
can compete directly for interaction with the E2 (Bencsath
et al, 2002). The role of the noncovalent interaction between
SUMO and Ubc9 is unclear and functional studies have been
complicated by this shared interaction site. The noncovalent
binding between E2 and modiﬁer is not unique for SUMO, as
ubiquitin can also interact noncovalently with some if its E2
enzymes. The details of this interaction were recently shown
for ubiquitin bound to UbcH5c (Brzovic et al, 2006) and to
the E2 variant enzyme Mms2 (Brzovic et al, 2006; Lewis et al,
2006). The E2 variant Mms2 is thought to position ubiquitin
for formation of lysine 63-linked chains of ubiquitin by the
E2, Ubc13. The noncovalent interface of UbcH5c is also
important for chain formation, but this is thought to follow
a different mechanism.
Here, we show the crystal structure of the noncovalent
complex between SUMO1 and Ubc9. SUMO1 interacts with
its b-sheet with a consecutive stretch in Ubc9, connecting the
ﬁrst helix and strand. This site is located distant from the
active site cysteine and resembles the Mms2 and UbcH5c
ubiquitin noncovalent interfaces. We show that both SUMO1
and SUMO2 interact with Ubc9 similarly. The high-resolution
structure enabled us to identify Ubc9 and SUMO mutants that
speciﬁcally inhibit the interaction between the two proteins.
These mutants were used to show that interference with
this noncovalent interaction does not affect SUMO thioester
formation, but instead strongly reduces SUMO2 chain formation on several targets. A model is presented in which the
noncovalent interaction between SUMO and Ubc9 mediates
SUMO chain formation, involving a mechanism similar to
K63-linked ubiquitin chain formation by the Mms2-Ubc13
heterodimer.

Results
Crystal structure of noncovalent Ubc9–SUMO complex
To get insight in the functional importance of the noncovalent
interaction between Ubc9 and SUMO, we solved the crystal
structure of this complex using human Ubc9 and SUMO1
lacking the ﬂexible N-terminal 20 amino acids (SUMODN20)
(Table I). Ubc9–SUMO crystals were grown by mixing the two
components in a hanging-drop crystallization setup. The
quality of the crystals allowed high-resolution data collection,
after which the structure was solved by molecular replacement using the structures of Ubc9 (Tong et al, 1997) and
SUMO1 (Pichler et al, 2005) as search models. The crystal
structure shows that noncovalent interaction of SUMO1 with
Ubc9 occurs on the backside of Ubc9 with respect to the
active site cysteine (Figure 1A).
Complex formation does not cause large conformational
changes in either Ubc9 or SUMO. Compared to previous
crystal structures the r.m.s.d. is 0.79 Å for SUMO (using the
core 77 Ca atoms) and 0.60 Å for Ubc9 (using all Ca atoms).
The interface between the two proteins buries 727 Å2 of
solvent-accessible surface area on Ubc9 and 642 Å2 on
SUMO. This interface is relatively hydrophilic, with ﬁve salt
bridges, eight direct hydrogen bonds and another 12 hydrogen
bonds mediated through deﬁned water molecules, but there
2798 The EMBO Journal VOL 26 | NO 11 | 2007

Table I Data collection and reﬁnement statistics
Ubc9aSUMO covalent
Data collection
Space group
a, b, c (Å)
a, b, g (1)
Resolution (Å)
Rsym
I/sI
Completeness (%)
Redundancy

P21
49.5, 35.0, 72.9
90, 93.41, 90
50–1.4 (1.48–1.4)a
6.0 (22.7)
6.3 (1.6)
99.2 (99.3)
3.5 (3.1)

Reﬁnement
Resolution (Å)
Number reﬂections
Rwork/Rfree

50–1.4
49 557
14.0/17.7

Number of atoms
Protein
Ligand/ion
Water
B-factors
Protein
Ligand/ion
Water

2130
1 Na+
408
14.8
12.5
24.6
26.8

r.m.s.d.
Bond lengths (Å)
Bond angles (deg)

0.014
1.554

a

Highest resolution shell is shown in parenthesis.

