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Abstract

Subunit vaccine discovery is an accepted clinical priority. The empirical approach is time- and labor-consuming and can often end in failure.
Rational information-driven approaches can overcome these limitations in a fast and efficient manner. However, informatics solutions require
reliable algorithms for antigen identification. All known algorithms use sequence similarity to identify antigens. However, antigenicity may be
encoded subtly in a sequence and may not be directly identifiable by sequence alignment. We propose a new alignment-independent method
for antigen recognition based on the principal chemical properties of protein amino acid sequences. The method is tested by cross-validation
on a training set of bacterial antigens and external validation on a test set of known antigens. The prediction accuracy is 83% for the cross-
validation and 80% for the external test set. Our approach is accurate and robust, and provides a potent tool for the in silico discovery of
medically relevant subunit vaccines.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

It is now widely accepted that mass vaccination, which
takes account of herd immunity, is amongst the most effi-
cacious prophylactic treatments for infectious disease. A
vaccine is a molecular or supramolecular agent which elicits
specific, protective immunity, which is an enhanced adap-
tive immune response to re-infection, against pathogenic
microbes, and the diseases they cause, by the potentiation of
immune memory that ultimately mitigates the effect of subse-
quent infection. Historically, vaccines have been attenuated
whole pathogen vaccines such as BCG for TB or Sabin’s
Polio vaccine. Issues of safety have led to the development
of other strategies for vaccine development, separately focus-
ing on antigen and epitope vaccines. While opinion remains
equivocal regarding the ultimate utility of epitope vaccines,

∗ Corresponding author. Tel.: +359 2 9236506; fax: +359 2 9879874.
E-mail address: doytchinova@gmail.com (I.A. Doytchinova).

the search for antigen – or subunit – vaccines, such as the
Hepatitis B vaccine, is now an accepted clinical priority.

Subunit vaccines contain one or more pure or semi-pure
antigens. In order to develop subunit vaccines, it is critical to
identify the individual components out of a myriad of proteins
and glycoproteins of the pathogen that are involved in induc-
ing protection. Some proteins may be immunosuppressive,
whereas in other cases immune responses to some proteins
may actually enhance disease. Thus, it is critical to iden-
tify those proteins that are important for inducing protection
and to eliminate others. The empirical approach to sub-unit
vaccine development includes a number of steps beginning
with pathogen cultivation, followed by dissection into com-
ponents, and then testing antigens for their capacity to induce
protection [1]. Apart from being time- and labor-consuming,
this approach has several limitations that can lead to failure.
It only allows the identification of those antigens which can
be obtained in sufficient quantities. In some cases, the most
abundant proteins are not immunoprotective. In other cases,
the antigen expressed during in vivo infection is not expressed

0264-410X/$ – see front matter © 2006 Elsevier Ltd. All rights reserved.
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during in vitro cultivation. Vaccines cannot be developed
using this approach for non-cultivable microorganisms.

More recently, bioinformatics has been used to select
candidate sub-unit vaccine from bacterial and viral genome
sequences [2]. These approaches – often termed “reverse vac-
cinology” [3] – screen the genome sequence in silico and
predict the most probable protective antigens. They have sev-
eral obvious advantages: there is no requirement to cultivate
pathogens, the whole proteome is available, cost is lower
yet speed is high. The bottleneck of these approaches is the
development of reliable algorithms for predicting antigens.
Many bioinformatics tools have been developed: BLAST
[4], FASTA [5], PSORT [6], SignalP [7], GCG [8], which
can identify surface-associated or outer membrane proteins,
signal proteins, lipoprotein signatures, or host–cell binding
domains. Most algorithms use sequence alignment to iden-
tify antigens. This is problematic for several reasons. Some
proteins created by divergent or convergent evolution lack
obvious sequence similarity, although they may share simi-
lar structures and biological properties [9]. In such a situation,
alignment-based approaches may produce ambiguous results
or fail. Moreover, antigenicity, as a property, may be encoded
in a sequence in a subtle and recondite manner not amendable
to direct identification by sequence alignment. Likewise, the
discovery of truly novel antigens will be frustrated by their
lack of similarity to antigens of known provenance.

