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ABSTRACT
As one of the most important and universal posttranslational modifications (PTMs)
of proteins, S-nitrosylation (SNO) plays crucial roles in a variety of biological pro-
cesses, including the regulation of cellular dynamics and many signaling events.
Knowledge of SNO sites in proteins is very useful for drug development and basic
research as well. Unfortunately, it is both time-consuming and costly to determine
the SNO sites purely based on biological experiments. Facing the explosive pro-
tein sequence data generated in the post-genomic era, we are challenged to develop
automated vehicles for timely and effectively determining the SNO sites for unchar-
acterized proteins. To address the challenge, a new predictor called iSNO-AAPair was
developed by taking into account the coupling effects for all the pairs formed by the
nearest residues and the pairs by the next nearest residues along protein chains. The
cross-validation results on a state-of-the-art benchmark have shown that the new
predictor outperformed the existing predictors. The same was true when tested by
the independent proteins whose experimental SNO sites were known. A user-friendly
web-server for iSNO-AAPair was established at http://app.aporc.org/iSNO-AAPair/,
by which users can easily obtain their desired results without the need to follow the
mathematical equations involved during its development.
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INTRODUCTION
Regulating the stability and the functions of proteins (Mann & Jensen, 2003; Walsh &

Jefferis, 2006), the post-translational modifications (PTMs) play important roles in a

variety of biological processes, including transcriptional regulation (Li et al., 2007), cell

signaling (Whalen et al., 2007) and apoptosis (Lugovskoy et al., 1999; Tsang et al., 2009).

The aberrances of the PTMs are closely associated with devastating diseases such as cancers

(Lahiry et al., 2010), Parkinson’s (Uehara et al., 2006; Yao et al., 2004), and Alzheimer’s

(Carter & Chou, 1998; Cho et al., 2009). One of the most important and universal PTMs is

S-nitrosylation (SNO). Therefore, identifying the SNO sites in proteins (Fig. 1) is crucially

important for both biomedical research and drug development.

Actually, many efforts have been made to identify the SNO sites with experimental

approaches, such as BST (biotin switch assay) (Jaffrey et al., 2001), SNOSID (Derakhshan,

Wille & Gross, 2007; Greco et al., 2006), and SNO-RAC (Forrester et al., 2009). Although

considerable knowledge about the SNO sites could be obtained by these methods, it is both

time-consuming and laborious by means of the experimental approaches alone. Facing

the explosion of protein sequences generated in the post genomic era, we are challenged to

develop computational method for fast and reliably identifying the SNO sites in proteins.

Recently, several computational methods have been proposed in this regard (Li et al.,

2011; Li et al., 2012; Xue et al., 2010; Xu et al., 2013). Each of these methods has merit

and did play a role in stimulating the development of this area. However, they also each

have their own limits. For example, by incorporating the position specific amino acid

propensity into the general form of pseudo amino acid composition (Chou, 2001a) or

Chou’s PseAAC (Lin & Lapointe, 2013), the authors in a recent article (Xu et al., 2013)

presented a predictor called iSNO-PseAAC, which can yield higher success rates than the

other existing methods for predicting SNO sites. However, in the iSNO-PseAAC predictor,

only the position propensity of each of the constituent amino acids was considered without

taking into account any of their correlation. In other words, all the amino acids in the

proteins were treated independently. However, in the real world, they are not independent

of each other but bear some sort of correlation. And incorporating the correlation

effects could really improve the prediction quality accordingly, such as in identifying

the peptide cleavage sites by signal peptidase (Chou, 2001d), investigating the specificity

of GalNAc-transferase (Chou, 1995), predicting the protein cleavage sites by HIV-protease

(Chou, 1993), as well as using the information thus obtained to develop peptide-drugs

against HIV/AIDS and SARS (Du, Sun & Chou, 2007; Du et al., 2005; Gan et al., 2006;

Shen & Chou, 2008) based on Chou’s distorted key theory (Chou, 1996). Motivated and

encouraged by these studies, here we are to develop a new method for identifying the

protein SNO sites by incorporating some sequence correlation effects.

As shown by a series of recent publications (Chen et al., 2013; Chen et al., 2012b; Xiao

et al., 2013) and summarized in a comprehensive review (Chou, 2011), to establish a really

useful statistical predictor for a sequence-based system, one needs to engage the following

procedures: (i) construct or select a valid benchmark dataset to train and test the predictor;

(ii) formulate the sequence samples with an effective mathematical expression that can
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Figure 1 A schematic drawing to show the S-nitrosylation (SNO) site of a protein.

truly reflect their intrinsic correlation with the target to be predicted; (iii) introduce or

develop a powerful algorithm (or engine) to operate the prediction; (iv) properly perform

cross-validation tests to objectively evaluate the anticipated accuracy of the predictor;

(v) establish a user-friendly web-server for the predictor that is accessible to the public.

Below, let us describe how to engage these procedures one by one.

MATERIALS AND METHODS
Benchmark dataset
In this study the benchmark dataset was derived from the S-nitrosylated database (version

1.0) (Chen et al., 2010) at http://dbsno.mbc.nctu.edu.tw/, from which 1,530 proteins in

human and mouse species and their SNO sites were downloaded. The corresponding pep-

tide fragments for these SNO sites were derived from UniProt database (release 2012 08).

