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The modification of proteins by SUMO (small ubiquitin-like modifier) regulates
various cellular processes. Sumoylation often occurs on a specific lysine residue
within the consensus motif yKxE/D. However, little is known about the specificity
and selectivity of SUMO target sites. We describe here a SUMO assay with peptide
array on solid support for the simultaneous characterization of hundreds of different
SUMO target sites. This approach was used to characterize known SUMO substrates.
The position of the motif within the peptide and the amino acids flanking the
acceptor site affected the efficiency of SUMO modification. Interestingly, a sequence
of only four amino acids, corresponding to the SUMO consensus motif without
flanking amino acids, was a bona fide target site. Analysis of a peptide library for all
variants of the YKxE/D consensus motif revealed that the first and third positions in
the tetrapeptide preferably contain aromatic amino acid residues. Furthermore, by
adding the SUMO E3 ligase PIAS1 to the reaction mixture, we show specific
enhancement of the modification of a PIAS1-dependent SUMO substrate in this
system. Overall, our results demonstrate that the sumoylation assay with peptide
array on solid support can be used for the high-throughput characterization of
SUMO target sites, and provide new insights into the composition, selectivity and
specificity of SUMO target sites.
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Post-translational modification by small ubiquitin-like
modifiers (SUMO) is an important mechanism regulating
a diversity of cellular functions, including sub-cellular
distribution, gene transcription and protein stability
(I-3). Sumoylation has also been shown to be linked
with the pathogenesis of various disorders, including
Alzheimer’s and Huntington’s disease (4, 5), highlighting
the importance of this protein modification. It remains
unclear how many SUMO substrates exist in the human
proteome; however, recent proteomic screening approa-
ches have identified new targets and the number of
validated substrates is rapidly increasing (6-10).

SUMO proteins are structurally related to ubiquitin
and are expressed as precursors that undergo proteolytic
cleavage, resulting in the availability of the C-terminal
glycine—glycine motif for conjugation. At least four
mammalian SUMO proteins—SUMO-1, -2, -3 and -4—
have been identified. SUMO-2 and -3 have amino acid
sequences 96% identical to each other and about 50%
identical to that of SUMO-1. SUMO-4 is more similar to
SUMO-2 and -3 than to SUMO-1. SUMO is covalently
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conjugated by an isopeptide bond to lysine residues in the
substrates. Sumoylation is a three-step process, similar
to ubiquitination, involving an El-activating enzyme
(Aos1/Uba2 heterodimer), an E2-conjugating enzyme
(Ubc9) and E3 ligases, including Ran-binding protein-2,
Polycomb-2 and PIAS proteins (I-3, 11-13). However,
recombinant E1, Ubc9, and SUMO are sufficient for the
ATP-dependent SUMO modification of substrates in vitro.
Consistent with this observation, biochemical and struc-
tural studies have shown that the SUMO consensus motif
VYKXE/D (where V is a hydrophobic amino acid, x is any
amino acid and K is the site of SUMO conjugation) is
directly recognized by the Ubc9 active site (14-17).
Several groups have suggested that there may be an
extended SUMO consensus motif. For example, the
synergy control motif (SC) is defined by the presence of
proline residues flanking the core SUMO motif (18). An
extended sumoylation motif—NDSM (negatively charged
amino acid-dependent sumoylation motif)—has also been
identified in several SUMO substrates (19). Moreover,
clusters of acidic residues downstream from the core motif
were also found in the transcription factor Elk-1 and the
CRD1 domain of p300 (20). In line with the acidic stretch,
bioinformatics analyses recently identified a subset of
SUMO consensus sites called PDMS (phosphorylation-
dependent sumoylation motifs) (19, 21), combining a
classical SUMO consensus site with an adjacent proline-
directed phosphorylation site, yKxExxSP, as in the major
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MEF2 isoforms, for example. However, non-consensus
sumoylation sites have also been reported for several
SUMO targets (2, 22).

The identification and validation of new SUMO sub-
strates and deciphering of the SUMO acceptor site in a
given protein are of considerable interest. Bioinformatics
studies based on target-site search engines (23, 24) and
mass spectrometry of in vitro sumoylated proteins are
very useful for this (25). A chip-based analysis of SUMO
conjugation to a target protein has recently been devel-
oped (26). This report provided proof of principle that a
sumoylation reaction can be performed on a solid support
(glass slides). However, this study was based exclusively
on the use of the RanGAP1 protein domain as a model
SUMO substrate. Two other SUMO assays based on
fluorescence resonance energy transfer (FRET) technology
have been established: one evaluates SUMO protease
activity (27) and the other monitors SUMO modification in
solution in a high-throughput system (28). However, the
two FRET-based assays have in common that the
systematic investigation of SUMO substrates is possible
only by testing one target at a time. Hence, there is
currently no direct experimental tool for simultaneously
characterizing large numbers of SUMO target sites in
identical experimental conditions.

