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Abstract

Protein phosphorylation is an important reversible post-translational modification of proteins, and it orchestrates a variety of
cellular processes. Experimental identification of phosphorylation site is labor-intensive and often limited by the availability and
optimization of enzymatic reaction. In silico prediction may facilitate the identification of potential phosphorylation sites with ease.
Here we present a novel computational method named GPS: group-based phosphorylation site predicting and scoring platform. If two
polypeptides differ by only two consecutive amino acids, in particular when the two different amino acids are a conserved pair, e.g.,
isoleucine (1) and valine (V), or serine (S) and threonine (T), we view these two polypeptides bearing similar 3D structures and biochem-
ical properties. Based on this rationale, we formulated GPS that carries greater computational power with superior performance com-
pared to two existing phosphorylation sites prediction systems, ScanSite 2.0 and PredPhospho. With database in public domain, GPS
can predict substrate phosphorylation sites from 52 different protein kinase (PK) families while ScanSite 2.0 and PredPhospho offer at
most 30 PK families. Using PKA as a model enzyme, we first compared prediction profiles from the GPS method with those from
ScanSite 2.0 and PredPhospho. In addition, we chose an essential mitotic kinase Aurora-B as a model enzyme since ScanSite 2.0
and PredPhospho offer no prediction. However, GPS offers satisfactory sensitivity (94.44%) and specificity (97.14%). Finally, the accu-
racy of phosphorylation on MCAK predicted by GPS was validated by experimentation, in which six out of seven predicted potential
phosphorylation sites on MCAK (Q91636) were experimentally verified. Taken together, we have generated a novel method to predict
phosphorylation sites, which offers greater precision and computing power over ScanSite 2.0 and PredPhospho.
© 2004 Elsevier Inc. All rights reserved.
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In the eukaryotic cells, protein phosphorylation is one
of the most ubiquitous post-translational modifications
of proteins, orchestrating most of the cellular processes,
including the cell cycle [1], transcriptional [2] and transla-
tional regulations [3], metabolic pathways [4], signal
transductions [5], and the memory [6], etc. About 2% of
the human and mouse proteomes encode protein kinases
(PKs) with 518 and 540 distinct PKs determined in human
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[7] and mouse [8], respectively, among which 510 are the
reciprocal orthology pairs. It was estimated that one-third
of all the proteins could be phosphorylated, and about
half of kinome were disease- or cancer-related by chromo-
somal mapping [7]. So it is in urgent need to identify the
substrates accompanied with their phosphorylation sites
in large-scale Phosphoproteome, which would help the
drug design greatly. To date, several large-scale phospho-
proteomics researches have been published on yeast [9],
mouse [10], human [11,12] or plant [13], etc.

PKs’ substrates and their sites can be investigated in
vivo or in vitro [14], although they are time-consuming,
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labor-intensive, and expensive. Recently, there has been
an intensive interest in developing novel technologies to
identify phosphorylation sites in large scale, such as
mass spectrometry (MS) [14], peptide microarray [15],
and phosphospecific proteolysis [16].

On the other hand, in silico prediction of phosphory-
lation sites based on primary protein sequences is much
desirable and popular for its convenience and fast speed.
There is a widely adopted rule that PKs’ substrates
could be phosphorylated at the specific sites with con-
sensus sequences/motifs/functional patterns [17]. Net-
Phos was based on artificial neural networks (ANN)
[18], which outperformed the consensus-sequence-based
methods. However, it could not provide information
about the corresponding kinases. The enhanced version,
NetPhosK, incorporated the functionality of providing
kinases’ information, including ~17 PKs [19]. Another
prediction system, Scansite [20], constructed the profiles
of phosphorylation sites of ~20 kinases, and could pre-
dict potential phosphorylation sites accompanied with
their kinases. This method only requires phosphopep-
tides even without full-length protein sequences for pro-
file training. Another similar method, PredPhospho, is
based on Support Vector Machines (SVM, classes of
ANN) [21].

3D structure conservation/similarity was also re-
garded as an important characteristic to improve the
substrate specificity [22,23]. These structural-based
methods show excellent performance. But the 3D struc-
ture information of proteins is very limited compared to
the huge number of proteins in the public databases. So
these approaches still remain in their infancy.

Most of the current in silico prediction systems are
based on ANNSs, including SVMs. But they have very
little biochemical meaning to biologists. In this article
we design a more-meaningful method based on the sub-
stitution matrix, which includes many newly considered
kinases.