To facilitate description later, let us adopt Chou’s formulation for peptides here that was

used for studying signal peptide cleavage sites (Chou, 2001c; Chou, 2001d). According to

the formulation, a peptide with cysteine located at its center (Fig. 1) can be written as

P= R−ξR−(ξ−1) ...R−2R−1C R+1R+2 ...R+(ξ−1)R+ξ (1)

where the subscript ξ is an integer, R−ξ represents the ξ -th downstream amino acid residue

from cysteine (C), Rξ the ξ -th upstream amino acid residue, and so forth (Fig. 2). Peptides

with the profile of Eq. (1) can be further classified into the following two categories:

(1) SNO peptide if its center is a SNO site; (2) non-SNO peptide if its center is a non-SNO

site, as can be formulated by

P ∈

{
SNO peptide, if C is a SNO site

non-SNO peptide, otherwise
(2)

where ∈ represents “a member of” in the set theory. After some preliminary trials and also

considering the practice of previous investigators (Li et al., 2011; Li et al., 2012; Xue et al.,

2010; Xu et al., 2013), we choose ξ = 10 to construct the benchmark dataset for P of Eq. (1).

If the upstream or downstream in a protein was less than 10, the lacking residues were filled

with the dummy code Z. The peptides thus obtained are subject to a screening procedure
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Figure 2 A schematic illustration to show a peptide generated from a protein sequence by the sliding
window (Chou, 2001d) with cysteine (C) located at its center. Adapted from Chou (Chou, 2001b) with
permission.

to winnow those that have≥40% sequence identity to any other. Finally, we obtained 2,381

SNO peptides and 11,755 non-SNO peptides. Now let us construct the training or learning

dataset SL as defined by

SL = S+L ∪S−L (3)

where ∪ represents the “union” in the set theory, S+L contains 2,300 samples randomly

picked from the aforementioned 2,381 SNO peptides, while S−L 2,300 samples randomly

picked from the 11,755 non-SNO peptides. For readers’ convenience, the 2,300 peptide

sequences in the positive learning dataset S+L and 2,300 peptide sequences in the negative

learning dataset S−L , along with their sequence positions (sites) in the parent proteins

coded in “UniProt IDs”, are given in Supplemental Information S1.

Moreover, for the purpose of demonstration later, let us also construct an independent

dataset ST given by

ST = S+T ∪S−T (4)

where S+T contains the remaining 81 samples in the aforementioned 2,381 SNO peptides,

while S−T contains 100 samples randomly picked from the 11,755 non-SNO peptides but

none of them occurs in S−L . Likewise, the 81 peptide sequences in the positive testing

dataset S+T and 100 peptide sequences in the negative testing dataset S−T are given in

Supplemental Information S2.

Feature vector construction
In developing a statistical method for predicting the cleavage sites (Chou, 1993) in proteins

or their attributes (Chou, 1995), one of the important procedures was to formulate the

protein or peptide samples with an effective mathematical expression that could truly

reflect the intrinsic correlation with the desired target. To realize this, various different

vectors were proposed (see, Cao, Xu & Liang, 2013; Chen & Li, 2013; Du et al., 2012;

Esmaeili, Mohabatkar & Mohsenzadeh, 2010; Fan & Li, 2012; Khosravian et al., 2013; Liu et

al., 2012; Mohabatkar et al., 2013; Mohabatkar, Mohammad Beigi & Esmaeili, 2011; Nanni

et al., 2010; Wan, Mak & Kung, 2013; Yu et al., 2010; Zhang et al., 2008a; Zhou et al., 2007) to

formulate proteins or peptides by extracting their different features into the pseudo amino

acid composition (Chou, 2001a) or Chou’s PseAAC (Lin & Lapointe, 2013).
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According to a recent review (Chou, 2011), the general form of Chou’s PseAAC for a

protein or peptide P can be formulated by

P=
[
ψ1 ψ2 ... ψu ... ψ�

]T
(5)

where T is the transpose operator, while� is an integer to reflect the vector’s dimension.

The value of� as well as the components ψu (u = 1,2,...,�) in Eq. (5) will depend on

how to extract the desired information from the protein or peptide sequence. Below, let us

describe how to extract the useful information from the learning dataset SL to define the

peptide samples via Eq. (5) for the current study.

Since the length of each peptide in the training dataset SL is 21 (cf. Supplemental

Information S1), Eq. (1) for P can be simplified to a more convenient form given by

P= R1R2 ...R9R10R11R12 ...R20R21 (6)

where R11 = C and Ri (i = 1,2,...,21;i 6= 11) can be any of the 20 native amino acids or

the dummy code Z as defined above. Hereafter, let us use the numerical codes 1,2,3,...,20

to represent the 20 native amino acids according to the alphabetic order of their single

letter codes, and use 21 to represent the dummy amino acid Z. Accordingly, the number of

possible different dipeptides will be 21× 21 = 441, and the number of dipeptide subsite

positions on the sequence of Eq. (6) will be (21− 2+ 1)= 20.