We describe here a sumoylation assay with peptide array
on solid support. Using this assay format, we show that the
amino acids flanking the consensus SUMO motif contri-
bute to the selectivity and specificity of the modification.
A known PIAS1 substrate could be validated by adding
the recombinant SUMO E3 ligase to the reaction. We also
defined, in detail, the amino acids present in each position
of the consensus motif yKxE/D. The high-throughput
SUMO assay format with peptide array technology might
also be useful for drug discovery and diagnosis.

MATERIALS AND METHODS

Reagents and Antibodies—Mouse a-SUMO1 (sc-5308),
biotin-coupled mouse IgG and horseradish peroxidase
(HRP)-conjugated streptavidin was obtained from Santa
Cruz, DAKO and Southern Biotech, respectively. ABTS
[2,2'-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)]
was obtained from Roche. Recombinant PIAS1 was pur-
chased from Biomol.

Peptide Synthesis—Peptides were synthesized, accord-
ing to standard procedures, on an Applied Biosystems
430A synthesizer or on a Hamilton Microlab 2200 (Reno,
NV), wusing Fmoc/HBTU (2"-(1H-benzotriazole-1-yl)-
1,1,3,3-tetramethyluronium hexafluorophosphate) chem-
istry. The peptide preparations were more than 90% pure,
as determined by analytical liquid chromatography/mass
spectrometry.

Cyclic Peptides—Cyclic peptides were synthesized as
previously described (29). Briefly, the reaction is an SN2-
type reaction in which the thiol (RSH/RS-) group of a
cysteine reacts as a nucleophile with the (activated)
bromomethyl group of a benzylbromide derivative. It is
based on the extremely rapid and efficient cyclization
reaction between cysteine containing peptides a,u-dibro-
moxylene derivatives. The reaction runs smoothly at room
temperature in <lh without the need for any type of
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catalysis. The main advantage is that peptides can be used
without any form of side chain protection, as a result
of the exquisite selectivity of this reaction for thiols.
The reaction is generally performed in aqueous solution
(ACN/H20) at 0.5-1.0mM peptide-concentration under
slightly basic conditions (pH ~7.8). The correspond-
ing disulphide (RSSR), formed upon oxidation of the
thiol (e.g. by O,), is a potential by-product under the
conditions used.

Pepscan Cards—Peptide synthesis on a solid support
was performed as previously described (30, 31).

Sumoylation Reaction with Peptides on a Solid
Support—Standard conditions for the sumoylation reac-
tion were as follows: 0.15pM E1, 0.20 uM E2 and 0.4 pM
SUMO-1. The reaction buffer contained 5mM ATP,
50mM NaCl, 5mM MgCl,, 0.2M DTT, 1% BSA and 3%
Tween-20. The peptide cards—peptides were pre-
synthesized and chemically coupled to a solid support or
directly synthesized on a solid support—were incubated
with the reaction mixture for 30min at 37°C. Non-
specifically bound proteins were then washed off by
sonication for 2min in a bath containing 1% SDS, 0.1%
B-mercaptoethanol and 100 mM Na,HPO,. Further non-
specific binding was blocked by incubation with BSA/ps
(4% BSA, 5% horse serum, 1% Tween-80 in PBS) for
30min. We tested for SUMO conjugation by serial
reactions with anti-SUMO-1 (0.2 pug/ml), secondary
anti-mouse IgG-biotin (1/2,000), anti-streptavidin-HRP
(1/2,000) in BSA/ps, with final detection in an ABTS-
dependent enzyme reaction, according to the manufac-
turer’s instructions. A modification efficiency-dependent
colour reaction developed in the presence of SUMO
conjugates. The optical density of the colour (green) was
quantified using a CCD camera and an image processing
system. The optical densities measured with the CCD
camera (OD¢cp) are measured between 550 and —800 nm
(orange filter). Using this filter, the green colour becomes
a grey value. The set-up consists of a CCD camera and a
55-mm lens (Sony CCD Video Camera XC-77RR, Nikon
micronikkor 55mm {/2.8 lens), a camera adaptor (Sony
Camera adaptor DC-77RR) and the image processing
software package TIM, v. 3.36 (Difa Measuring Systems).
The data presented are the means+SD of at least two
independent experiments.