are also many van der Waals interactions. On the Ubc9 side,
all the residues involved in the interaction are situated in
one continuous stretch of sequence at the end of the
N-terminal helix, the ﬁrst b-strand and the intervening loop
(Figure 1B and E). This compact region of Ubc9 interacts
with three of the ﬁve b-strands in SUMO’s b-sheet. This is
primarily b-strand 5 of SUMO, but also b-strand 1 and 3 and
the loops connecting these strands are involved in the interface
(Figure 1B and F). Details of the interactions are presented in
Figure 1C and Supplementary Figure 1.
We compared our Ubc9–SUMO structure with the noncovalent complexes of ubiquitin with the E2 enzyme UbcH5c
and the E2 variant Mms2, both determined by NMR (Brzovic
et al, 2006; Lewis et al, 2006). Although UbcH5c and Ubc9 are
only 36% identical, they both show the E2-speciﬁc a/b-fold
and superimpose with an r.m.s.d. of 2.5 Å using 136 Ca
atoms. The E2 variant Mms2 is only 15% identical to Ubc9
and adopts an E2-like fold lacking the C-terminal helix. It
superimposes on Ubc9 with an r.m.s.d. of 1.9 Å using 115 Ca
atoms. Secondary structures of ubiquitin and SUMO bound to
the E2(-like) proteins are also highly similar, even though
their sequence is only 18% conserved (r.m.s.d. 1.4 Å using 75
or 72 Ca atoms for ubiquitin bound to UbcH5c and Mms2,
respectively). Roughly, the interaction sites of ubiquitin on
UbcH5c and SUMO1 on Ubc9 are conserved, both ubiquitin
and SUMO1 interact with the backside of the E2, at least 20 Å
away from the active site cysteine, and both use their b-sheet
for this interaction. Also, the solvent-accessible surface area
buried in the complexes is comparable, such as for Mms2-Ub,
this is 641 Å2 and 650 Å2, respectively, and for UbcH5c–Ub,
it is 567 Å2 and 556 Å2 (Figure 1E). If we superpose only
the E2s, it becomes clear that the relative orientations of the
modiﬁers are slightly different (Figure 1D and E). SUMO1 is
rotated 28.41 towards the N-terminal helix of Ubc9, compared
& 2007 European Molecular Biology Organization
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Figure 1 Structure of noncovalent Ubc9–SUMO1 complex. (A) Cartoon representation of the Ubc9–SUMO1 crystal structure, Ubc9 in blue and
SUMO1 in yellow. The catalytic residue is shown in sticks. (B) Details of the interaction site. Residues of Ubc9 (upper panel) and SUMO1 (lower
panel) involved in the interaction shown in sticks, counterpart shown as surface representation. (C) Close-up of Ubc9–SUMO1 interaction.
(D) Superposition of the UbcH5c–Ubiquitin complex (purple and green, respectively) and the Ubc9–SUMO1 complex. Only UbcH5c and Ubc9 were
used for the superposition, the angle between ubiquitin and SUMO is indicated. (E) Sequence alignment of Ubc9, UbcH5c and Mms2 showing
secondary structure elements of Ubc9. Residues that loose at least 20% of their solvent accessible surface area upon complex formation with
SUMO/ubiquitin are shown on a yellow background. (F) Sequence alignment of SUMO1, SUMO2 and ubiquitin with secondary structure
elements of SUMO1 on top. Residues of SUMO1 involved in Ubc9 interaction (determined as in (E)) are shown on a blue background and
homologous residues in SUMO2 are framed. Residues of ubiquitin involved in UbcH5c or Mms2 interaction have a purple background.

to ubiquitin on UbcH5c. The tilting of the ubiquitin in the
Mms2 structure is 27.71, compared to the SUMO, but only
14.41 if we compare it with ubiquitin interacting with UbcH5c
(Figure 1D). Although crystal contacts could be involved, we
did see the same orientation for SUMO in a second crystal
form (data not shown). The difference in the position of the
modiﬁers results in a change of interaction surfaces on the
E2s, where SUMO interacts with Ubc9 mainly N-terminally,
the ubiquitin interaction surface on UbcH5c and Mms2 is
shifted somewhat towards the C-terminus (Figure 1E).
SUMO1 and SUMO2 interact with Ubc9 with similar
afﬁnities
Both SUMO1 and SUMO2 bind noncovalently to Ubc9
(Tatham et al, 2003) and even though they are only 44%
& 2007 European Molecular Biology Organization