Now, let us introduce the following 441× 20 matrix Z0, the so-called PSDP (position-

specific dipeptide propensity) matrix to define the component of Eq. (5)

Z0
=


z0

1,1 z0
1,2 ... z0

1,20

z0
2,1 z0

2,2 ... z0
2,20

...
...

. . .
...

z0
441,1 z0

441,2 ... z0
441,20

 (7)

where the element

z0
i,j = F+0 (D

0
i |j)− F−0 (D

0
i |j) (i= 1,2,...,441;j= 1,2,...,20) (8)

and

D0
1 = AA,D0

2 = AC,D0
3 = AD,...,D0

440 = ZY,D0
441 = ZZ. (9)

In Eq. (8), F+0 (D
0
i |j) is the occurrence frequency of the i-th dipeptide (i = 1,2,...,441)

at the j-th subsite on the sequence of Eq. (6) (or the j-th column in the positive learning

dataset S+L ) that can be easily derived using the method described in (Chou, 2001d)

from the sequences in Supplemental Information S1; while F−0 (D
0
i |j) is the corresponding

occurrence frequency but derived from the negative learning dataset S−L .

In order to extract more information, let us expand the propensity matrix from the

dipeptide (or the residue pair formed by the nearest residues) to the pair formed by the

next nearest amino acid residues (Fig. 3). Since the number of possible such amino acid

pairs is still 21× 21 = 441, but the number of their subsite positions on the sequence of
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Figure 3 A schematic drawing to show the pairwise coupling between nearest residues (blue solid line)
and that between the next nearest residues (red dashed line).

Eq. (6) is reduced to (21− 3+ 1) = 19, the corresponding position-specific propensity

matrix should be given by

Z1
=


z1

1,1 z1
1,2 ... z1

1,19

z1
2,1 z1

2,2 ... z1
2,19

...
...

. . .
...

z1
441,1 z1

441,2 ... z1
441,19

 (10)

where the element

z1
i,j = F+1 (D

1
i |j)− F−1 (D

1
i |j) (i= 1,2,...,441;j= 1,2,...,19) (11)

where D1
i has the same meaning as D0

i in Eq. (9) but instead of dipeptide it represents the

pairs of amino acids separated by one residue between them along a protein sequence.

Likewise, F+1 (D
1
i |j) and F−1 (D

1
i |j) also have the similar meaning as F+0 (Di|j) and F−0 (Di|j)

in Eq. (8), and can be easily derived from the sequences in Supplemental Information S1 as

well.

Now, let us define a new matrix Z by merging Z0 and Z1; i.e.,

Z= Z0
⊕Z1

=


z0

1,1 z0
1,2 ... z0

1,20 z1
1,1 z1

1,2 ... z1
1,19

z0
2,1 z0

2,2 ... z0
2,20 z1

2,1 z1
2,2 ... z1

2,19
...

...
. . .

...
...

...
. . .

...

z0
441,1 z0

441,2 ... z0
441,20 z1

441,1 z1
441,2 ... z1

441,19

 (12)

where the symbol ⊕ represents the orthogonal sum (Chou & Shen, 2007). Thus, the

peptide P of Eq. (6) can be uniquely defined via the general form of PseAAC (cf. Eq. (5))

with its dimension�= 20+ 19= 39 and its u-th component given by

ψu =



z0
1,u when RuRu+1 = AA and 1≤ u≤ 20

z0
2,u when RuRu+1 = AC and 1≤ u≤ 20

...

z0
441,u when RuRu+1 = ZZ and 1≤ u≤ 20

z1
1,u when RuRu+2 = AA and 21≤ u≤ 39

z1
2,u when RuRu+2 = AC and 21≤ u≤ 39

...

z1
441,u when RuRu+2 = ZZ and 21≤ u≤ 39

(13)

where Ru is any residue in the u-th position of the peptide P (cf. Eq. (6)).
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PREDICTION ALGORITHM
Suppose P+ and P− are the standard vectors or norms for the peptide sequences in S+L and

S−L , respectively. And they are defined by
P+ =

[
ψ̄+1 ψ̄+2 ... ψ̄+u ... ψ̄+�

]T

P− =
[
ψ̄−1 ψ̄−2 ... ψ̄−u ... ψ̄−�

]T
(14)

where
ψ̄+u =

1

N+

N+∑
k=1

ψ+u,k

ψ̄−u =
1

N−

N−∑
k=1

ψ−u,k

(u= 1,2,...,�) (15)

where N+ is the total number of SNO peptides in the learning dataset, and ψ+u,k the u-th

component for the k-th SNO peptide in the PseAAC space (cf. Eqs. (5) and (13)); whereas

N− andψ−u,k have the same meanings but are for the non-SNO peptides.

For a query peptide P as formulated by Eq. (5), suppose D(P,P+) is its similarity to the

norm of SNO peptides, and D(P,P−) its similarity to the norm of non-SNO peptides, as

formulated by

D(P,P+)=

√√√√ �∑
u=1

(ψu− ψ̄
+
u )2

D(P,P−)=

√√√√ �∑
u=1

(
ψu− ψ̄

−
u
)2
.

(16)

Thus, the prediction rule for the query peptide P can be formulated as

P ∈

{
SNO peptide, if D(P,P+) > D(P,P−)
non-SNO peptide, otherwise.