Methods

Data collection. We get the data set of phosphorylation sites from
Phospho.ELM [24] which also includes the data of PhosphoBase [25].
After removing the phosphorylation sites with ambiguous information
of PKs, we get 1404 items. We also manually checked the recent
publications and got 597 more items. After clustering some homology
PKs with too few known phosphorylation sites into a unique group, we
got 52 PK families/PK groups, including ABL, ALK, AMPK, ATM,
AURORA-B, BTK, CAK, CAM-II, CDK, CHK, CK1, CK2, DAPK,
DNA-PK, EGFR, EPHA, FAK, FGFR, FYN, GRK, GSK3, IGFR,
IKK, IR, JAK, LCK, LYN, MAPKK, MAPK, MAPKAPK?2, MET,
MTOR, NEK, P34CDC2, PAK, PDGFR, PDK, PHK, PKA, PKB,
PKC, PKG, PKR, PLK, ROCK, S6K, SGK, SRC, SYK, TRK,
VEGFR, and ZAP70, etc. Each group should contain at least 10
experimental verified phosphorylation sites.

Scoring strategy. A phosphorylation site with m upstream and »n
downstream amino acids, respectively, is called a phosphorylation site

peptide PSP (m,n). The biochemical characteristics of a phosphoryla-
tion site mainly depend on the neighboring amino acids [17,22]. So in
this article, we only consider the heptapeptide sequence PSP (3, 3) [22].

For the PSP(3,3) of a known phosphorylation site, and a given
peptide sequence with length 7 AA, if all the amino acids except one
are the same according to their positions, we may assume with confi-
dence that the given peptide sequence can also be phosphorylated by
the same kinase of the known phosphorylation site, especially when the
pair of different amino acids has similar biochemical properties. For
example, such pairs are isoleucine (1) and valine (V), or serine (S) and
threonine (T). Actually, there are two examples in our data set of
known phosphorylation sites for the above pairs respectively (see in
Table 1). We use the amino acid substitution matrix BLOSUMG62 [26]
to evaluate the similarity between two peptide sequences with length 7
AA. Although other matrices could be used, the BLOSUM 62 matrix
is chosen here.

For two amino acids a and b, let the substitution score between
them in BLOSUMSG62 be Score(a,b). The similarity between two pep-
tides A and B with length 7 AA is defined as:

S(A,B) =) Score(Ali], Bi])

1<i<7
If S(A,B) <0, we redefine it as S(A,B) =0. And if S(A,B) >0, the
distance between them is defined as: D(A,B)=1/S(A,B). If
S(A,B)=0, D(A,B) = .

As described in the above, two peptides may have similar bio-
chemical characteristics if the score between them is high enough.

Clustering strategy. Taking all the PSP(3,3) of a given kinase K as
nodes, we connect them with edges whose weight is the distance be-
tween the pair of nodes. The nodes can be partitioned into several
clusters according to the distances between them. If a peptide sequence
with length 7 AA is close enough to one of the clusters, we may assume
that this peptide can also be phosphorylated by kinase K. As in Fig. 1,
we assume that the nodes in cluster 1 and 2 represent the PSP(3,3) of
kinase K. Since node P is closer to one of the clusters than P,, we have
more confidence to predict the corresponding peptide of P; as a po-
tential phosphorylation site of kinase K. If we take all the known sites
as one cluster, it will be difficult to distinguish P; and P,.

Since there are limited number of known phosphorylation sites,
such a strategy may fail to identify a potential phosphorylation site
only when this peptide belongs to a cluster whose nodes are all un-
known peptides.

We adopt the Markov Cluster Algorithm (MCL for short) [27,28]
to partition the above graph into several clusters. After this operation,
we get a set of clusters of phosphorylation site peptides for each kinase,
respectively.

Group-based phosphorylation scoring method (GPS). Based on the
above clustering and scoring strategies, we designed the following
algorithm to generate a score for a potential phosphorylation site P of
kinase K.