Alternatively, alignment-free methods have been devel-
oped where protein sequences are transformed into uniform
data matrices. Auto cross covariance (ACC) is an alignment-
independent method developed by Wold et al. [10], which has
been applied to quantitative structure–activity relationships
(QSAR) studies of peptides with different lengths [11,12]
and for protein classification [13]. ACC models sequences
so that the transformation accounts for neighbor effects, i.e.
the lack of independence between different sequence posi-
tions. In the present study, we applied ACC preprocessing to
a set of known bacterial antigens and developed an alignment-
independent model for antigen recognition based on the prin-
cipal chemical properties of primary amino acid sequences.
This represents the first alignment-free bioinformatics tool
for the in silico identification of antigens.

2. Datasets and methods

2.1. Antigen and non-antigen datasets

The training set consisted of 75 antigens and 75 non-
antigens, while the test set included 25 antigens and 25
non-antigens. The antigen subsets comprised known bacterial
protein vaccine antigens, taken from the literature [14–52]
(Appendix A). A protein was identified as an antigen if it,
or part of it, or its corresponding DNA has been shown
to induce a protective response in an appropriate animal
model after immunization. The non-antigen subsets were
constructed to mirror the antigen subsets. For each anti-

gen, a protein was randomly selected from the same species.
Proteomes and protein sequences were obtained from the
UniProt Knowledgebase of the ExPASy Proteomics Server
(http://ca.expasy.org/sprot/).

2.2. z-Scales

The z-scales, defined by Hellberg et al. [53], summarize
the principal physicochemical properties of the amino acids.
These scales were derived by principal component analysis
of a data matrix consisting of 29 molecular descriptors, like
molecular weight, pKas, 13C NMR shifts, etc. The first prin-
ciple component reflects the hydrophobicity of amino acids,
the second their size, and the third their electronic properties.
The scores of these components are defined as z1-, z2- and
z3-scales, respectively. More recently, Sandberg et al. [54]
extended the three z-scales to five, adding two additional z-
scales, z4 and z5. By arranging the z-scales according to the
amino acid sequence, it is possible to numerically quantify
the structural variations within a series of related proteins. In
the present study, three z-scales, z1, z2 and z3, were used to
describe the protein sequences.

2.3. Auto cross covariances (ACC)

As the proteins used in the study had different lengths,
an auto cross covariance (ACC) transformation was used to
transform them to a uniform length. The auto covariance
Ajj(lag) was calculated according to Eq. (1) [10]:

Ajj(l) =
n−l∑

i

Zj,i × Zj,i+1

n − l
(1)

Index j was used for the z-scales (j = 1–3), n is the number
of amino acids in a sequence, index i the amino acid position
(i = 1, 2, . . ., n) and l is the lag (l = 1, 2, . . ., L). In order to
investigate the influence of close amino acid proximity on
protein antigenicity, a short lag of 5 (L = 5) was used. Cross
covariances Cjk(lag) between two different z-scales, j and k,
were calculated according to Eq. (2) [10]:

Cjk(l) =
n−l∑

i

Zj,i × Zk,i+1

n − l
(2)

The results of these transformations were new uniform
sets of 45 variables (32 × 5) for each protein.

2.4. Variable selection

A genetic algorithm (GA) [55] and stepwise regression, as
implemented in the MDL QSAR package [56], were used as
variable selection procedures in the present study. GA allows
one to select a subset of the most significant predictors using
two evolutionary operators: random mutation and genetic
recombination (or crossover). Default values for the size of
the initial population, choice of parents, types of crossover



Aut
ho

r's
   

pe
rs

on
al

   
co

py

858 I.A. Doytchinova, D.R. Flower / Vaccine 25 (2007) 856–866

and mutation were used in the calculation. Regression equa-
tions were generated using variables selected by ordinary
multiple linear regression (MLR). Stepwise regression was
used in a forward mode using default values for F-to-enter
(4.00) and F-to-remove (3.99). Final models were assessed
by ROC statistics.

2.5. Partial least squares (PLS)

PLS forms new variables, named principal components
(PC), as linear combinations of the initial variables and
then uses them as predictors of the dependent variable. PLS
discriminant analysis, as implemented in SIMCA 8.0 [57],
was used in the study. The models were assessed by ROC
statistics.