(17)

If there was a tie between D(P,P+) and D(P,P−), the query peptide would be randomly

assigned between the SNO peptide and non-SNO peptide categories. However, this kind of

tie case rarely happened and actually never happened in our study.

The predictor established via the above procedures is called iSNO-AAPair, where “i”

stands for the 1st character of “identify”, while “AAPair” means that the amino acid

coupling effects were taken into account within the pairs formed by the nearest residues

as well as the pairs formed by the next nearest residues along the peptide sequence.
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Figure 4 A flowchart showing the prediction process of iSNO-AAPair.

A flowchart of the predictor is given in Fig. 4 to illustrate how iSNO-AAPair was

working during the process of prediction.

RESULTS AND DISCUSSION
How to objectively evaluate the performance of a predictor and how to make it easy to

access by public (Chou & Shen, 2009) are two important factors that are directly associated

with its application value. Below, let us address these problems.

Four different metrics for measuring the prediction quality
In literature the following metrics are often used for examining the performance quality of

a predictor

Sn=
TP

TP+ FN

Sp=
TN

TN+ FP

Acc=
TP + TN

TP+TN+ FP+ FN

MCC=
(TP×TN)− (FP× FN)

√
(TP + FP)(TP + FN)(TN + FP)(TN + FN)

(18)
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where TP represents the number of the true positive; TN, the number of the true

negative; FP, the number of the false positive; FN, the number of the false negative; Sn,

the sensitivity; Sp, the specificity; Acc, the accuracy; MCC, the Mathew’s correlation

coefficient. To most biologists, however, the four metrics as formulated in Eq. (18) are

not quite intuitive and easier-to-understand, particularly for the Mathew’s correlation

coefficient. Here let us adopt the formulation proposed recently (Chen et al., 2013; Xu et al.,

2013) in terms of the Chou’s symbol (Chou, 2001d); i.e.,

Sn= 1−
N+−
N+

Sp= 1−
N−+
N−

Acc= 1−
N+− +N−+
N++N−

MCC =

1−

(
N+−
N+
+

N−+
N−

)
√(

1+
N−+−N+−

N+

)(
1+

N+−−N−+
N−

)

(19)

where N+ is the total number of the SNO peptides investigated while N+− the number of

the SNO peptides incorrectly predicted as the non-SNO peptides; N− the total number

of the non-SNO peptides investigated while N−+ the number of the non-SNO peptides

incorrectly predicted as the SNO peptides (Chou, 2001b).

It can be clearly seen from Eq. (19) that when N+− = 0 meaning none of the SNO

peptides were incorrectly predicted to be a non-SNO peptide, we have sensitivity Sn = 1.

When N+− = N+ meaning that all the SNO peptides were incorrectly predicted to be the

non-SNO peptides, we have sensitivity Sn = 0. Likewise, when N−+ = 0 meaning none of

the non-SNO peptides was incorrectly predicted to be the SNO peptide, we have specificity

Sp = 1; whereas N−+ = N− meaning all the non-SNO peptides were incorrectly predicted

as the SNO peptides, we have specificity Sp = 0. When N+− = N−+ = 0 meaning that none

of SNO peptides in the positive dataset and none of the non-SNO peptides in the negative

dataset was incorrectly predicted, we have overall accuracy Acc = 1 and MCC = 1; when

N+− = N+ and N−+ = N−meaning that all the SNO peptides in the positive dataset and all

the non-SNO peptides in the negative dataset were incorrectly predicted, we have overall

accuracy Acc = 0 and MCC = −1; whereas when N+− = N+/2 and N−+ = N−/2 we have

Acc = 0.5 and MCC = 0 meaning no better than random prediction. As we can see from

the above discussion based on Eq. (19), the meanings of sensitivity, specificity, overall

accuracy, and Mathew’s correlation coefficient have become much more intuitive and

easier-to-understand.

It is instructive to point out that the set of metrics as given in Eq. (18) or Eq. (19) is

valid only for the single-label systems as in the current case. For the multi-label systems

Xu et al. (2013), PeerJ, DOI 10.7717/peerj.171 9/18

https://peerj.com
http://dx.doi.org/10.7717/peerj.171


whose emergence has become increasingly frequent in system biology (Chou, Wu & Xiao,

2011; Chou, Wu & Xiao, 2012) and system medicine (Chen et al., 2012a; Xiao et al., 2013), a

different set of metrics as defined in Chou (2013) is needed.

Cross-validation to evaluate the anticipated success rates
In statistical prediction, the following three cross-validation methods are often used to

evaluate the anticipated accuracy of a predictor: independent dataset test, subsampling

(K-fold cross-validation) test, and jackknife test (Chou & Zhang, 1995). However, as

elucidated by a review article (Chou, 2011), among the three cross-validation methods,

the jackknife test is deemed the least arbitrary and most objective because it can always

yield a unique result for a given benchmark dataset, and hence has been increasingly used

and widely recognized by investigators to examine the accuracy of various predictor (see,

Chen & Li, 2013; Khosravian et al., 2013; Mei, 2012; Mohabatkar et al., 2013; Mohabatkar,

Mohammad Beigi & Esmaeili, 2011; Wan, Mak & Kung, 2013; Zhang et al., 2008b).