Table 1
Four pairs of known phosphorylation sites with only one different
amino acid

Substrate Position PK PSP(3,3) PMID

P08238 S225 CK2 KEISDDE 92065884
P07900 S230 CK2 KEVSDDE 89123325
P20700 S392 CDK LSPSPSS 90263082
P11516 S392 CDK LSPSPTS 93238752
P15127 T1376 PKC RVLTLPR 92065884
P06213 T1375 PKC RILTLPR 92065884
P19491 S717 PKC VRKSKGK 96275134
P19490 T710 PKC VRKTKGK 96275134

The data are from Phospho.ELM (integrated with PhosphoBase).
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Cluster 1

Cluster 2

Fig. 1. Why we should partition the known phosphorylation sites into clusters. We assume that the nodes in clusters 1 and 2 represent the PSP (3, 3)
of kinase K. Since node P is closer to one of the clusters than P,, we have more confidence to predict the corresponding peptide of P; as a potential
phosphorylation site of kinase K. If we take all the known sites as one cluster, it will be difficult to distinguish P; and P,.

Algorithm. Group-based Phosphorylation Scoring method
(GPS)
Input: Kinase K, and the set C of clusters of K got in the
above section. A potential phosphorylation site peptide
sequence Seq.
Output: The calculated score for the possibility that Seq is
a phosphorylation site peptide of kinase K.
Operations:
For each cluster C;in C
{

For each peptide P;in C;

{

Calculate the score S(Seq, P))
}

Si— {Z S(Seq, P;)} / ci

1
S(Seq) = mIaX{Sf}

Return S(Seq).

If the score of a peptide sequence by GPS for kinase K is high
enough, we may assert that this peptide is a potential phosphorylation
site of kinase K. Such a method is so simple that biologists may cal-
culate the scores by hand. And we may also ignore the clustering
strategy, and only calculate the score between a given peptide sequence
and a known phosphorylation site to illustrate the possibility that the
given peptide is a potential phosphorylation site.

Results and discussion
Performance on kinase PKA

We try to evaluate the performance of GPS method
against two popular phosphorylation prediction systems,
ScanSite 2.0 [20] and PredPhospho [21]. ScanSite 2.0
provides phosphorylation site prediction for 26 kinases,
while PredPhospho only provides such functionality for

four groups and four families of kinases. Besides most
of the kinases in the above two systems, GPS method also
includes several kinases which came into focus recently,
e.g., Aurora-B. In the following, we will mainly evaluate
the performance of the three systems on kinase PKA.

Sensitivity (S,) and specificity (S,) are used to evalu-
ate the prediction system’s performance. The known
phosphorylation sites of PKA are regarded as the posi-
tive data, while all the other [S, T, and Y] sites in the
known phosphorylation substrates of PKA are regarded
as the negative data. For the data which are predicted as
positive, the real positive ones are called true positives
(TP), while the others are called false positives (FP).
For the data which are predicted as negative, the real
positive ones are called false negatives (FN), while the
others are called true negatives (TN). The sensitivity
and specificity are defined as follows:

TP TN

S,, :TP—|——FI\I and Sp =

- TN +FP’

As illustrated in Table 2, when a loose cut-off value 2
is applied, GPS (91.81%) can get a similar sensitivity to
PredPhospho (93.60%), which outperforms that of
ScanSite with any stringency (26.75%, 50.05%, and
70.72% for high, medium, and low stringency, respec-
tively). At the same time, GPS can still get a satisfying
specificity, 85.02% against 91.34% for PredPhospho,
and 99.95%, 96.92%, and 92.86% for ScanSite with high,
medium, and low stringency, respectively. To increase
the specificity, we apply a more stringent cut-off value
3. From Table 2, the specificity of GPS method with
the cut-off value 3 is increased to 92.15%, while the sen-
sitivity is reduced by 9.35%. GPS method still outper-
forms ScanSite over the sensitivity, while keeping a
satisfying specificity. Although ScanSite outperforms
GPS method over specificity, the sensitivity is a bit too
low, especially under the high and medium stringencies.
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gl)zﬁ)jrison of sensitivity and specificity of phosphorylation site predictions for PKA among GPS, ScanSite 2.0, and PredPhospho

PKA ScanSite with stringency PredPhospho (%) GPS with cut-off value
High (%) Medium (%) Low (%) 2 (%) 3 (%)

S, 26.75 50.05 70.72 93.60 91.81 82.46

S, 99.95 96.92 92.86 91.34 85.02 92.15

Scansite has three stringencies: high, medium, and low, while the PredPhospho scores each predicted sites, and all predictions were adopted. The cut-
off values of GPS are set as 2 and 3 for comparison, separately.

