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Systematic study of protein sumoylation: Development
of a site-specific predictor of SUMOsp 2.0
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Protein sumoylation is an important reversible post-translational modification on proteins,
and orchestrates a variety of cellular processes. Recently, computational prediction of
sumoylation sites has attracted much attention for its cost-efficiency and power in genomic
data mining. In this work, we developed SUMOsp 2.0, an accurate computing program with
an improved group-based phosphorylation scoring algorithm. Our analysis demonstrated that
SUMOsp 2.0 has greater prediction accuracy than SUMOsp 1.0 and other existing tools, with
a sensitivity of 88.17% and a specificity of 92.69% under the medium threshold. Previously,
several large-scale experiments have identified a list of potential sumoylated substrates in
Saccharomyces cerevisiae and Homo sapiens; however, the exact sumoylation sites in most of
these proteins remain elusive. We have predicted potential sumoylation sites in these proteins
using SUMOsp 2.0, which provides a great resource for researchers and an outline for further
mechanistic studies of sumoylation in cellular plasticity and dynamics. The online service and
local packages of SUMOsp 2.0 are freely available at: http://sumosp.biocuckoo.org/.
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The past decade has witnessed rapid progress in the func-
tional dissection of protein sumoylation [1-5]. Proteins
modified by SUMO could alter their sub-cellular localiza-
tion, activity, stability, etc. [1-5]. In addition, protein
sumoylation plays important roles in a variety of cellular
processes such as transcriptional regulation and signaling
transduction [1-5]. In addition, sumoylation is essential for
cell plasticity as aberrant sumoylation is implicated in
numerous diseases and cancer development [6, 7]. Identifi-

Correspondence: Professor Yu Xue, Hefei National Laboratory
for Physical Sciences at Microscale and School of Life Sciences,
University of Science and Technology of China, Hefei, Anhui
230027, P. R. China

E-mail: xueyu@ustc.edu.cn

Fax: +86-551-3607821

Abbreviations: AC, accuracy; GPS, Group-based Phosphoryla-
tion Scoring; MaM, matrix mutation; MCC, Mathew correlation
coefficient; PSP, potential sumoylation peptide; Sn, sensitivity;
Sp, specificity

© 2009 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

. InterSciencer

cation of SUMO substrates with their acceptor sumoylation
sites is the foundation for understanding the molecular
mechanisms and regulatory roles of sumoylation. In
contrast to labor-intensive and costly experimental approa-
ches, computational prediction of sumoylation sites in silico
also attracted much attention for its accuracy, convenience
and speed [8].

Previously, we mainly used a Group-based Phosphoryla-
tion Scoring (GPS) algorithm to design a convenient online
tool, SUMOsp 1.0 [8]. The process of the construction of
SUMOsp 1.0 is shown in Fig. 1. By literature mining, we
manually collected 239 experimentally verified sumoylation
sites in 144 proteins [8]. We defined a potential sumoylation
peptide (PSP)(m, n) as a lysine (K) residue flanked by m
residues upstream and » residues downstream. In SUMOsp
1.0, the PSP(7, 7) was arbitrarily employed. Based on the
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Figure 1. The procedures of
! constructions of SUMOsp 1.0
| and SUMOsp 2.0. The process
. of data preparation was not
| changed, as the training data
| set was collected from
| PubMed and separated into
I

LKXE. KXE positive data (+) and negative
L _ data (—). In SUMOsp 1.0, the
The algorithm in SUMOsp 1.0 GPS algorithm was mainly

The algorithm in SUMOsp 2.0

hypothesis of similar peptides bearing similar biological
functions, we simply used the amino acid substitution
matrix BLOSUMG62 to calculate the similarity between two
PSP(m, n) peptides. Then the experimental sumoylation
sites were automatically clustered into three groups
according to different thresholds of peptides similarity
(Fig. 1). Finally, the predicted results from MotifX were also
integrated [9].

In this work, we updated our previous GPS algorithm
with two major improvements. First, we used a much
simpler approach to cluster sumoylation sites into groups.
Based on the experimental observations, we directly classi-
fied the known sumoylation sites into two clusters, includ-
ing Type I (consensus) and Type II (non-consensus) sites
(Fig. 1). Type I sites followed the yKXE (is A, I, L, M, P, F,
or V and X is any amino acid residue) motif [1-5], while
Type II sites contained other non-canonical sites. Given a
protein sequence for prediction, SUMOsp 2.0 will initially
scan the sequence to separate all lysine sites into either Type
I or Type II sites. Then, the Type I sites with PSP(3, 3) will
Dbe scored with experimental consensus sites, while the Type
II sites with PSP(3, 5) will be scored with known non-
consensus sites. During analysis of phosphorylation site
prediction, we found that different amino acid matrices
performed variably would generate various performances
[10]. Thus, we were interested in testing whether we could
find an optimal or near-optimal matrix for sumoylation in
order to improve the prediction performance. In this regard,
we further developed a simple method of matrix mutation
(MaM) to automatically mutate BLOSUMS62 into a near-
optimal matrix for Type I and Type II sumoylation sites,
respectively (Fig. 1). To evaluate the prediction performance,
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four standard measurements including accuracy (Ac),
sensitivity (Sn), specificity (Sp) and the Mathew correlation
coefficient (MCC) were calculated. Through exhaustive
testing, we fixed the Sp at 85% to improve the Sn by Ma M
for each cluster. The detailed information of the modified
GPS algorithm is available in Supporting Information.
Furthermore, we used the same data set to train SUMOsp
2.0 and SUMOsp 1.0, and compared their performances
(Table 1). The superior performance of SUMOsp 2.0
proposed that the upgraded GPS algorithm was much better
than our previous approach.