However, to reduce computational time, here let us adopt the 10-fold cross-validation

to examine the prediction accuracy as done by many investigators for PTM sites prediction

with SVM (Chang et al., 2009; Kim et al., 2004; Wong et al., 2007; Xu et al., 2013). The

cross-validations were performed 50 times for different subsampling combinations,

followed by averaging their outcomes. The outcomes thus obtained on the benchmark

dataset SL (cf. Supplemental Information S1) for the four metrics as defined in Eq. (19) are

given below
Sn= 85.2%

Sp= 79.0%

Acc= 81.8%

MCC = 0.64

(20)

indicating that the accuracy is quite high for all the four metrics.

Independent dataset test
As a demonstration to show how the current predictor is used for practical application, let

us use the iSNO-AAPair predictor trained by the data in SL (Eq. (3)) to predict the peptides

in ST (cf. Eq. (4)). As mentioned in the Materials and Methods section, the independent

dataset ST contain 81 SNO and 100 non-SNO peptides (cf. Supplemental Information S2).

To avoid the memory bias, none of the peptide in ST occurs in SL; i.e., SL ∩ ST = ∅, where

the symbols∩ and ∅ represent “intersection” and “empty set” in the set theory, respectively.

The results thus obtained are given below
Sn= 79.6%

Sp= 84.1%

Acc= 81.7%

MCC = 0.63

(21)
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Table 1 A comparison of iSNO-AAPair with the existing prediction methodsa via the independent
dataset test for the four different metrics (cf. Eq. (19)).

Predictor Sn (%) Sp (%) Acc (%) MCC

GPS-SNOb 44.5 81.0 64.7 0.28

iSNO-PseAACc 50.2 75.2 62.8 0.30

iSNO-AAPair 79.6 84.1 81.7 0.63

Notes.
a The results for the method proposed in Li et al. (2012) and that in Li et al. (2011) were not listed because the former had

no web-server and latter’s web-server did not work.
b The method proposed in Xue et al. (2010) where the threshold parameter was set at “medium” to get its highest overall

accuracy.
c The method proposed in Xu et al. (2013).

indicating that the results obtained by the independent dataset test are quite consistent

with those by the 10-fold cross-validation, particularly for the overall accuracy Acc and the

Mathew’s correlation coefficient MCC.

Comparison with the other methods
Among the existing methods for identifying the SNO sites in proteins, the web server for

the method proposed in Li et al. (2011) did not work, and the method in Li et al. (2012)

had no web-server at all. Therefore, the comparison was made among the following three

methods: GPS-SNO (Xue et al., 2010), iSNO-PseAAC (Xu et al., 2013), and the current

iSNAO-PseAAPair.

Listed in Table 1 are the corresponding results obtained by the aforementioned three

methods on the independent dataset test ST (cf. Supplemental Information S2), respec-

tively. As we can see from Table 1, the overall accuracy (Acc) achieved by iSNO-AAPair was

remarkably (about 30%–35%) higher than those by its counterparts GPS-SNO (Xue et al.,

2010) and iSNO-PseAAC (Xu et al., 2013). Furthermore, iSNO-AAPair was also superior

to its counterparts in the other three metrics (Sn, Sp, and MCC). Particularly for MCC,

the rate achieved by iSNO-AAPair was significantly (about 30%–55%) higher than those

by its counterparts, indicating that the high accuracy achieved by iSNO-AAPair was not an

artifact but a true result, and hence it would be much more stable, consistent, and reliable

in practical applications.

Also, in practical applications, the input should be entire protein sequences. To avoid

memory bias, let us randomly pick 14 protein sequences whose experimental SNO sites

are known but none of them occurs in the training dataset SL. The sequences of such 14

proteins as well as SNO site (red) and non-SNO site (blue) are given in Supplemental

Information S3. The detailed results by the three methods in identifying the SNO sites

for the 14 independent proteins are given in Supplemental Information S4. For clarity,

these results are summarized in Table 2 from which we can see that iSNO-AAPair

outperformed iSNO-PseAAC and GPS-SNO not only in the overall accuracy Acc, but

also in MCC, indicating iSNO-AAPair not only performed better but also more stable than

its counterparts.
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Table 2 A comparison of iSNO-AAPair with the existing prediction methodsa on the 14 independent
proteins (cf. Supplemental Information S3).

Predictor Sn (%) Sp (%) Acc (%) MCC

GPS-SNOb 37.50 62.79 55.93 0.10

iSNO-PseAACc 75.00 55.81 61.02 0.27

iSNO-AAPair 75.00 60.47 64.41 0.31

Notes.
a See footnote a of Table 1.
b The method proposed in Xue et al. (2010) where the threshold parameter was set at “medium” to get its highest overall

accuracy.
c See footnote c of Table 1.

Figure 5 A semi-screenshot to show the top page of the iSNO-AAPair web-server. Available at http://
app.aporc.org/iSNO-AAPair/.

It is anticipated that iSNO-AAPair may become a useful vehicle for identifying the SNO

sites in proteins, or at the very least play an important complementary role to the existing

predictors in this area.

Web server
For the convenience of the vast majority of biological scientists, a web-server for

iSNO-AAPair was established. Here, let us give a step-by-step guide on how to use the

web-server to get the desired results without the need to follow the mathematic equations

that were presented just for the integrity in developing the predictor.