identical, the residues in the interface with Ubc9 are relatively
well conserved (nine identical, four homologous, three
different) (Figure 1F). Of the three nonconserved residues,
Gly 81 (Glu 77 in SUMO2) only makes main chain contacts,
and the other two, changing Ile 27 into an alanine (Ala 23
in SUMO2) and Val 87 into a threonine (Thr 83 in SUMO2)
can be accommodated in the interface without problems.
Therefore, we deduce that the interaction mode of Ubc9
with SUMO1 and 2 are likely to be very similar, in agreement
with NMR studies of this interface (Liu et al, 1999; Tatham
et al, 2003).
To determine the afﬁnity of the interaction between Ubc9
and SUMO1 and 2, we used isothermal calorimetric analysis.
In isothermal calorimetry (ITC), the absorbance or release of
energy of mixing two components that interact with each
The EMBO Journal
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other can be measured as heat changes. These changes in
heat can be used to determine the binding constant and
thermodynamic parameters of the interaction. For the interaction between Ubc9 and SUMO1, we determined a Kd of
82723 nM (Figure 2A). The heat exchange or enthalpy contribution to the binding is relatively small (maximally 6 kcal/
mol under these conditions), but high enough to calculate the
Kd accurately. Previously, a slightly higher dissociation constant of 250770 nM has been reported for the Ubc9–SUMO1
interaction using ITC (Tatham et al, 2003). The only obvious
differences in Kd measurement between ours and Tatham et al
(2003) are a small pH difference (pH ¼ 8.0 versus 7.5, respectively) and the presence of an N-terminal His-tag on Ubc9 in
their experiments. Both of these factors could contribute to
the threefold difference in Kd. When we performed identical
ITC measurements replacing SUMO1 for SUMO2, we were not
able to measure any reproducible heat exchange during the
measurement. Nevertheless, if we collected the sample from
the ﬂow cell after the experiment and run it on an analytical
gel ﬁltration column, we observe complete complex formation between SUMO2 and Ubc9 (data not shown). As the heat
exchange of the reaction for SUMO1 binding was very small,
it seems likely that for SUMO2 the enthalpic contribution is
even smaller and the reaction is mostly entropically driven,
and can therefore not be measured by ITC.
For a direct comparison of the afﬁnities of Ubc9 with
SUMO1 and SUMO2, we therefore used an analytical
gel ﬁltration shift experiment. First, we tested the method
using high protein concentrations by mixing pure samples
of Ubc9 (50 mM) and an excess of SUMO1 or SUMO2 (100 mM)
in 25 ml, incubation at 4 1C for 10 min before running it on
a Superdex 75 gel ﬁltration column. Both for SUMO1
(Figure 2B, upper panel) and SUMO2 (Figure 2B, lower
panel), all of the Ubc9 were shifted to the Ubc9–SUMO
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Ubc9H20D and SUMO1E67R inhibit noncovalent
interaction
Although several groups have reported the noncovalent
interaction between Ubc9 and SUMO, the function of this
interaction has been subject of speculation. Based on mutant
analysis, it has been proposed that the interaction is needed
for SUMO thioester formation (Tatham et al, 2003). However,
as the binding sites for SUMO and the E1 on Ubc9 partially
overlap, it was difﬁcult to create interface mutants that do not
affect E1 interaction, and consequently, thioester formation.
Now, based on our high-resolution structure, we searched for
Ubc9 or SUMO1 mutants that only abolish the noncovalent
interaction between Ubc9 and SUMO.
For SUMO1, we generated the following mutants: E67R,
G68Y, V87W and E89R. These mutants were tested for their
ability to interact with Ubc9 noncovalently, as well as for
their activity in E1 and Ubc9 thioester formation. As summarized in Table II, all of these mutants showed decreased
noncovalent interaction with Ubc9 and SUMOE67R, as well
as SUMOE89R and SUMOV87W, were completely unable to
interact with Ubc9 in the analytical gel ﬁltration assay

Ubc9 + SUMO1
Ubc9
SUMO1

1.2
1
0.8
0.6

Absorption (a.u.)

kcal/mol of Ubc9

-4
-6
0.0

0.5
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Molar ratio
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0.2
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Elution volume (ml)
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1:8

Ubc9 + SUMO2
0.2
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SUMO2
0.15

1.2

-2

Ubc9:SUMO
1:1

-0.3
0

C

0.4
0
1.1

-0.2

complex peak, whereas the excess of SUMO eluted in a
peak overlapping with the free SUMO peak. To compare
afﬁnities, we used lower concentrations of Ubc9 (390 nM)
with varying SUMO concentrations, followed by gel ﬁltration
chromatography and Western blotting of the fractions using a
Ubc9 antibody. This allowed visualization of the free Ubc9
peak shifting to the SUMO-bound peak upon increased SUMO
concentrations in the samples (Figure 2C). Both SUMO1 and
SUMO2 are able to shift the Ubc9 peak under these conditions
and the peak shift occurs at similar SUMO1 and SUMO2
concentrations indicating similar afﬁnities of Ubc9 for
SUMO1 and SUMO2.
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Figure 2 SUMO1 and SUMO2 have similar afﬁnity for Ubc9. (A) Isothermal calorimetry data for noncovalent interaction between Ubc9 and
SUMO1. Raw (upper panel) and processed (lower panel) data for 7 mM SUMO titrated with 12 ml injections of 70 mM Ubc9. Processed data points
were ﬁtted to a model describing a single set of binding sites. Thermodynamic parameters for the interaction are DH ¼ 5.9670.2 kcal/mol and
TDS ¼ 3.87 kcal/mol (B) Chromatograms of analytical gel ﬁltration runs for Ubc9 with SUMO1 (upper panel) and Ubc9 with SUMO2 (lower
panel). Runs of single proteins contained 60 mM Ubc9 or 300 mM SUMO1/2, complex runs contained 50 mM Ubc9 and 100 mM SUMO1/2. Ubc9–
SUMO2 chromatogram has been scaled (see second y-axis) because SUMO2 contains few aromatic residues and therefore has low signals.
(C) Gel-ﬁltration-based shift assays visualized by Western blot analysis using anti-Ubc9. For SUMO2 (left panel), as well as for SUMO1 (right
panel), several gel-ﬁltration runs were performed with a constant Ubc9 and increasing SUMO concentrations (molar ratio is depicted on the
left). Seven consecutive fractions ranging in elution volume from 1.15 to 1.4 ml are loaded on the gel for both SUMO1 and SUMO2.
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(Supplementary Figure 2 and data not shown). SUMOE89R
and V78W, however, were also impaired in either E1 or Ubc9
thioester formation or both, and were therefore not good
candidates to study the function of the Ubc9–SUMO noncovalent interaction (Figure 3A and Supplementary Figure 2).
The SUMOE67R mutant only has a minor defect in Ubc9
thioester formation and would, from these mutants, be the
best candidate to study the role of noncovalent Ubc9–SUMO
interaction (Figure 3B and Supplementary Figure 2).
For Ubc9, we tested mutations in four residues, R17E,
H20D, G23R, and V25W and V25R (Table III). These mutants
were tested for SUMO1 interaction and, in addition, for their
ability to interact noncovalently with the E1, as well as their
activity in Ubc9BSUMO thioester formation (Figure 3A and
Supplementary Figure 2, data not shown). Valine 25 is
equivalent to serine 22 in UbcH5c, mutating this residue
inhibited noncovalent interaction with ubiquitin (Brzovic
et al, 2006). In Ubc9, however, mutation of this residue did
not affect the noncovalent binding of SUMO probably due to
the fact that it is less well buried in the Ubc9–SUMO interface
(Supplementary Figure 2). Also, the G23R mutation did not
abolish Ubc9–SUMO noncovalent interaction. In contrast,
the R17E and H20D mutants do disturb the interface and
are strongly inhibited in Ubc9–SUMO interaction (Figure 3D,
Supplementary Figure 2). However, Ubc9R17E was also