PredPhospho is a good prediction system for phosphor- To illustrate the performance of GPS method on the
ylation sites, but they only provide the prediction for random sequences, we randomly generated 1000 serine
four groups and four families of kinases. Our method sites and threonine sites. The distributions of GPS scores
can predict phosphorylation sites for 52 kinases. So of serine sites and threonine sites are as in Figs. 2A and
GPS method may be a good complementary tool to B, respectively.
ScanSite 2.0 and PredPhospho.
We also make a leave-one-out validation on kinase Performance of kinase Aurora-B

PKA. There are only 17 known phosphorylation sites
with scores lower than the cut-off value 2 (90.56%, that Protein kinase Aurora-B is a member of the Aurora/
is 173 out of 180). For a more stringent cut-off value 3, Ipll family, which is important in cell division [29],
the value is increased to 3 (81.67%, that is 147 out of orchestrating chromosome segregation [30] and progres-
180). sion of cytokinesis [31]. Aurora/Ipll family is much
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Fig. 2. The distributions of GPS scores of kinase PKA on randomly generated heptapeptides of serine (XXXSXXX) and threonine (XXXTXXX),
which X represent any amino acid. With the cut-off value as 2, ~8% will be predicted as positive totally. And only 2.6% is predicted as positive with
cut-off as 3, totally. (A) We randomly generate 1000 serine heptapeptides. If we follow the cut-off value as 2, then 12.8% will be predicted as positive,
while only 4.6% is predicted as positive with cut-off as 3. (B) The distribution of GPS scores on 1000 threonine heptapeptides. Following the cut-off as
2, 3.1% will be predicted as positive, with 0.6% positive prediction with the cut-off as 3.
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Fig. 3. Validation of GPS predicted results of kinase Aurora-B against experimental results. (A) The prediction of Xenopus MCAK (Swissprot
Accession No.: Q91636). GPS method predicts seven sites as positive (T95, S110, S161, S177, S196, S253, and S555), of which six sites (T95, S110,
S161, S177, S196, and S253) were experimentally verified as phosphorylation sites of PK Aurora-B [37,38]. (B) Aurora-B can phosphorylate type 111
intermediate filaments GFAP (Swissprot Accession No.: P14136) and Desmin (Swissprot Accession No.: P17661). Our GPS method predicts four
and three sites on GFAP (T7, S13, S38, and S68) and Desmin (T16, S44, and S59), respectively, which the phosphorylation sites T7, S13, and S38 of
GFAP with T16 and S59 were experimental verified.
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conserved in eukaryotic organisms, even between bud-
ding yeast and human. During mitosis, Aurora-B will
localize on kinetochore in metaphase, forming a protein
complex with INCENP, Survivin, and Borealin [32].
And it will move to midbody in cytokinesis [33]. Auro-
ra-B is overexpressed in several cancer cells [34] and
implicated in tumorigenesis [35]. So it is in urgent need
to map the phosphorylation substrates with their sites
of Aurora-B.

In the literature, we manually curated 10 well-known
phosphorylation substrates with 19 sites of Aurora-B.
By leave-one-out test, there is only one known phos-
phorylation site with score (3.22) lower than the cut-
off value 3.7 (sensitivity: 94.44%, that is 17 out of 18).
The specificity of Aurora-B with cut-off value 3.7 can
even reach 97.14%.

It is reported that Aurora-B could phosphorylate the
microtubule depolymerase MCAK (mitotic centromere-
associated kinesin) during cell division and control its
centromere/kinetochore localization and catalytic activ-
ity [36]. Two research groups mapped the phosphoryla-
tion sites on MCAK by Mass Spectrometry method
[37,38]. Here we validate our predictions against the
experimental results (see in Fig. 3A). Our GPS method
predicts seven potential phosphorylation sites on Xeno-
pus MCAK (Q91636), among which six predicted sites
are in at least one of the experiments (T95, S110,
S161, S177, S196, and S253). Another predicted phos-
phorylation site S555 may need to be verified in vivo
or in vitro.

Another example is the phosphorylation of the type
III intermediate filaments GFAP and Desmin by Auro-
ra-B at cleavage furrow/midbody during cytokinesis,
which will reduce their filament forming ability [31].
There are three and two verified phosphorylated sites
of Aurora-B on GFAP (T7, S13, and S38) and Desmin
(T16 and S59), respectively. And our GPS approach pre-
dicts four and three sites on GFAP (T7, S13, S38, and
S68) and Desmin (T16, S44, and S59), respectively (see
in Fig. 3B).

So GPS method on kinase Aurora-B may be a
helpful tool to experimentalists, who focus on mitosis
dynamics.
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