Cell Culture and Total Cell Lysate Preparation—HelLa
cells were maintained in DMEM medium (Invitrogen)
supplemented with 10% fetal calf serum, 100 U/ml
penicillin and 100 pg/ml streptomycin at 37°C, under an
atmosphere containing 5% COs. Cells were lysed by
adding an equal volume of 1x CHRIS buffer (50 mM
Tris, pH 8.0, 0.5% NP-40, 200mM NaCl and 0.1 mM
EDTA), supplemented with a protease inhibitor cocktail
from Boehringer Manheim.

Protein  Purification—E1 (Aos1/Uba2), Ubc9 and
SUMO-1 were cloned as previously described (12, 22, 32).
GST-RanGAP (420-589) was cloned in pETM30
(European Molecular Biology Laboratory). Proteins were
purified by standard techniques and based on previously
described protocols (12), briefly: unless otherwise stated,
all protein purification protocols involved overnight
IPTG-induced expression at 15°C in Escherichia
coli Rosetta (DE3) or E. coli BL21(DE3) pLysS for
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Uba2 (Novagen), bacterial lysis using sonication, and
centrifugation at 18,000g for 1h to collect soluble proteins.
Lysis buffer contained 20 mM Tris pH 8.0, 40 to 200 mM
NaCl, 5mM pB-mercaptoethanol, 1mM PMSF and one
tablet EDTA-free protease inhibitors (Roche) per 50 ml.
After the specific purification steps described below,
aliquots of the proteins were flash frozen, and stored at
—80°C. His-Aosl and Uba2 were separately expressed;
cultures were mixed in a 10:1 ratio of Uba2:Aos1 express-
ing cells before the harvesting centrifugation step. The
soluble protein fraction was applied to Ni-beads, eluted
with imidazole. The eluate was applied to a MonoQ
column and eluted with a salt gradient between 0.1 and
0.5 M NaCl. The final purification step was on a Superdex
S200 gel filtration column in 20 mM Tris pH 8.0, 200 mM
NaCl, 0.1 mM PMSF and 1 mM DTT. Ubc9 was purified on
a POROS S column in 20mM Bis-Tris pH 6.5, 50 mM
NaCl, 0.1mM PMSF, 1mM DTT, and eluted with a salt
gradient between 0.05 and 1M NaCl. Ubc9 containing
fractions were concentrated, pooled and further purified
by gel filtration on a Superdex 75 column in 20 mM Tris
pH 8.0, 100mM NaCl, 0.1mM PMSF and 1mM DTT.
Purification of SUMO-1 involved a 10% PEI (polyethylene
imine) precipitation after which the soluble fraction was
loaded on a Superdex200 26/60 gel filtration column in
20 mM Tris pH 8.8, 50 mM NaCl, 0.1 mM PMSF and 1 mM
DTT. Finally, the protein was purified on a MonoQ column
in the same buffer where it eluted at around 150 mM
NaCl. GST-RanGAP (420-589) was purified using GST
affinity purification followed by a gel filtration step on
a Superdex200 in 20mM Tris pH 8.0, 100mM NacCl,
0.1mM PMSF and 1mM DTT.

RESULTS

SUMO Modification in Solution—In vitro assays
usually involve the incubation of substrates (produced in
bacteria) with proteins required for the SUMO reaction.
E1 (Uba2/Aosl), E2 (Ubc9) and SUMO are often sufficient
for the ATP-dependent SUMO modification of substrates
in solution (16, 33). Before investigating assay conditions
directly on a solid support, the reactivity of all purified
proteins was validated by conducting an in vitro sumoyla-
tion experiment in solution (Fig. 1). For this purpose, the
Ran GTPase-activating protein RanGAP1 was selected,
a well described model SUMO substrate and one of the
most efficient SUMO targets identified to date (12).
We prepared a construct encoding the RanGAP1 protein
domain [(amino acids 420-589), encompassing the SUMO
target site at position 526] fused to GST, with an expected
molecular weight of about 50kDa. Incubation of the
RanGAP1 protein domain with all the relevant proteins
for sumoylation, including E1, E2 and SUMO-1, resulted
in a shift of the band to about 70kDa, consistent with
efficient modification of RanGAP1 (Fig. 1). The reaction
conditions were based on previous reports (14, 26, 28, 34,
35); however, increasing the incubation time to 6h,
resulted in more efficient modification than observed
with an incubation time of 1h (data not shown). Thus,
all the purified components required for SUMO modifica-
tion were biologically active and could be used for the
reaction on a solid support.