2.6. Receiver operating characteristic (ROC) statistics

The correctly predicted antigens and non-antigens were
defined as true positives (TP) and true negatives (TN), respec-
tively, while the incorrectly predicted antigens and non-
antigens yielded false negatives (FN) and false positives (FP),
respectively. Two variables sensitivity [TP/(TP + FN)] and 1-
specificity [FP/(TN + FP)] were calculated at different thresh-
olds and ROC curves were generated [58]. The area under the
curve (AUCROC) is a quantitative measure of the predictive
ability and varies from 0.5 for a random prediction to 1.0 for
a perfect prediction. Prediction accuracy [(TP + TN)/total] at
different thresholds was also calculated.

3. Results

3.1. Antigen discriminating models

The training set used for the development of antigen
discriminating models consisted of 75 known bacterial
protein vaccine antigens and 75 non-antigens, selected
as described in Section 2. Each amino acid in a protein
sequence was described by a set of z descriptors: z1
describes hydrophobicity; z2, size; z3, electronic properties.
As the proteins were of different length, a preprocessing
transformation, auto cross covariance (ACC), was used to

Fig. 1. ROC curves of the models for antigen recognition generated on the
training set. The models are marked as follows: PLS (LOO) (�); PLS 7CV
(�); GA (�); stepwise (♦).

generate a new uniform vector of 45 variables for each
protein. The matrix of 45 columns and 150 rows was used
to discriminate between antigens and non-antigens using
several statistical methods. Models were assessed in terms of
AUCROC, highest accuracy, sensitivity, and specificity. The
statistics of the generated models is shown in Table 1 and
the ROC curves in Fig. 1. Partial least squares discriminant
analysis (DA-PLS) was applied as implemented in SIMCA
8.0. Cross-validation (CV) by “leave-one-out” (LOO) and in
seven groups was used to assess the discriminating ability of
the PLS model. Both CVs perform well, with an AUCROC
value of 0.876 and 0.853 and highest accuracy of 83% and
79%, respectively, at threshold 0.4.

Two variable selection procedures – genetic algorithm
(GA) and forward stepwise regression – were applied to
the initial uniform matrix to select the best discriminating
variables. The GA model gave AUCROC = 0.890 and high-
est accuracy of 85% (threshold 0.5). The stepwise regression
was worse, with AUCROC = 0.797 and highest accuracy 71%
(threshold 0.5).

In terms of sensitivity and specificity, the PLS models
showed higher sensitivity than specificity, i.e. they are bet-
ter predictors of antigens than non-antigens. The GA and
stepwise models predict antigens and non-antigens almost
equally well.

Table 1
Statistics of the antigen discrimination models

Set Method AUCROC Thresholda Accuracy (%)b Sensitivity (%)c Specificity (%)d

Training set (n = 150)

PLS LOO 0.876 0.4 83 92 74
PLS 7CV 0.853 0.4 79 91 68
GA 0.890 0.5 85 86 84
Stepwise 0.797 0.5 71 69 74

Test set (n = 50)
GA 0.756 0.5 72 56 88
PLS 0.802 0.5 80 64 92

a The threshold, at which the accuracy is highest.
b The highest accuracy.
c Sensitivity at the threshold of the highest accuracy.
d Specificity at the threshold of the highest accuracy.
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Fig. 2. ROC curves of PLS (LOO) (�) and GA (�) models validated on the
test set.

3.2. Validation of the models

The best-performed models PLS (LOO) and GA were
applied to an external test set of 25 antigens and 25 non-
antigens. The results are shown in Table 1 and the ROC
curves plotted in Fig. 2. GA model had a AUCROC = 0.756
and highest accuracy = 72% (threshold 0.5), while the PLS
model gave AUCROC = 0.802 and highest accuracy = 80% at
the same threshold. Both models are better predictors of non-
antigens than antigens.

3.3. Variable importance

PLS (LOO) and GA models were compared in terms of
variable importance. The higher the variable coefficient the
more important it is for accurately discriminating between
classes. The sign of the coefficient is arbitrary. In this study,
positives contribute positively to the antigen class and neg-
atively to the non-antigen class. The opposite is true for the
negative coefficients. The variable selection in the GA model
identified 19 important terms, 10 of them were positive and
9 were negative. The 10 GA positive terms coincide with the
top 12 positives in the PLS (LOO) model, while the 9 GA
negatives are the same as the top 9 PLS negatives.