deﬁcient in E1 interaction and strongly reduced in
Ubc9BSUMO thioester formation and was therefore excluded from further studies. Ubc9H20D was the only Ubc9
mutant that abolished the noncovalent interaction with
SUMO (Figure 3D) without affecting thioester formation
(Figure 3C), even though it does show a reduction in E1
interaction (Supplementary Figure 2C). This mutation is
therefore suited for further analysis of the function of noncovalent interaction between Ubc9 and SUMO.

Table II Summary of SUMO mutant data

Table III Summary of Ubc9 mutant data
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Noncovalent Ubc9–SUMO interaction promotes SUMO
chain formation
In both Mms2 and in UbcH5c, the noncovalent interaction
with ubiquitin is involved in ubiquitin chain formation
(VanDemark et al, 2001; Brzovic et al, 2006). Therefore, we
analyzed whether the noncovalent Ubc9–SUMO interaction
was important for free SUMO chain formation. We compared
the wild-type and the H20D mutant Ubc9, which has lost the
noncovalent interaction. The Ubc9 variants were incubated
with SUMO, E1 and ATP at 371C and SUMO chain formation
was followed in time (Figure 4A). Under these conditions,
neither SUMO1 nor the SUMO2 K11R mutant, which has lost
the SUMO consensus site, forms SUMO chains efﬁciently, in
accordance with previous reports (Tatham et al, 2001).
SUMO2WT, however, readily forms chains with Ubc9WT,
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Figure 3 Mutants that interrupt noncovalent Ubc9–SUMO binding but not thioester formation. (A) Thioester formation followed in time for
Ubc9 and SUMO1 wild type and mutants. Concentrations were: 100 nM E1, 900 nM Ubc9 and 3 mM SUMO1. (B) Thioester formation assay
comparing SUMOWT with SUMOE67R. Concentrations were: 200 nM E1, 1.4 mM Ubc9 and 15 mM SUMO1. (C) Thioester formation assay as in
(B) comparing Ubc9WT with Ubc9H20D. (D) Noncovalent binding studied using analytical gel-ﬁltration for Ubc9H20D with SUMO1. Curve
indicated as ‘Ubc9 þ SUMO1’ was 44 mM Ubc9H20D and 108 mM SUMO1, ‘Ubc9 þ more SUMO1’ was 27 mM Ubc9H20D and 136 mM SUMO1.
Free Ubc9H20D and the complex between Ubc9WT and SUMO are indicated for clarity.
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Figure 4 Noncovalent Ubc9–SUMO interaction promotes SUMO chain formation. (A) Free SUMO chain formation for SUMO1, SUMO2 and
SUMO2K11R with Ubc9WT and Ubc9H20D. Formation of SUMO chains is followed in time using SUMO1 or SUMO2 antibodies as indicated.
Concentrations were: 100 nM E1, 400 nM Ubc9 and 20 mM SUMO. Note that Ubc9H20D is also strikingly different in forming higher order Uba2
conjugates that occur as a side effect of the reaction. Uba2 is a known target for sumoylation (Zhao et al, 2004; Hannich et al, 2005). The
presence of SUMO-modiﬁed Uba2 was conﬁrmed by mass spectrometry (data not shown). (B) Sumoylation of Sp100 with SUMO2 comparing
Ubc9WT with Ubc9H20D. Concentrations were: 830 nM GST-Sp100, 175 nM E1, 400 nM Ubc9 and 20 mM SUMO2 and detection was with antiGST. (C) SUMO chain formation on SP100 with SUMO2, comparing Ubc9WT with Ubc9H20D. Concentrations are identical to (B), except E1
was 150 nM, formation of GST-Sp100*SUMO2 conjugates is followed in time using either a GST antibody (upper panel) or a SUMO2 antibody
(lower panel). (D) SUMO chain formation on Sp100 comparing several mutant proteins. Concentrations were: 1.3 mM GST-Sp100, 10 nM E1,
300 nM Ubc9 and 10 mM SUMO and detection was with anti-GST or anti-SUMO2. (E) Assay as in (C) but using GST-HDAC4 as a target and an
HDAC4 antibody for the upper panel.