Step 1. Open the web server at http://app.aporc.org/iSNO-AAPair/ and you will see the

top page of the predictor on your computer screen, as shown in Fig. 5. Click on the Read

Me button to see a brief introduction about iSNO-AAPair predictor and the caveat when

using it.

Step 2. Either type or copy/paste the query protein sequences into the input box shown at

the center of Fig. 5. The input sequence should be in the FASTA format. Example sequences
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in FASTA format can be seen by clicking on the Example button right above the input

box. For more information about FASTA format, visit http://en.wikipedia.org/wiki/Fasta

format.

Step 3. Click on the Submit button to see the predicted result. For example, if you use the

query protein sequences in the Example window as the input, after clicking the Submit

button, you will see on your screen the predicted SNO site positions and the corresponding

sequences segments with the form as formulated by Eq. (1). All these results are fully

consistent with the experimentally verified results. It takes about a few seconds for the

above computation before the predicted results appear on the computer screen; the greater

number of query proteins and the longer each sequence, the more time is usually needed.

Step 4. As shown on the lower panel of Fig. 5, you may also choose the prediction by

entering your desired input file via the “Browse” button. The input file should also be in

FASTA format but can contain as many protein sequences as you want.

Step 5. Click on the Citation button to find the relevant papers that document the detailed

development and algorithm of iSNO-AAPair.

Step 6. Click on the Data button to download the benchmark datasets used to train and test

the iSNO-AAPair predictor.

Caveats. To obtain the predicted result with the anticipated success rate, the entire

sequence of the query protein rather than its fragment should be used as an input. A

sequence with less than 50 amino acid residues is generally deemed as a fragment.

ACKNOWLEDGEMENTS
The authors wish to thank the editor and two anonymous reviewers for their constructive

comments, which were very helpful for strengthening the presentation of this article.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This work is supported by the National Natural Science Foundation of China

(No. 11301024, No. 11371365, No. 11101029, No. 31201002, No. 11071013, No. NCET-11-

0574) and the Fundamental Research Funds for the Central Universities. The funders had

no role in study design, data collection and analysis, decision to publish, or preparation of

the manuscript.

Grant Disclosures
The following grant information was disclosed by the authors:

National Natural Science Foundation of China: No. 11301024, No. 11371365,

No. 11101029, No. 31201002, No. 11071013, No. NCET-11-0574.

Fundamental Research Funds for the Central Universities.

Competing Interests
Yan Xu is an employee of the Gordon Life Science Institute. Kuo-Chen Chou is the

President and Founder of the Gordon Life Science Institute.

Xu et al. (2013), PeerJ, DOI 10.7717/peerj.171 13/18

https://peerj.com
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://en.wikipedia.org/wiki/Fasta_format
http://dx.doi.org/10.7717/peerj.171


Author Contributions
• Yan Xu performed the experiments, analyzed the data, wrote the paper.

• Xiao-Jian Shao and Ling-Yun Wu performed the experiments.

• Nai-Yang Deng conceived and designed the experiments, contributed

reagents/materials/analysis tools.

• Kuo-Chen Chou analyzed the data, suggested submitting the paper to PeerJ, and

improved the presentation and English.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/

10.7717/peerj.171.

REFERENCES
Cao D-S, Xu Q-S, Liang Y-Z. 2013. propy: a tool to generate various modes of Chou’s PseAAC.

Bioinformatics 29:960–962 DOI 10.1093/bioinformatics/btt072.

Carter DB, Chou KC. 1998. A model for structure dependent binding of Congo red to Alzheimer
β-amyloid fibrils. Neurobiology of Aging 19:37–40 DOI 10.1016/S0197-4580(97)00164-4.

Chang W-C, Lee T-Y, Shien D-M, Hsu JB-K, Horng J-T, Hsu P-C, Wang T-Y, Huang H-D,
Pan R-L. 2009. Incorporating support vector machine for identifying protein tyrosine sulfation
sites. Journal of Computational Chemistry 30:2526–2537 DOI 10.1002/jcc.21258.

Chen L, Zeng W-M, Cai Y-D, Feng K-Y, Chou K-C. 2012a. Predicting anatomical therapeutic
chemical (ATC) classification of drugs by integrating chemical-chemical interactions and
similarities. PLoS ONE 7:e35254 DOI 10.1371/journal.pone.0035254.

Chen W, Lin H, Feng P-M, Ding C, Zuo Y-C, Chou K-C. 2012b. iNuc-PhysChem: a
sequence-based predictor for identifying nucleosomes via physicochemical properties. PLoS
ONE 7:e47843 DOI 10.1371/journal.pone.0047843.

Chen W, Feng P-M, Lin H, Chou K-C. 2013. iRSpot-PseDNC: identify recombination spots with
pseudo dinucleotide composition. Nucleic Acids Research 41:e68 DOI 10.1093/nar/gks1450.

Chen Y-J, Ku W-C, Lin P-Y, Chou H-C, Khoo K-H, Chen Y-J. 2010. S-alkylating labeling
strategy for site-specific identification of the S-nitrosoproteome. Journal of Proteome Research
9:6417–6439 DOI 10.1021/pr100680a.