PLS models generate loading plots to show which vari-
ables have the greatest influence on classification. The more
distant from the origin are the variables, the greater effect
they have on the division of classes. The loading plot for the
first two components of the PLS (LOO) model is shown in
Fig. 3. It is evident that terms A11(2), A11(4) and A22(2) are
the most important for discriminating antigens ($DA1), while
C21(1) overlaps with $DA2 (non-antigen class).

4. Discussion

We illustrate here a new approach to antigen identifi-
cation based on the physicochemical properties of amino
acids sequences. The method is alignment-independent and
applies ACC preprocessing. The predictive ability of our

Fig. 3. Loading plot for the first two components of the PLS (LOO) model.
The antigen and non-antigen classes are marked as $DA1 and $DA2, respec-
tively.

models was tested by internal cross-validation and exter-
nal validation on a test set. The highest prediction accuracy
was 83% for the cross-validation and 80% for the external
test set. Many antigens in the test set were from bacterial
species not included in the training set. The good predic-
tive ability of the method suggests that antigens possess
common, underlying physicochemical features which are
independent of species and conventional global sequence
similarity.

These models allow one to extract a physicochemical pat-
tern common to antigen proteins. The most important terms
for discrimination between antigens and non-antigens are
A11(2), A11(4), A22(2) and C21(1). The first three are pos-
itive in the PLS (LOO) and GA models, while the last is
negative. A11(2) and A11(4) are related to the auto covari-
ance of the descriptor z1, which accounts for amino acid
hydrophobocity. Hydrophilic amino acids (Asp, Asn, Glu,
Arg, Lys, His, Gly, Gln, Ser, Thr and Cys) have positive
z1 values, while hydrophobic amino acids (Phe, Trp, Ile,
Leu, Val, Met, Tyr and Pro) have negative z1 values. Ala
is amphiphilic with z1 almost 0. As A11(2) and A11(4) are
positive, in order to contribute to the antigen discrimination
they should be positive, i.e. a product of two positives or two
negatives. This means when in close proximity (i + 2 or i + 4)
the amino acids should have similar hydropathic properties.
A lag of 4 is a well-known pattern for �-helices, where each
amino acid corresponds to a 100◦ turn i.e., helices have 3.6
residues per turn. The side chains of amino acids at every
first and fifth position are oriented in the same direction and
make close contacts. They could be part of a conformational
epitope.

Lag of 2 orients the side chains of the amino acids in oppo-
site directions and it is associated with the � strand, a com-
monly occurring regular secondary structure in proteins. The
linking loop between two parallel strands almost always has
a right-handed crossover chirality, which is strongly favored
by the inherent twist of the sheet. This linking loop often
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contains a helical region, in which case it is called a �-�-�
motif [9]. The equal importance of lags 2 and 4 for the anti-
gen class may point to an overabundance of such motifs in
antigen structures.

A22(2) is the auto covariance of the descriptor z2 with lag
of 2. The descriptor z2 accounts for the size of the amino
acids. Amino acids with a small size (Ala, Ser, Val, etc.) have
negative z2 values, amino acids with bulky side chains take
positive ones. Every first and third amino acids in the antigen
sequence should be of similar size. A pattern with amino acids
of similar size and hydropathy at i and i + 2 may be associated
with the formation of surface areas with common antigenic
properties. It is known that antigens bind to relatively flat
combining sites on the complementarity-determining regions
(CDRs) of antibodies [59,60]. An area of amino acids with
similar size and hydropathy is able to form a flat antigenic
surface region complementary to the combining site of an
antibody, thereby reducing the entropic penalty of the inter-
action.