Vol. 144, No. 1, 2008

41
MW kDa
175 —— ¥ ¥
~  <«—E1(Uba2)
83 —
M <¢— SUMO-1-GST-RanGAP1
62—
—_— <4— GST-RanGAP1
47 — » <4—E1 (Aos1)
32 —
25 —

W <«—E2 (UbcY)

| 8
. W <«—SUMO-1
1 2

Fig. 1. Sumoylation of RanGAP1 in solution. The GST-
fused RanGAP1 protein domain (0.2 mg/ml) was incubated with
0.69uM E1, 1.5uM E2 und 10pM SUMO-1 for 6h at 37°C.
Proteins were resolved by SDS-PAGE in a 12.5% polyacryla-
mide gel, which was then stained with Coomassie blue.
Unmodified and SUMO-modified RanGAP1, and the other
proteins required for SUMO modification, are indicated.
Molecular weight (MW) in kilo Dalton is also indicated.

SUMO  Assay with  Pre-Synthesized  Peptides
Chemically Coupled to a Solid Support—Small peptides,
11- to 15-amino residues long, are efficiently sumoylated
in solution (15, 22, 35). The RanGAP1 protein domain has
also been shown to function as a SUMO substrate on glass
slides, providing the first evidence for in vitro sumoylation
on a solid support (26). The goal was to combine these two
approaches in the development of a SUMO assay with
peptide arrays on a solid support. Unlike sumoylation in
solution, the SUMO reaction on a solid support must be
optimized in terms of both the composition of the reaction
buffer and the concentrations of the relevant proteins. The
chemical composition of the surface of the solid support
may also be critical, as it may influence both the true
sumoylation signal and false signals generated by
non-specific protein binding.

The assay was optimized with a set of 10 RanGAP1
peptides, linked chemically via a cysteine residue to
the surface of grafted polypropylene cards (31). The set
included peptides of different length (9-15 residues),
containing the SUMO target site LKSE. Control peptides
including variants at the C-terminus were used in which
the critical Lys in the consensus motif as well as the other
downstream Lys was replaced by an Arg residue (Table 1).
Three microlitres of SUMO reaction mixture was added to
each well and incubated for 6 h at 37°C. Modified peptides
were detected by incubation with anti-SUMO antibodies
followed by an ABTS-dependent-enzyme linked immu-
noassay. The extent of sumoylation reaction was analysed
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Table 1. RanGAP1 peptide variants.
Peptide number

Peptide sequence
CGLLKSEDK
CGLLRSEDK
CGLLRSEDR
CHMGLLKSEDKVK
CHMGLLRSEDKVK
CHMGLLRSEDRVK
CHMGLLRSEDRVR
CHMGLLRSEDKVR
CVHMGLLKSEDKVEKA
CVHMGLLRSEDKVKA
Amino acid residues in the peptides carrying a Lys in the consensus

motif are indicated in bold letters. The acceptor Lys and correspond-
ing Arg in the control peptides are underlined.
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Fig. 2. Assay optimization. Sumoylation assay with pre-
synthesized peptides chemically coupled to a solid support
performed under the following conditions: (A) 0.69uM EIl,
1.5uM E2 und 10 M SUMO-1 for 6h at 37°C. (B) As in (A) but
in the presence of 1% BSA and 3% Tween-20. (C) Low
concentration of each component: 0.15uM E1, 0.20pM E2 und
0.4 M SUMO-1 for 6h at 37°C. (D) As in (C), but incubation for
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with an image quantification program (see MATERIALS AND
METHODS section). The RanGAP1 peptides, including the
negative control peptides (compare peptide 1 with pep-
tides 2 and 3, peptide 4 with peptides 5-8 and peptide 9
with peptide 10), were all sumoylated to similar extents,
indicating that ‘in-solution’ conditions led to the non-
specific binding of SUMO to the peptides or the card
surface (Fig. 2A). We tried to inhibit non-specific protein
binding by pre-treatment of the cards with the blocking
reagent BSA, together with Tween-20. However, this did
not result in a clear increase in signal-to-noise ratio (data
not shown). In contrast, the addition of BSA and Tween-20
to the reaction mixture improved the specificity of the
sumoylation reaction on the card (Fig. 2B). Next, the
concentration of the E1, Ubc9 and SUMO components
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30min. (E) As in (C), but before detection, modified peptide cards
were incubated in a sonication bath for 2min. Numbers
correspond to RanGAP1 peptides in Table 1. On the left side of
each panel, a picture of the investigated peptides after detection
is shown. Each spot represents an individual SUMO reaction in
one well. On the right side of each panel, a graph shows the
corresponding OD¢cp values along the x-axis.