To construct the SUMOsp 2.0 software, we collected 332
non-redundant sumoylation sites in 197 proteins, by
searching the research articles published before October 18,
2007. We arbitrarily took 279 sumoylation sites from 166
proteins published before February 2007 as the training data
set for SUMOsp 2.0 and the remnant 53 sites in 31 proteins
were not included in training as an additional data set for
the performance evaluation. The evaluations of self-consis-
tency, leave-one-out validation and four-, six-, eight-, tenfold
cross-validations were performed on the training data set. By
comparison, the SUMOsp 2.0 exhibited greater accuracy
over other the existing tools. We chose three thresholds with
high, medium and low stringencies for SUMOsp 2.0. The
performance under medium threshold is 92.52% (Ac),
88.17% (Sn), 92.69% (Sp) and 0.5083 (MCC). Finally, the
online service and local packages of SUMOsp 2.0 were
implemented in JAVA 1.4.2 (J2SE). The detailed results on
data preparation, performance evaluation and comparison
are available in Supporting Information.

As applications of SUMOsp 2.0, we carried out large-scale
predictions of sumoylation sites in Saccharomyces cerevisiae
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Table 1. Comparisons of SUMOsp 2.0 with SUMOsp 1.0¥
Cut-off Ac(%) Sn(%) Sp(%) MCC

SUMOsp 1.5 55.28 97.47 53.53 0.20
1.0
4 80.43 89.12 80.07 0.32
18 92.71 83.68 93.08 0.50
SUMOsp 83.44 97.86 82.84 0.39
2.0

94.40 89.74 94.59 0.58
95.79 83.76 96.29 0.62

a) The same data set containing 239 experimentally verified
sumoylation sites in 144 proteins was used for training and
testing [8]. We fixed Sn of SUMOsp 2.0 to be similar with that
used in SUMOsp 1.0 to compare the Ac, Sn and MCC values.

and Homo sapiens. Owing to the great progress of MS tech-
niques in large-scale identifications, there were six and seven
proteome-scale in vivo and in vitro experiments carried out to
identify 562 and 354 potential sumoylated substrates in
S. cerevisiae [11-16] and H. sapiens [17-23], respectively.
Although several proteins in these experiments may not be
sumoylated as negative hits, a large proportion of them will
be real sumoylated substrates with high confidence.
However, the exact sumoylation sites in most of these
proteins were still not identified. In this work, we used
SUMOsp 2.0 with high threshold to predict potential
sumoylation sites in these proteins. In S. cerevisiae, there were
403 proteins (~71%) with at least one potential sumoylation
site predicted (Fig. 2A). There were only three and six
proteins identified in six and five experiments, respectively,
and all of these proteins were predicted with at least one
potential sumoylation site (Fig. 2A). In addition, there were
21, 44, 131 and 357 potential sumoylated proteins detected in
four, three, two and one experiments, respectively. Among
these substrates, there were 17 (~81%), 31 (~70%), 109
(~83%) and 237 (~66%) proteins predicted with positive
hits (Fig. 2A) and in H. sapiens, we predicted 238 (~67%)
proteins with at least one potential sumoylation site.
Only one protein was identified in four experiments but was
missed by SUMOsp 2.0 (Fig. 2B). Only nine proteins were
identified in three experiments, while six of them were
predicted as positive hits with at least one site (Fig. 2B). In
addition, there were 33 and 311 potential sumoylated proteins
detected in two and one experiments, respectively. Among
these substrates, there were 24 (~73%) and 208 (~69%)
proteins predicted with positive hits (Fig. 2B). Thus, the
prediction performance of SUMOsp 2.0 surpassed the
expectations for large-scale predictions and our analyses
generated a high-profile reservoir of potential sumoylation
sites for further experimental consideration. The detailed
analysis of large-scale prediction is available in Supporting
Information.

Taken together, we propose that SUMOsp 2.0 will be a
powerful tool for the identification of sumoylation sites. The
combination of computational analyses with experimental
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Figure 2. The potential sumoylated substrates in large-scale
experiments versus SUMOsp 2.0 predicted his. (A) In S. cerevi-
siae, there were six high-throughput experiments carried out to
identify 562 potential sumoylated substrates [11-16], while 403
(~71%) of them were predicted with at least one sumoylation
site. (B) In H. sapiens, there were seven large-scale experiments
to identify 354 potential sumoylated targets [17-23], and 238
(~67%) of them were predicted with at least one site.

verification will become the foundation of systematically
understanding the mechanisms and the dynamics of
sumoylation.
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