The term C21(1) accounts for the cross covariance of z2

and z1 of successive amino acids. In the models derived here
C21(1) has a negative coefficient. This implies that a combina-
tion of small-sized (−z2) and hydrophilic (+z1) or bulky (+z2)
and hydrophobic (−z1) neighbors will contribute positively
to antigen discrimination. Such a pattern is common to both
B cell and T cell epitopes. Previous observations [61] suggest
that Tyr and Trp frequently alternate with small amino acids
such as Gly, Ala and Ser. This pattern of residues might allow
maximum mobility of Tyr and Trp during complex formation.
A similar pattern is observed in antigen–antibody complex
HyHEL-5 [62] where Met32 is located between Tyr31 and
Tyr33 and permits the side-chains of the flanking aromatics

to be exposed and potentially mobile. Recently, we found a
similar pattern in the middle part of T-cell epitopes [63].

In this study, an alignment-independent method for anti-
gen recognition has been applied to a set of known bacterial
antigens. As this method is universal, it can also be applied
to any other type of antigen: viral, tumor, protozoic, or fun-
gal. There is a similarity between our objective and the
screening for pharmacologically active compounds in drug
discovery. The efficiency of antigen identification can be
quantified in terms of enrichment factors compared to random
screening. We seek to enrich significantly our selection with
candidate antigens compared to the background frequency
within the genome. It may also be possible to combine syn-
ergistically other in silico tools, such as prediction of gene
expression and sub cellular location, to increase this enrich-
ment even further. Methods that accurately predict candidate
antigens will prove to be vital tools for the vaccinologist of
tomorrow.
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Appendix A

Training and test sets of bacterial antigens and non-
antigens used in the study.

Species Training set

Protein Protection Swiss-prot Reference

Bordetella pertussis Pertussis toxin S1 subunit Yes Q93V22 [14]
Bordetella pertussis Pertactin Yes Q9S6N1 [14]
Borrelia burgdorferi Outer membrane porin protein Oms28 Yes P70854 [14]
Borrelia burgdorferi Decorin-binding protein A Yes O50917 [14]
Borrelia burgdorferi Outer surface protein A (ospA) Yes P14013 [15]
Borrelia burgdorferi Outer surface protein B (ospB) Yes P17739 [15]
Borrelia burgdorferi Outer surface protein C (ospC) Yes Q07337 [15]
Brucella abortus Superoxide dismutase [Cu-Zn] Yes P15453 [14]
Brucella abortus 50S ribosomal protein L7/L12 Yes P0A470 [14]
Brucella melitensis 25 kDa outer-membrane immunogenic

protein
Yes Q45321 [14]

Campylobacter coli Flagellin FlaA Yes P27053 [16]
Chlamydia trachomatis MOMP Yes Q46412 [17]
Clostridium perfringens Phospholipase C Yes Q9RF12 [14]
Clostridium perfringens Epsilon toxin Yes Q9RM68 [14]
Clostridium tetani Tetanus toxin Yes Q9LA13 [14]
Coccidioides immitis Urease Yes Q400Z7 [18]
Coccidioides immitis Heat shock protein 60 Yes O94110 [18]
Coccidioides posadasii Aspartyl protease Yes Q3S565 [19]
Corynebacterium pseudotuberculosis Phospholipase D Yes P20626 [14]
Echinococcus granulosus EG95 host-protective vaccine antigen Yes Q24797 [20]
Escherichia coli Heat-labile enterotoxin B subunit Yes Q93V32 [14]
Escherichia coli Protein fimH Yes P08191 [14]
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Appendix A (Continued )

Species Training set

Protein Protection Swiss-prot Reference

Haemophilus influenzae Outer membrane protein P1 Yes P43838 [21]
Haemophilus influenzae Outer membrane protein P5 Yes P45996 [14]
Haemophilus influenzae Outer membrane protein P6 Yes P10324 [14]
Helicobacter pylori Citrate synthase Yes Q9ZN37 [22]
Helicobacter pylori Urease B Yes Q7X3W5 [23]
Helicobacter pylori Catalase Yes Q9ZKX5 [24]
Helicobacter pylori NapA Yes Q9ZMJ1 [25]
Helicobacter pylori 10 kDa chaperonin Cytotoxicity-associated

immunodominant antigen
Yes P0A0R3 [14]