Chen Y-K, Li K-B. 2013. Predicting membrane protein types by incorporating protein topology,
domains, signal peptides, and physicochemical properties into the general form of Chou’s
pseudo amino acid composition. Journal of Theoretical Biology 318:1–12
DOI 10.1016/j.jtbi.2012.10.033.

Cho D-H, Nakamura T, Fang J, Cieplak P, Godzik A, Gu Z, Lipton SA. 2009. S-nitrosylation
of Drp1 mediates β-amyloid-related mitochondrial fission and neuronal injury. Science
324:102–105 DOI 10.1126/science.1171091.

Chou K-C. 1993. A vectorized sequence-coupling model for predicting HIV protease cleavage sites
in proteins. Journal of Biological Chemistry 268:16938–16948.

Chou K-C. 1995. A sequence-coupled vector-projection model for predicting the specificity of
GalNAc-transferase. Protein Science 4:1365–1383 DOI 10.1002/pro.5560040712.

Chou K-C. 1996. Review: prediction of human immunodeficiency virus protease cleavage sites in
proteins. Analytical Biochemistry 233:1–14 DOI 10.1006/abio.1996.0001.

Xu et al. (2013), PeerJ, DOI 10.7717/peerj.171 14/18

https://peerj.com
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.7717/peerj.171
http://dx.doi.org/10.1093/bioinformatics/btt072
http://dx.doi.org/10.1016/S0197-4580(97)00164-4
http://dx.doi.org/10.1002/jcc.21258
http://dx.doi.org/10.1371/journal.pone.0035254
http://dx.doi.org/10.1371/journal.pone.0047843
http://dx.doi.org/10.1093/nar/gks1450
http://dx.doi.org/10.1021/pr100680a
http://dx.doi.org/10.1016/j.jtbi.2012.10.033
http://dx.doi.org/10.1126/science.1171091
http://dx.doi.org/10.1002/pro.5560040712
http://dx.doi.org/10.1006/abio.1996.0001
http://dx.doi.org/10.7717/peerj.171


Chou K-C. 2001a. Prediction of protein cellular attributes using pseudo-amino acid composition.
Proteins: Structure, Function, and Bioinformatics 43:246–255; 44: 60 (Erratum)
DOI 10.1002/prot.1035.

Chou K-C. 2001b. Prediction of protein signal sequences and their cleavage sites. Proteins:
Structure, Function, and Bioinformatics 42:136–139
DOI 10.1002/1097-0134(20010101)42:1<136::AID-PROT130>3.0.CO;2-F.

Chou K-C. 2001c. Prediction of signal peptides using scaled window. Peptides 22:1973–1979
DOI 10.1016/S0196-9781(01)00540-X.

Chou K-C. 2001d. Using subsite coupling to predict signal peptides. Protein Engineering 14:75–79
DOI 10.1093/protein/14.2.75.

Chou K-C. 2011. Some remarks on protein attribute prediction and pseudo amino acid
composition. Journal of Theoretical Biology 273:236–247 DOI 10.1016/j.jtbi.2010.12.024.

Chou K-C. 2013. Some remarks on predicting multi-label attributes in molecular biosystems.
Molecular BioSystems 9:1092–1100 DOI 10.1039/c3mb25555g.

Chou K-C, Shen H-B. 2007. Review: recent progresses in protein subcellular location prediction.
Analytical Biochemistry 370:1–16 DOI 10.1016/j.ab.2007.07.006.

Chou K-C, Shen H-B. 2009. Review: recent advances in developing web-servers for predicting
protein attributes. Natural Science 2:63–92 DOI 10.4236/ns.2009.12011.

Chou K-C, Wu Z-C, Xiao X. 2011. iLoc-Euk: a multi-label classifier for predicting the
subcellular localization of singleplex and multiplex eukaryotic proteins. PLoS ONE 6:e18258
DOI 10.1371/journal.pone.0018258.

Chou K-C, Wu Z-C, Xiao X. 2012. iLoc-Hum: using accumulation-label scale to predict
subcellular locations of human proteins with both single and multiple sites. Molecular
BioSystems 8:629–641 DOI 10.1039/c1mb05420a.

Chou K-C, Zhang C-T. 1995. Review: prediction of protein structural classes. Critical Reviews in
Biochemistry and Molecular Biology 30:275–349 DOI 10.3109/10409239509083488.

Derakhshan B, Wille PC, Gross SS. 2007. Unbiased identification of cysteine S-nitrosylation sites
on proteins. Nature Protocols 2:1685–1691 DOI 10.1038/nprot.2007.210.

Du P, Wang X, Xu C, Gao Y. 2012. PseAAC-Builder: A cross-platform stand-alone program for
generating various special Chou’s pseudo-amino acid compositions. Analytical Biochemistry
425:117–119 DOI 10.1016/j.ab.2012.03.015.

Du Q-S, Sun H, Chou K-C. 2007. Inhibitor design for SARS coronavirus main protease based on
“distorted key theory”. Medicinal Chemistry 3:1–6 DOI 10.2174/157340607779317616.

Du Q-S, Wang S, Wei DQ, Sirois S, Chou K-C. 2005. Molecular modelling and chemical modifica-
tion for finding peptide inhibitor against severe acute respiratory syndrome coronavirus main
proteinase. Analytical Biochemistry 337:262–270 DOI 10.1016/j.ab.2004.10.003.