but the Ubc9H20D mutant is clearly and reproducibly less
productive in chain formation (Figure 4A). Thus, loss of the
noncovalent interaction inhibits SUMO2 chain formation.
Next, we tested SUMO2 chain formation on a known
SUMO target, the transcriptional regulator Sp100. If we stop
the reaction after 1 h, we observe mostly monosumoylation
of Sp100 and, importantly, this is equally efﬁcient for
Ubc9WT compared to Ubc9H20D (Figure 4B). However,
at the latest time point in the Ubc9WT reaction, a higher,
potentially Sp100*2  SUMO, band is appearing. To investigate whether this indicates SUMO chain formation, we performed a similar experiment, but extended the incubation
2802 The EMBO Journal VOL 26 | NO 11 | 2007

time. At later time points, we now observe several higher
bands using Ubc9WT that do not appear if we use Ubc9H20D,
shown on Western blots with either GST or SUMO2 antibodies (Figure 4C).
These higher order bands are not formed very efﬁciently
and it was important to check whether the higher molecular
weight bands are a result of SUMO2 chain formation,
or monosumoylation on multiple sites in Sp100. Therefore,
we analyzed the Sp100*SUMO2, Sp100*2  SUMO2 and
Sp100*3  SUMO2 samples by mass spectrometry. In all
samples, one major modiﬁcation site in Sp100 was found at
K297, the lysine that has previously been identiﬁed as the
& 2007 European Molecular Biology Organization
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SUMO modiﬁcation site (Sternsdorf et al, 1997). In addition,
a small fraction (o5%) of a minor site was modiﬁed (K387).
This indicates that most of the higher order bands are due
to chain formation of SUMO2. Mass spectrometric analysis
identiﬁed primarily SUMO2 K11, and to a small extent K5,
as the acceptor lysines on SUMO2 itself. As a control for
chain formation, we performed a similar sumoylation reaction using less enzyme, comparing Sp100WT that has lost
the SUMO consensus lysine at 297 (Sp100K297R). Under
these conditions, we still observe SUMO2 chain formation on Sp100WT, whereas Sp100K297R is hardly modiﬁed
(Figure 4D). Meanwhile, the consensus site on SUMO2 is
also required for the chain formation, as the SUMO2 K11R
mutant is also reduced in SUMO2 chain formation
(Supplementary Figure 3). These results demonstrate that
SUMO chains are formed on Sp100 via the consensus site
lysine 297, and that SUMO2 uses primarily lysine 11 to make
these chains.
To examine the importance of the noncovalent interaction
between Ubc9 and SUMO2 for the formation of these chains,
we tested the Ubc9H20D mutant in the same Sp100 chain
formation assay. Figure 4C and D show that this mutant
is impaired in SUMO2 chain formation on Sp100. To test
whether the importance of the noncovalent binding site for
poly-sumoylation is a target-speciﬁc effect we investigated
SUMO2 chain formation on another well-known SUMO
target, histone deacetylase 4 (HDAC4). Also with this target,
we see a profound inhibition of SUMO chain formation upon
disruption of the noncovalent interaction site between SUMO
and Ubc9 (Figure 4E).
To verify if the loss of chain formation was really due to the
lack of noncovalent interaction, we tested the SUMO2D63R
mutant, which is the equivalent of the SUMO1E67R mutation.
It inhibits SUMO2-Ubc9 noncovalent interaction, whereas it
is still competent in Ubc9 thioester formation (data not
shown). This SUMO mutant also inhibits poly-sumoylation
of Sp100 (Figure 4D). As loss of noncovalent interaction due
to mutation either on Ubc9 or on SUMO2 affects chain
formation, this strongly suggests that noncovalent interaction
between Ubc9 and SUMO2 promotes poly-sumoylation of
Sp100.