J. Biochem.

2T0Z ‘8z Joquieides uoeuly) Jo ABojouyas | pue aousids Jo AlisieAlun e /Blo'sfeulnolploixo-qly:dny woly pspeojumoq


http://jb.oxfordjournals.org/

Characterization of SUMO Target Sites

was adjusted; we found that, in general, lowering the
concentration of all components increased the specificity
of the SUMO reaction (Fig. 2C), indicating that a large
excess of all factors resulted in unspecific binding.
Decreasing the incubation time from 6h to 30 min also
increased the specificity of the reaction (Fig. 2D). Finally,
we carried out a washing step directly after the SUMO
reaction, to remove non-covalently conjugated SUMO.
This procedure, involving sonication in a bath, further
improved the performance of the assay (Fig. 2E).

Thus, we have developed a SUMO assay, involving pre-
synthesized peptide arrays coupled to a solid support.
Different RanGAP1 peptides displayed different intensi-
ties of sumoylation: The shortest wild-type RanGAP1
peptide, CGLLKSEDK, had the highest sumoylation
value, at about 750, followed by CHMGLLKSEDKIK
(~570) and the longest peptide CTHMGLLKSEDKIKA
(~300) (Fig. 2E). However, the control peptides 2 and 3 of
the shortest RanGAP1 version also gave high values, at
about 120. Thus, the longest version (peptide 9) in relation
to the control peptide 10 had the strongest SUMO-specific
activity, by a factor of about 12.

SUMO Assay with Peptides Directly Synthesized on
a Solid Support (‘Pepscan Cards’)—As shown before,
sumoylation of pre-synthesized peptides coupled to a solid
support is specific and efficient. We then investigated
whether it was feasible to carry out the SUMO reaction
with peptides directly synthesized on a solid support, as
the chemistry of these types of peptide cards is different
(30, 31). Application of the sumoylation reaction on these
cards is very important, because large peptide arrays
can only be generated when peptides are synthesized
directly on a solid support. Three RanGAP1 peptides with
different length and corresponding control peptides
(target Lys is replaced by Arg) were directly synthesized
on cards, and the SUMO assay was then carried out in the
conditions established above. We calculated the extent of
SUMO modification for each reaction by dividing the
value of the wild-type peptide with the value obtained for
the control peptide after SUMO modification; this value
we call the sumoylation factor, SF. The RanGAP1 peptides
were all sumoylated, however the SF varied between 2
and 3 (Fig. 3), suggesting that the different peptide length
influences the sumoylation efficiency. Although the SF of
SUMO-modified peptides seemed to be lower (compared
with the peptides in Fig. 2E), the experiment showed that
Pepscan cards (peptide synthesis on cards) could be used
for sumoylation assays on a solid support. Further efforts
to improve the SUMO assay on Pepscan cards were not
successful (data not shown), but we nonetheless continued
our studies with this type of card, as its application is
crucial for applying peptide array technology to screen
SUMO targets in a high-throughput fashion.

Characterizing the Selectivity and Specificity of SUMO
Target Sites—For the simultaneous characterization
of different SUMO target sites, we selected a panel
of 11 validated SUMO substrates (Table 2). These
targets included proteins involved in various different
cellular processes, including signal transduction, gene
transcription and DNA repair. For each wild-type
peptide, the corresponding negative control peptide was
also synthesized.
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Sumoylation Factor (SF)

Fig. 3. SUMO assay on Pepscan cards. SUMO assay
with peptides directly synthesized on a solid support (Pepscan
cards) performed in optimized conditions: 0.15pM E1,
0.20pM E2 and 0.4pM SUMO-1 in the presence of 1% BSA
and 3% Tween-20 for 30min at 37°C. Before detection, modified
peptide cards were incubated in a sonication bath for 2min
(standard conditions). The amino acid residues of the RanGAP1
SUMO motif are indicated in bold letters and the acceptor Lys is
underlined. Along the y-axis sumoylation factor (SF) values
are given.

A comparison of peptides of 9- and 15-amino-acid
residues in length revealed differences in the sumoylation
patterns of the chosen SUMO substrates (Fig. 4A). For a
few substrates, the longer version of the peptide gave
a higher SF, whereas the reverse was true for other
targets. Several peptides of 15amino-acid length showed
higher sumoylation (i.e. HDAC-4, p53, SMAD4 and IxBa)
than the shorter versions. In all cases, except for Sp100,
the higher SF may be caused by negative charges in the
longer C-terminus (Table 2) (19). Under these conditions,
the target sites of HDAC4 and PML were more efficient
substrates than the well-characterized RanGAP1 site.
Moreover, our results reveal that PML is in general
a better SUMO substrate than p53 and IkBa are consis-
tent with other reports (16). As the observed sumoylation
pattern for substrates between 9 and 15 amino acids
in length were heterogeneous, we chose to use the longer
version in subsequent studies, based on the assumption
that the additional length may contribute additional
information. In order to assure that the observed signals
are based on covalent SUMO modifications, we tested the
peptide substrates in the presence and absence of ATP. In
the absence of ATP, we only detected a low background
signal for the substrates (Supplementary Figure), ruling
out the possibility of a non-covalent binding between
SUMO and the peptides.