Legionella pneumophila OmpS Yes Q9Z374 [26]
Legionella pneumophila Heat shock protein 60 Yes Q5ZXP3 [26]
Legionella pneumophila Major secretory protein Yes P21347 [26]
Listeria monocytogenes Listeriolysin O Yes Q9L5B9 [14]
Listeria monocytogenes Protein p60 Yes P21171 [14]
Mycobacterium avium 65 kDa protein Yes Q48900 [27]
Mycobacterium avium Antigen 85B Yes Q06947 [27]
Mycobacterium bovis MPB-83 Yes P0A671 [28]
Mycobacterium bovis Antigen 85A Yes P0A4V3 [27]
Mycobacterium tuberculosis MPT64 Yes P0A5Q4 [29]
Mycobacterium tuberculosis PPE68 Yes Q79F92 [30]
Mycobacterium tuberculosis Ag85B Yes P31952 [31]
Mycobacterium tuberculosis ESAT-6 Yes P0A564 [32]
Mycobacterium tuberculosis KatG Yes Q4TUW2 [32]
Mycobacterium tuberculosis HBHA Yes P0A5P6 [32]
Mycobacterium tuberculosis MPT-63 Yes P0A5Q2 [33]
Mycobacterium tuberculosis MPT-83 Yes P0A670 [33]
Mycobacterium tuberculosis PstS-3 Yes P0A5Y2 [34]
Mycobacterium tuberculosis PstS-2 Yes O05870 [34]
Mycobacterium tuberculosis Phosphate-binding protein 3 Yes P0A5Y2 [14]
Neisseria meningitidis NspA Yes P96943 [35]
Neisseria meningitidis Transferrin binding protein TbpA Yes Q53348 [36]
Neisseria meningitidis Transferrin binding protein TbpB Yes Q53990 [36]
Pseudomonas aeruginosa Exotoxin A Yes P11439 [37]
Pseudomonas aeruginosa Porin Yes P32722 [38]
Pseudomonas aeruginosa PcrV Yes O30527 [39]
Pseudomonas aeruginosa Outer membrane porin F Yes P13794 [14]
Rickettsia tsutsugamushi 56-kDa protein Yes Q6EZA6 [40]
Shigella dysenteriae Shiga toxin B-chain Yes P69178 [14]
Staphylococcus aureus Enterotoxin type A Yes P0A0L2 [14]
Staphylococcus aureus Penicillin-binding protein 2′ Yes Q7DHH4 [41]
Staphylococcus aureus Clumping factor A Yes Q53653 [14]
Streptococcus agalactiae Group B streptococcial sip protein Yes Q3K3Z5 [42]
Streptococcus pneumoniae PspA Yes O34097 [43]
Streptococcus pneumoniae PsaA Yes Q8VQ82 [43]
Streptococcus pneumoniae Pneumolysin Yes P11990 [44]
Streptococcus pneumoniae Choline binding protein A Yes Q8DN05 [44]
Streptococcus pneumoniae PhpA Yes Q9AG74 [14]
Streptococcus pyogenes Fibronectin-binding protein Yes Q01924 [14]
Treponema pallidum Glycerophosphodiester phosphodiesterase Yes O30405 [45]
Treponema pallidum tpr K Yes O83867 [46]
Treponema pallidum TmpB Yes P19649 [47]
Treponema pallidum Antigen TpF1 Yes P16665 [14]
Yersinia pestis V antigen Yes P21206 [48]
Yersinia pestis Caf1 Yes P26948 [49]

Bordetella pertussis Acetyl-coenzyme A carboxylase carboxyl
transferase subunit alpha

No Q7VX94

Bordetella pertussis Holo-[acyl-carrier-protein] synthase No Q7VWV9
Borrelia burgdorferi Outer surface protein D (ospD) No Q05051
Borrelia burgdorferi 6-phosphogluconolactonase No O51240
Borrelia burgdorferi Acetate kinase No O51567
Borrelia burgdorferi Holo-[acyl-carrier-protein] synthase No O51043
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Appendix A (Continued )