Discussion
Here, we have presented the crystal structure of the noncovalent complex between Ubc9 and SUMO1. The resemblance of this structure with the noncovalent complex
between ubiquitin and UbcH5c, as well as with the E2
variant Mms2 and ubiquitin, underlines the conservation of
this interaction between homologous pathways. The UEV
(ubiquitin conjugating enzyme variant) domain of Tsg101
(and VPS23) also interacts noncovalently with ubiquitin,
but this interaction is different as it primarily uses a b-tongue
motif formed by the extended ﬁrst and second beta-strands
and the loop between them (Sundquist et al, 2004).
NMR studies have been performed on the noncovalent
interface between Ubc9 and SUMO1, 2 and 3 (Liu et al, 1999;
Tatham et al, 2003), all indicating that the interaction site on
Ubc9 is primarily formed by the N-terminal region of Ubc9.
We have now shown the high-resolution details of this
interaction and found that SUMO interacts with the N-terminal helix, the ﬁrst b-strand and the intervening loop of Ubc9.
& 2007 European Molecular Biology Organization

Recently, a model for the interaction between Ubc9 and
SUMO3 was created by docking approaches in combination
with NMR interaction data (Ding et al, 2005). In this
model, the equivalent residues of SUMO3, compared to
SUMO1 in our structure, interact with Ubc9. As SUMO2 and
3 are completely identical in the interacting residues, and as
we have shown that SUMO1 and SUMO2 interact with
Ubc9 with similar afﬁnities, we can conclude that all SUMO
isoforms interact with Ubc9 using the same interaction
site and with similar afﬁnities. With a Kd of B80 nM, the
interaction between SUMO and Ubc9 is relatively strong
compared to the interaction between ubiquitin and UbcH5c
with a Kd of B300 mM (Brzovic et al 2006), and between
ubiquitin and Mms2 with a Kd of B100 mM (McKenna
et al, 2003a). Even though the buried surface areas between
E2 and modiﬁer are comparable in all three structures,
there are more hydrogen bonds and salt bridges in the
Ubc9–SUMO interface, which might account for the difference in afﬁnity.
Two mutations, one in Ubc9 (H20D) and one in SUMO
(E67R in SUMO1 or D63R in SUMO2), were identiﬁed that
individually interfere with Ubc9–SUMO noncovalent interaction. These mutants enabled us to show that the interaction
between Ubc9 and SUMO promotes SUMO chain formation on both Sp100 and HDAC4. There are several possible
mechanisms that can explain the role of this interaction in
chain formation. The simplest one would be that one
Ubc9 molecule interacts with two SUMO molecules and the
noncovalently bound SUMO acts as a direct acceptor for the
thioester bound SUMO (donor). This mechanism is not likely,
as the distance from the N-terminus of the acceptor SUMO to
the active cysteine is too long to bridge the distance to the
acceptor lysines K5 or K11, even if the N-terminal residues
adopt an extended conformation.
Another possibility is that chain formation occurs by
a mechanism similar to what has been proposed for
UbcH5c (Brzovic et al, 2006). In that case, the noncovalent
interaction between ubiquitin and UbcH5c is promoting
large assemblies of activated UbcH5cBubiquitin, which are
required for processive BRCA1-directed ubiquitination.
However, in our hands, the Ubc9BSUMO thioester is not
forming these large assemblies (data not shown) and even
though we cannot completely rule out that higher order
assemblies are formed with low afﬁnity we do not favor
this mechanism.
Our favored hypothesis, however, is that the polysumoylation that we observe involves a mechanism that follows
the well-established model for ubiquitin chain formation, as
seen in Mms2-Ubc13-dependent K63 polyubiquitination.
This idea is based on structural comparison of Ubc9–SUMO
with Mms2-ubiquitin and data of its interaction with
ubiquitin-loaded Ubc13. In this last complex, the E2 variant
(Mms2) can bind an acceptor ubiquitin noncovalently and
form a heterodimer with a functional E2 (Ubc13) that is
activated with ubiquitin. Modeling as well as structural
studies have shown that in this complex the K63 of the
acceptor ubiquitin is in close proximity to the activated
cysteine of Ubc13, providing a mechanism for K63-linked
ubiquitin chain formation (VanDemark et al, 2001; McKenna
et al, 2003b; Lewis et al, 2006). The recently published
crystal structure of the Ubc13BUb intermediate in complex
with Mms2 also shows this quaternary complex, as it has a
The EMBO Journal
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ubiquitin molecule from a neighboring complex bound to
the acceptor ubiquitin site on Mms2 (Figure 5A; Eddins et al,
2006).
A complex like this could also be formed between two
identical E2s, which would require the E2 to interact with
itself. Although Ubc9 is not a homodimer in solution, selfinteraction has been shown in yeast two-hybrid systems
(Hateboer et al, 1996; Kovalenko et al, 1996). If we superpose
the Ubc9–SUMO complex on Mms2 bound to ubiquitin from
the Mms2-Ubc13BUb structure, a free Ubc9 on Ubc13, and
SUMO on the thioester ubiquitin (Eddins et al, 2006), we
can create a model that resembles the Mms2/Ubc13/
2  Ubiquitin complex (Figure 5B). In this model, we see
that, although SUMO does not have a lysine at the equivalent
position to K63 in ubiquitin, the N-terminus of the noncovalently bound SUMO is close to the active site of the adjacent
Ubc9. For SUMO2, there are 14 residues of N-terminal tail
that are not present in the structure, and the K11 and K5 could
both easily reach the active site of the donor Ubc9. This
attractive model provides a possible explanation why chain
formation takes place on the N-terminal tail of SUMO2 and
why the noncovalent interaction between Ubc9 and SUMO
promotes this chain formation.