SUMO sites are often found at protein termini and
extended loops (36, 37); therefore, we compared cyclic
peptides, potentially mimicking structural elements in
the peptide, with linear peptides. Assuming that a
conformational change occurred for all the cyclic
peptides investigated, only the target site of PML
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Table 2. Peptides corresponding to SUMO target sites.

K. Schwamborn et al.

Protein Position Peptide sequence Peptide sequence

(wt) (ctrl)

1 HDAC-4 559 GVQVKQEPI GVQVRQEPI

2 PML 490 RKVIKMESE RKVIRMESE

3 Elk-1 249 PPEVKVEGP PPEVRVEGP

4 p53 386 KLMFKTEGP KLMFRTEGP

5 RanGAP1 526 MGLLKSEDK MGLLRSEDK

6 SMAD4 159 SMMVKDEYV SMMVRDEYV

7 TkBo 21 RDGLKKERL RDGLRKERL

8 Sp100 297 LVDIKKEKP LVDIRKEKP

9 c-Jun 229 LQALKEEPQ LQALREEPQ

10 PIASy 35 KSGLKHELV KSGLRHELV

11 NEMO 309 ADIYKADFQ ADIYRADFQ

12 HDAC-4 559 AQAGVQVKQEPIESD AQAGVQVRQEPIESD

13 PML 490 QCPRKVIKMESEEGK QCPRKVIRMESEEGK

14 Elk-1 249 RALPPEVKVEGPKEE RALPPEVRVEGPKEE

15 p53 386 RHKKLMFKTEGPDSD RHKKLMFRTEGPDSD

16 RanGAP1 526 LIHMGLLKSEDKIKA LIHMGLLRSEDKIKA

17 SMAD4 159 APSSMMVKDEYVHDF APSSMMVRDEYVHDF

18 TkBa 21 EGPRDGLKKERLLDD EGPRDGLRKERLLDD

19 Sp100 297 SVRLVDIKKEKPFSN SVRLVDIRKEKPFSN

20 c-Jun 229 HPRLQALKEEPQTVP HPRLQALREEPQTVP

21 PIASy 35 GRSKSGLKHELVTRA GRSKSGLRHELVTRA

22 NEMO 309 KAQADIYKADFQAER KAQADIYRADFQAER

The position indicates the amino acid position of the acceptor lysine in the full-length protein. The acceptor Lys and corresponding Arg in the

control peptides are underlined. Wt (Wild-type), ctrl (control).

displayed a difference in SUMO modification pattern
as a result of this change. The cyclic PML peptide had
a higher SF than the corresponding linear peptides
(Fig. 4B), suggesting that the conformational constraint
or folding can influence the sumoylation efficiency of this
target.

SUMO E3 ligases enhance the sumoylation of sub-
strates in vitro and in vivo, but little is known about their
mode of action. We investigated whether a SUMO E3
ligase could enhance peptide modification, by adding
recombinant PIAS] to the reaction mixture. The sumoyla-
tion of SMAD4, a known PIAS1 substrate (38) was
specifically enhanced, by a factor of about 3 (Fig. 4C),
indicating that the SUMO E3 ligase can fulfil its functions
without a full-length target substrate. The sumoylation of
p53, another PIAS1 target substrate (39-41) was only
slightly enhanced in the presence of the ligase. Elk-1 has
been identified as a substrate of PIASxo rather as a
specific substrate of PIAS1 (42), but a slightly higher SF
was obtained in the presence of PIAS1, suggesting that
Elk-1 may be a substrate of PIAS1. None of the other
substrates showed any significant change in the presence
of PIAS1.

Cell extract may serve as another source of E3 ligases or
proteins capable of enhancing or inhibiting the SUMO
reaction. We therefore prepared cell lysate from HeLa
cells and added it to the reaction mixture. For the SUMO
sites of HDAC4, PML, PIASy and RanGAP1, the addition
of cell lysate strongly decreased SF (Fig. 4D), suggesting
that SUMO proteases present in the lysate inhibit
the modification of these targets. Conversely, the sumoy-
lation of p53 doubled, indicating enhancement mediated
by an E3 ligase or another auxiliary protein. The
other substrates displayed no significant difference in

sumoylation in the presence and absence of cell lysate.
The heterogeneous sumoylation pattern of the targets is
consistent with a selective protein requirement for each
individual substrate.