Species Training set

Protein Protection Swiss-prot Reference

Borrelia burgdorferi Adenine deaminase No O50821
Brucella abortus Regulatory protein BvrR No O67996
Brucella abortus Dihydrolipoamide succinyl transferase No O85598
Brucella melitensis Translation initiation factor IF-2 No Q8YEB3
Campylobacter coli Dihydrodipicolinate reductase No Q5HWX1
Chlamydia trachomatis Chorismate synthase No O84373
Clostridium perfringens Shikimate dehydrogenase No Q8XMI8
Clostridium perfringens Chloramphenicol acetyltransferase No P26826
Clostridium tetani Transporter No Q890Y8
Coccidioides immitis Isocitrate lyase No Q96TP5
Coccidioides immitis Glyceraldehyde-3-phosphate dehydrogenase No Q8J1H3
Coccidioides posadasii Orotidine 5′-phosphate decarboxylase No Q4VWW3
Corynebacterium pseudotuberculosis 3-dehydroquinate synthase No P96749
Echinococcus granulosus Paramyosin No P35417
Escherichia coli Pantoate–beta-alanine ligase No Q8X930
Escherichia coli UPF0053 inner membrane protein yoaE No P0AEC1
Haemophilus influenzae Biotin carboxylase No P43873
Haemophilus influenzae Nucleoside diphosphate kinase No P43802
Haemophilus influenzae UvrABC system protein A No Q4QNT9
Helicobacter pylori Chemotaxis protein cheY homolog No Q9ZM64
Helicobacter pylori Protein-export membrane protein secF No Q9ZJ65
Helicobacter pylori Carbonic anhydrase No O25798
Helicobacter pylori Methylase No Q3S3S0
Helicobacter pylori Inorganic pyrophosphatase No Q8GK72
Legionella pneumophila Histidinol dehydrogenase No Q5X5W9
Legionella pneumophila Aconitate hydratase No Q5X4L7
Legionella pneumophila Triosephosphate isomerase No Q5ZRT6
Listeria monocytogenes Chemotaxis protein cheY No P0A4H5
Listeria monocytogenes Manganese transport system membrane

protein mntC
No Q8Y652

Mycobacterium avium Alanine and proline-rich secreted protein apa No Q48919
Mycobacterium avium Transposase No Q48909
Mycobacterium bovis Ribonuclease HII No Q7TXM7
Mycobacterium bovis Histidyl-tRNA synthetase No P67484
Mycobacterium tuberculosis PstS-1 No P15712
Mycobacterium tuberculosis PE35 No Q79F93
Mycobacterium tuberculosis Rv3878 No O69742
Mycobacterium tuberculosis Rv3879c No O69743
Mycobacterium tuberculosis Tryptophan synthase beta chain No P66984
Mycobacterium tuberculosis Thioredoxin reductase No P52214
Mycobacterium tuberculosis Transcription elongation factor greA No P64279
Mycobacterium tuberculosis 2,3-bisphosphoglycerate-dependent

phosphoglycerate mutase
No P0A5R6

Mycobacterium tuberculosis DNA gyrase subunit A No Q07702
Mycobacterium tuberculosis DNA gyrase subunit B No Q9L7L3
Mycobacterium tuberculosis Delta-aminolevulinic acid dehydratase No O33357
Neisseria meningitidis Amylosucrase No Q84HD6
Neisseria meningitidis Chorismate synthase No Q9JY99
Neisseria meningitidis Argininosuccinate synthase No Q9JXC1
Pseudomonas aeruginosa Gentamicin 3′-acetyltransferase No P23181
Pseudomonas aeruginosa Biotin carboxylase No P37798
Pseudomonas aeruginosa Isocitrate lyase No Q9I0K4
Pseudomonas aeruginosa Glycosyl transferase alg8 No Q52463
Rickettsia tsutsugamushi Rickettsia tsutsugamushi No Q53247
Shigella dysenteriae RepA No Q326M5
Staphylococcus aureus 6-phosphogluconate dehydrogenase No Q931R3
Staphylococcus aureus Acetate kinase No Q931P6
Staphylococcus aureus Fructose-bisphosphate aldolase No Q6G7I5
Streptococcus agalactiae Arginine deiminase No Q8E2K0
Streptococcus pneumoniae Dihydrodipicolinate synthase No Q97R25
Streptococcus pneumoniae Tyrosine recombinase xerC No Q7ZAK7
Streptococcus pneumoniae Initiation-control protein yabA No Q97R89
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Appendix A (Continued )