Esmaeili M, Mohabatkar H, Mohsenzadeh S. 2010. Using the concept of Chou’s pseudo amino
acid composition for risk type prediction of human papillomaviruses. Journal of Theoretical
Biology 263:203–209 DOI 10.1016/j.jtbi.2009.11.016.

Fan G-L, Li Q-Z. 2012. Predict mycobacterial proteins subcellular locations by incorporating
pseudo-average chemical shift into the general form of Chou’s pseudo amino acid composition.
Journal of Theoretical Biology 304:88–95 DOI 10.1016/j.jtbi.2012.03.017.

Forrester MT, Thompson JW, Foster MW, Nogueira L, Moseley MA, Stamler JS. 2009.
Proteomic analysis of S-nitrosylation and denitrosylation by resin-assisted capture. Nature
Biotechnology 27:557–559 DOI 10.1038/nbt.1545.

Xu et al. (2013), PeerJ, DOI 10.7717/peerj.171 15/18

https://peerj.com
http://dx.doi.org/10.1002/prot.1035
http://dx.doi.org/10.1002/1097-0134(20010101)42:1%3C136::AID-PROT130%3E3.0.CO;2-F
http://dx.doi.org/10.1016/S0196-9781(01)00540-X
http://dx.doi.org/10.1093/protein/14.2.75
http://dx.doi.org/10.1016/j.jtbi.2010.12.024
http://dx.doi.org/10.1039/c3mb25555g
http://dx.doi.org/10.1016/j.ab.2007.07.006
http://dx.doi.org/10.4236/ns.2009.12011
http://dx.doi.org/10.1371/journal.pone.0018258
http://dx.doi.org/10.1039/c1mb05420a
http://dx.doi.org/10.3109/10409239509083488
http://dx.doi.org/10.1038/nprot.2007.210
http://dx.doi.org/10.1016/j.ab.2012.03.015
http://dx.doi.org/10.2174/157340607779317616
http://dx.doi.org/10.1016/j.ab.2004.10.003
http://dx.doi.org/10.1016/j.jtbi.2009.11.016
http://dx.doi.org/10.1016/j.jtbi.2012.03.017
http://dx.doi.org/10.1038/nbt.1545
http://dx.doi.org/10.7717/peerj.171


Gan Y-R, Huang H, Huang Y-D, Rao C-M, Zhao Y, Liu J-S, Wu L, Wei D-Q. 2006. Synthesis and
activity of an octapeptide inhibitor designed for SARS coronavirus main proteinase. Peptides
27:622–625 DOI 10.1016/j.peptides.2005.09.006.

Greco TM, Hodara R, Parastatidis I, Heijnen H-F, Dennehy MK, Liebler DC, Ischiropoulos H.
2006. Identification of S-nitrosylation motifs by site-specific mapping of the S-nitrosocysteine
proteome in human vascular smooth muscle cells. Proceedings of the National Academy of
Sciences of the United States of America 103:7420–7425 DOI 10.1073/pnas.0600729103.

Jaffrey SR, Erdjument-Bromage H, Ferris CD, Tempst P, Snyder SH. 2001. Protein
S-nitrosylation: a physiological signal for neuronal nitric oxide. Nature Cell Biology 3:193–197
DOI 10.1038/35055104.

Khosravian M, Faramarzi FK, Beigi MM, Behbahani M, Mohabatkar H. 2013. Predicting
antibacterial peptides by the concept of Chou’s Pseudo-amino acid composition and machine
learning methods. Protein & Peptide Letters 20:180–186 DOI 10.2174/092986613804725307.

Kim JH, Lee J, Oh B, Kimm K, Koh I. 2004. Prediction of phosphorylation sites using SVMs.
Bioinformatics 20:3179–3184 DOI 10.1093/bioinformatics/bth382.

Lahiry P, Torkamani A, Schork NJ, Hegele RA. 2010. Kinase mutations in human disease:
interpreting genotype-phenotype relationships. Nature Reviews Genetics 11:60–74
DOI 10.1038/nrg2707.

Li B-Q, Hu L-L, Niu S, Cai Y-D, Chou K-C. 2012. Predict and analyze S-nitrosylation
modification sites with the mRMR and IFS approaches. Journal of Proteomics 75:1654–1665
DOI 10.1016/j.jprot.2011.12.003.

Li F, Sonveaux P, Rabbani ZN, Liu S, Yan B, Huang Q, Vujaskovic Z, Dewhirst MW, Li C-Y.
2007. Regulation of HIF-1α stability through S-nitrosylation. Molecular Cell 26:63–74
DOI 10.1016/j.molcel.2007.02.024.

Li Y-X, Shao Y-H, Jing L, Deng N-Y. 2011. An efficient support vector machine approach
for identifying protein S-nitrosylation sites. Protein & Peptide Letters 18:573–587
DOI 10.2174/092986611795222731.

Lin S-X, Lapointe J. 2013. Theoretical and experimental biology in one—A symposium in
honour of Professor Kuo-Chen Chou’s 50th anniversary and Professor Richard Giegé’s 40th
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