Deciphering the SUMO Consensus Site Motif—We
investigated the composition of the consensus motif
VKxE/D in detail, by synthesizing a peptide library
containing all possible amino acid combinations, with
eight different hydrophobic amino acids in the first
position, a Lys in the second position, all 20 amino acids
in the third position and either Asp or Glu in the fourth
position. All combinations, together with the control
peptides, resulted in a library of 640 peptides. Figure 5A
shows the Pepscan cards after detection of the SUMO-
modified peptides. After calculating the SF for all
peptides, the motifs were classified by their amino acid
composition (Fig. 5B). The overall signal distribution
highlights the SUMO efficiency of each individual target
peptide and suggest preferences for each position in the
consensus motif (see also Supplementary Data). Hence,
a SF cut-off value of two was used to rank, for 107
peptides, the frequency of each amino acid at each position
(Fig. 5C). The amino acid distribution for the first position
showed a preference for Trp and Phe (upper left panel).
A high frequency of hydrophobic residues, in particular
aromatic amino acids, was also observed in the third
position. Among the ranked peptides, basic and acidic
amino acids were highly infrequent or did not occur at all
in this position, indicating the avoidance of charged amino
acids at this position (upper right panel). At the same
position, the small amino acids Gly and Pro were also
underrepresented. Glu was about twice as frequent as Asp
in the fourth position in the consensus sequence (lower
panel).
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Fig. 4. Characterization of SUMO target sites. The SUMO
assay was performed in standard conditions. (A) Comparison of
9- and 15-amino acid residue peptides. (B) Comparison of linear
and cyclic 15-amino acid residue peptides. (C) SUMO reaction

DISCUSSION

Sumoylation is a post-translational modification with
a profound impact on almost all cellular processes (2, 3,
43, 44). SUMO modification is a reversible process,
facilitating the participation of proteins regulated in this
manner in multiple rounds of functional circuits (45).
Most SUMO substrates have the core consensus motif
VYKXE/D in common. SUMO target sites in a given protein
were identified by searching a protein database for the
VKxE/D motif. They were then confirmed or excluded
based on in vitro sumoylation experiments. Mass spectro-
metry of in vitro sumoylated proteins can be used as an
alternative (25, 46). The detection of modified substrates
and target sites is time-consuming, involving polyacryla-
mide gel electrophoresis followed by Coomassie blue
staining for direct visualization or indirect visualization
by immunoblotting, making it difficult to evaluate larger
substrate sets. We report here the establishment of
an in vitro SUMO assay with peptide arrays on a solid
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in the presence and absence of recombinant PIAS1 (500nM)
using 15-amino-acid residue peptides. (D) SUMO reaction in the
presence and absence of HeLa total cell extracts (2.5 pug/pl) using
15-amino-acid residue peptides.

support and demonstrate that this assay format is useful
for the characterization of a large number of different
SUMO target sites simultaneously.

The length and amino acid composition of the investi-
gated peptides generally affected the sumoylation reaction
(Figs 3 and 4). A direct comparison of 11 different SUMO
targets demonstrated that the substrates were modified
with different efficiencies, suggesting a high degree of
selectivity. Although the assay was optimized using the
RanGAP1 protein, the target sites of HDAC4, PML and
Elk-1 were particularly efficient SUMO substrates, as
indicated by the higher SF value obtained for these sites.
In addition to the classical consensus motif YKxE/D, these
three substrates have two acidic amino acid residues
C-terminal from the core motif, consistent with recent
reports of the existence of an extended negatively charged
motif, NSDM, increasing the efficiency of the SUMO
reaction (19).

Twenty-three percent of all validated sumoylation sites
do not follow the consensus motif (24). Hence, we tested
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Fig. 5. Deciphering the SUMO consensus site motif. The
SUMO assay was performed in standard conditions. (A) Picture
of Pepscan cards after detection. Each spot represents an
individual SUMO reaction in one well. (B) Overall signal
distribution of all peptides. Each column corresponds to a specific
target peptide with lysine in position 2 of the consensus motif.
The x-axis represents the different consensus motifs on the card

and the y-axis depicts the SF values for each peptide. x at
position 3 in the motif indicates the amino acids in the following
order (same order as in C, lower panel): Lys, Arg, His, Ser, Thr,
Asn, Gln, Asp, Glu, Ala, Val Ile, Leu, Met, Phe, Tyr, Trp, Cys,
Gly, Pro. (C) Assay analysis showing the frequency of each amino
acid residue in positions 1 (upper left panel), 3 (upper right
panel) and 4 (lower panel).
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also non-consensus SUMO target sequences in this
system: QAEAKCPKL (amino acids 61-69 of PML) and
ISCAKDGVK (amino acids 160-168 of PCNA). However,
these sites were only very weak SUMO substrates
(data not shown), suggesting that for unstructured
peptides the YKxE/D motif is indeed the optimal target
site motif.