The chain formation that has been observed for SUMO2
(Tatham et al, 2001; Cheng et al, 2006) is less processive than
that which has been seen for ubiquitin. This lower processivity is most likely an intrinsic feature of Ubc9 and not due to
the in vitro reaction conditions, as polyubiquitin chains are
easily formed in vitro, whereas the SUMO chains remain
shorter. However, SUMO chains have not been extensively
studied in vivo and, as the yeast homologue of SUMO, Smt3,
seems to be able to form long chains in vivo (Bylebyl et al,
2003), it would be likely that additional factors are required
for processive SUMO chain formation. This has also been
shown for the ubiquitin system, where for example PCNA
requires the E3 Rad18 for monoubiquitination and another
E3, Rad5 for polyubiquitination. Similar to the requirement
for a speciﬁc ubiquitin E3-ligase, the SUMO chain formation
could also require a specialized E3 for chain formation.
Here, we presented data to show that the noncovalent
interaction between Ubc9 and SUMO is important for SUMO
chain formation. Structural comparisons led to a model analogous to the K63-type chain formation in ubiquitin chain
formation. Interestingly, the afﬁnity of Ubc9 for SUMO is
much higher than that of Mms2 for ubiquitin. Conversely, the
afﬁnity of Ubc13 for Mms2 is much higher than that of Ubc9

Donor ubiquitin

A
Mms2

Ubc13
Thioester
K63

Acceptor ubiquitin

Donor SUMO

B
Ubc9

Ubc9

Thioester

E20

SUMO N-terminus
Acceptor SUMO
Figure 5 A model for SUMO chain formation. (A) K63 ubiquitin chain formation by the Mms2-Ubc13 heterodimer (Eddins et al, 2006)(PDBcode: 2GMI). Close-up shows Mms2 K63 in sticks and the Ubc13 thioester active site. (B) Structural model for SUMO chain formation. The
noncovalent Ubc9–SUMO1 complex was superposed on Mms-Ub and another Ubc9 molecule was superposed on Ubc13 (A). Thioester SUMO
was modeled by superposition on ubiquitin replacing the C-terminal tail with the one from ubiquitin. Close-up shows acceptor SUMO
N-terminus and donor SUMO-Ubc9 thioester active site. Dotted line represents the N-terminal tail of SUMO that is not present in the structure.
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for itself. Thus, in the two systems, the balance of afﬁnities is
maintained in different ways, emphasizing that ubiquitin and
SUMO are analogous, but not identical. Nevertheless, the
actual mechanism for chain formation seems once again
surprisingly similar between the ubiquitin and SUMO pathways.

Materials and methods
Plasmids and antibodies
Ubc9, SUMO1(DN20), Aos1-Uba2 (Pichler et al, 2005), GST-Sp100
(Seeler et al, 2001) and GST-HDAC4 (Kirsh et al, 2002) were
described before. Ubc9 and SUMO1 mutants were generated by sitedirected mutagenesis. Mouse a-SUMO1 was obtained from Santa
Cruz and Zymed and goat a-GST from Amersham. Goat a-Ubc9 and
goat a-SUMO2 were kindly provided by F Melchior (Georg-August
University, Göttingen). Secondary antibodies were from Biorad or
Biosource.
Protein expression and puriﬁcation
Puriﬁcation of Ubc9, Aos1-Uba2, GST-Sp100, GST-HDAC4 was
performed as described previously (Pichler et al, 2002; Pichler
et al, 2005) and SUMO2 were expressed in BL21(DE3) cells using
IPTG induction overnight at 151C. Puriﬁcation was performed on a
Superdex 75 column in 20 mM Tris (pH 8.0), 100 mM NaCl, 0.1 mM
PMSF, 1 mM DTT followed by an anion exchange (monoQ) column.
Analytical gel ﬁltration
Protein–protein interaction studies by analytical gel ﬁltration were
performed on a Superdex 75 column on the SMART system
(Pharmacia) in a buffer containing 20 mM Tris (pH 8.0) and
100 mM NaCl. Concentrations as indicated in the ﬁgure legends
were mixed and incubated for 10 min at 41C before loading
(25–50 ml) on the column. Eluted fractions were run on SDS–PAGE
and either analyzed by coomassie staining, or by Western blot
analysis using an antibody against Ubc9.
Isothermal titration calorimetry
ITC experiments were performed with the VP-ITC Micro Calorimeter
(MicroCal Inc.) at 301C. Stock solutions of Ubc9 and SUMO were
prepared by dialysis of the puriﬁed proteins against a buffer
containing 20 mM Tris (pH 8.0) and 5 mM b-mercaptoethanol at 41C
and were degassed before use. The sample cell (1.4 ml) contained
SUMO (5–10 mM), which was titrated with Ubc9 (50–100 mM) using
12 ml injections. The injections after saturation were used to
determine the background signal. Corrected data were analyzed
using software supplied by the ITC manufacturer to calculate the
dissociation constant (Kd). Parameters were obtained for a model
describing one set of binding sites, using nonlinear least-squares
ﬁtting.
Native gel shift assays
Interaction of SUMO E1 with Ubc9WT and mutants was determined
by a native gel mobility shift assay. Ubc9 was incubated with
increasing amounts of E1 for 15 min at room temperature. Bound
and unbound forms were separated on a 6 or 8% polyacrylamide
gel (acrylamide:bis, 29:1) in a Tris-Glycine buffer. Bands were
visualized on a Western blot with anti-Ubc9.
E1 thioester formation
E1 thioester formation was performed at 81C in the same buffer
as the thioester formation. Aos1-Uba2 (3 mM) was mixed with
SUMO (22 mM) and reactions were started by addition of 5 mM
ATP. Samples from indicated time points were denatured in
nonreducing loading buffer, run on SDS–PAGE and stained with
Coomassie.
In vitro thioester formation and target sumoylation assays
Ubc9WT and mutant thioester formation assays were performed at
301C in buffer containing 20 mM Tris (pH 8.0), 100 mM NaCl, 5 mM
MgCl2 and 0.1 mM DTT. Reactions contained Aos1-Uba2, SUMO and
Ubc9 in concentrations as indicated in the ﬁgure legends. Reactions
were started by addition of 5 mM ATP and at the indicated time
points samples were denatured in nonreducing loading buffer.
& 2007 European Molecular Biology Organization