Sumoylation, unlike ubiquitination, does not require an
E3 ligase enzyme for completion of the transfer of SUMO
to the substrate protein. Ubc9 directly binds SUMO
substrates, as shown by the occurrence of sumoylation in
the absence of E3 in a totally reconstituted in vitro system
(14, 16, 17). However, the addition of an E3 enzyme
specific to the substrate generally increases the rate and
intensity of sumoylation. Interestingly, we found that
PIAS1 specifically enhanced the sumoylation of SMAD4,
a PIAS1-dependent substrate (Fig. 4C) (38). Moreover,
the addition of HeLa cell lysate in the reaction mixture
increased slightly p53 peptide sumoylation (Fig. 4D),
suggesting the action of a SUMO E3 ligase e.g. PIAS
proteins or TOPORS (34, 47-50). But how can a SUMO E3
ligase increase the sumoylation of a 15-amino acid
peptide? Several studies suggest that the E3 ligase does
not bind the target, but only the Ubc9~SUMO thioester
intermediate to properly align Ubc9 and SUMO for the
ligation reaction (‘catalysis by proximity’) (36, 5I).
Although a contact between E3 and target can not be
excluded, the very small SMAD4 peptide gives even
stronger support to the model that E3 does not bind the
target, but merely stimulate SUMO attachment to Lys
residues that are selected by Ubc9 (52). Alternatively, an
allosteric effect changes the specificity of Ubc9 to the
target, including SMAD4, p53 and other substrates.
Experiments are in progress to investigate in more
detail the effect of SUMO E3 ligases on peptide
sumoylation.

A recent search of the SWISSPROT database for human
proteins with the YKxE core motif identified 8,398
potential SUMO sites (53). Therefore, further details of
the composition of this motif would be useful for target site
prediction and would provide additional information
about the interaction of the target site with Ubc9. The
occurrence of residues at particular position of the
tetrapeptide in the sumoylation motif YyKxE/D agrees
with previous studies (Fig. 5C) (16, 17). Our data show
a relatively strong preference for the aromatic residues
Phe and Trp for the first position. Although it is known
that large hydrophobic residues are preferred in this
position, the frequency in this study is higher than in the
SUMO sites described until now. This may be caused by
the fact that the substrate that was used was so minimal
that the aromatic residues could provide more binding
energy to Ubc9. Moreover, aromatic residues are mostly
located in the interior of proteins and are underrepre-
sented on the surface of proteins. Therefore, Phe and
Trp may work very well in synthetic SUMO substrates but
the occurrence in nature on an exposed motif is low. In
addition, our finding that Ala in position 1 decreased the
SUMO modification is in line with data from the same
groups (16, 17). The preference for position 3 is rather
striking. According to the X-ray structure the side chain of
residue three in the motif is pointed away from Ubc9 and
the enzyme does not contact the side chain (54). However,
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in case of synthetic peptides, the side chain at the third
position may have a structural influence on the folding
of the peptide (for Gly and Pro) or form a hydrophobic
scaffold that supports the structure (for Ile, Leu, Phe, Tyr
and Trp). Surprisingly, among the 107 ranked peptides
the basic amino acid residues Arg and Lys are completely
avoided in position 3 in the consensus motif, although
known validated SUMO target sites like IxBa and SP100
contain an Arg or Lys at this position. However, basic
amino acids at position 3 were found in peptides with a SF
<2, indicating that Arg and Lys might contribute to a non-
covalent SUMO binding.

The here-described assay format could be used to test
the other members of the SUMO family and to compare
their target specificities. The assay could also provide a
snapshot of SUMO targets in cancer cells. The role of
modified SUMO substrates in cancer development could
be investigated by testing cell lysates from cancer and
non-cancer cells in this assay. The sumoylation pattern
obtained would indicate which substrates were the most
likely to be involved in the studied cancers. The high-
throughput assay format is particularly suitable for the
screening of chemical compounds potentially affecting the
modification of therapeutic SUMO targets. Furthermore,
the combination of search engines such as SUMOplot
(http://www.abgent.com/doc/sumoplot) or SUMOsp (http:/
bioinformatics.led-ustc.org/sumosp/) with this assay
should help to accelerate the identification of SUMO
target sites; however, follow-up experiments in the full-
length protein are still required for validation.

In summary, the in viiro sumoylation assay with
peptide arrays on a solid support provides a robust and
sensitive method for the simultaneous analysis of a large
number of SUMO target sites. It can be used to determine
the selectivity of SUMO target sites and for investigating
the specificity of E3 ligases.

Supplementary data are available at JB online.
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