Samples were run on SDS–PAGE, immunoblotted and analyzed
with a-Ubc9.
Target sumoylation and free SUMO chain formation assays were
performed at 371C in buffer containing 20 mM HEPES (pH 7.3),
110 mM potassium acetate, 2 mM magnesium acetate, 0.05% Tween
20, 0.2 mM ovalbumin and 1 mM DTT. Reaction mixture contained
Aos1-Uba2, SUMO1 or SUMO2, Ubc9 and either Sp100 or HDAC4 in
case of target sumoylation, in concentrations as indicated in the
ﬁgure legends. After start of the reaction by the addition of 5 mM
ATP, samples were taken at the indicated time points and mixed
with denaturing and reducing sample buffer. Samples were run
on 8% SDS gels or 4–12% NuPage gels (Invitrogen) and bands
were visualized by immunoblotting against a-GST, a-SUMO1 or
a-SUMO2.
Mass spectrometry
The protein bands containing GST-SP100 conjugated with several
SUMO2 molecules were excised from an SDS–PAGE gel and
subjected to in-gel reduction, alkylation, trypsin digestion and
subsequent sample desalting and concentration, as described
previously (Olsen et al, 2004). The resulting peptide mixture was
analyzed by nano-HPLC-MS/MS using an Agilent 1100 nanoﬂow
system connected to a hybrid linear ion trap orbitrap (LTQ-Orbitrap)
mass spectrometer (Thermo Electron, Germany), equipped with
a nanoelectrospray ion source (Proxeon Biosystems, Odense,
Denmark), essentially as described previously (Olsen et al, 2005).
Crystallization, data collection and structure determination
Ubc9–SUMO(DN20) crystals were grown at 41C by mixing
equimolar amounts of Ubc9WT or Ubc9C93S and SUMO(DN20)
(450 mM each) in a hanging drop with a mother liquor consisting of
16.5% (w/v) PEG3350, 100 mM BisTris (pH 5.5) and 15% (w/v)
glycerol. The complex crystallized using either Ubc9WT or
Ubc9C93S, as large plates with a maximum of 400 mM in their
largest dimension. Cryoprotection was achieved by increasing
the concentration of glycerol to 25% (w/v). Data were collected
on a single Ubc9C93S-SUMO1 crystal in a separate high- and
low-resolution data set at 100 K on European Synchrotron
Radiation Facility beam line ID14-2 (l ¼ 0.933). Data were
processed with MOSFLM and SCALA (Collaborative Computational
Project 4, 1994).
The structure was solved by molecular replacement with the
program Molrep (Collaborative Computational Project 4, 1994)
using both Ubc9 (Tong et al, 1997, Protein Data Bank (PDB) code
1U9A) and SUMO (Pichler et al, 2005, PDB code 2BF8). Rebuilding
was performed with ARP/wARP (Perrakis et al, 1999) and Coot
(Emsley and Cowtan, 2004), and reﬁnement was done with
REFMAC (Collaborative Computational Project 4, 1994). Percentages of residues in the most favored, additionally allowed,
generously allowed and disallowed regions of the Ramachandran
plot were 93.5, 6.0, 0.5 and 0.0%, respectively. The model includes
408 water molecules and one sodium ion from the protein storage
buffer. Crystallographic parameters are summarized in Table I.
Buried solvent-accessible surface areas between the molecules were
calculated with the program Areaimol (Collaborative Computational Project 4, 1994) and contacts between Ubc9 and SUMO were
analyzed with the program NCONT (Collaborative Computational
Project 4, 1994).
All structure ﬁgures were generated using Pymol (http://
www.pymol.org). Atomic coordinates and structure factors have
been deposited to the PDB with accession code 2uyz.

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