Species Training set

Protein Protection Swiss-prot Reference

Streptococcus pneumoniae Capsular polysaccharide synthesis protein No O07341
Streptococcus pneumoniae Transposase No O33754
Streptococcus pyogenes Alanine racemase No Q99Y98
Treponema pallidum TmpA No P07643
Treponema pallidum TmpC No P29724
Treponema pallidum Methionine aminopeptidase No O83814
Treponema pallidum Chemotaxis protein cheA No P96123
Yersinia pestis Uronate isomerase No Q8ZIC6
Yersinia pestis Flavoprotein wrbA No Q8ZF61

Species Test set

Protein Protection Swiss-prot Reference

Escherichia coli FepA Yes P05825 [50]
Escherichia coli Cell division inhibitor Yes P0AFZ6 [50]
Escherichia coli Colicin I receptor precursor Yes P17315 [50]
Klebsiella pneumoniae OmpA Yes P24017 [50]
Klebsiella pneumoniae OmpK17 Yes Q48427 [50]
Klebsiella pneumoniae OmpK36 Yes Q48473 [50]
Vibrio parahaemolyticus Hypothetical protein VP2716 Yes Q87L97 [50]
Salmonella typhimurium OmpW Yes Q8ZP50 [50]
Mycobacterium tuberculosis MPT51/MPB51 antigen Yes P0A4V6 [51]
Mycobacterium tuberculosis CFP6 Yes P0A5P2 [51]
Mycobacterium tuberculosis CFP10 Yes P0A566 [51]
Mycobacterium tuberculosis Mtb10.4 Yes P0A568 [51]
Mycobacterium tuberculosis Mtb8.4 Yes O50430 [51]
Mycobacterium tuberculosis Mtb12 Yes P0A5P8 [51]
Mycobacterium tuberculosis Mtb9.9 Yes P0A570 [51]
Mycobacterium tuberculosis Mtb32A Yes O07175 [51]
Mycobacterium tuberculosis PPE family protein (Mtb39) Yes Q7D8M9 [51]
Mycobacterium tuberculosis PPE family protein (Mtb41) Yes Q79FV1 [51]
Mycobacterium tuberculosis 14 kDa antigen (hspX) Yes P0A5B7 [51]
Mycobacterium tuberculosis Phosphate-binding protein 1 (PstS-1) Yes P15712 [51]
Mycobacterium tuberculosis Putative lipoprotein lppX (LppX) Yes P65306 [51]
Streptococcus agalactiae Hypothetical protein Yes Q9ZHG7 [52]
Streptococcus pneumoniae Putative endo-beta-N-acetylglucosaminidase

[Precursor]
Yes P59206 [52]

Streptococcus pneumoniae 1,4-beta-N-acetylmuramidase [Precursor] Yes Q9Z4J8 [52]
Bacillus anthracis PXO2-08 Yes Q9RN24 [52]

Klebsiella pneumoniae Aminoglycoside 3′-phosphotransferase No P00552
Klebsiella pneumoniae Pullulanase secretion protein pulS

[Precursor]
No P20440

Klebsiella pneumoniae His operon leader peptide No Q48439
Mycobacterium tuberculosis 6-phosphogluconolactonase No P63338
Mycobacterium tuberculosis Aminoglycoside 2′-N-acetyltransferase No P0A5N0
Mycobacterium tuberculosis Acyl-CoA dehydrogenase fadE12 No P71539
Mycobacterium tuberculosis Isocitrate lyase No P0A5H3
Mycobacterium tuberculosis Acetate kinase No P63409
Mycobacterium tuberculosis Meromycolate extension acyl carrier protein No P0A4W6
Mycobacterium tuberculosis Adenosine deaminase No P63907
Mycobacterium tuberculosis L-asparagine permease 1 No O33261
Mycobacterium tuberculosis Potassium-transporting ATPase A chain No P65209
Mycobacterium tuberculosis Biotin synthase No P0A506
Mycobacterium tuberculosis Fumarate reductase flavoprotein subunit No P64174
Mycobacterium tuberculosis DNA translocase ftsK No O33290
Mycobacterium tuberculosis Galactokinase No P96910
Mycobacterium tuberculosis Hemoglobin-like protein HbN No P0A592
Mycobacterium tuberculosis Phosphoglucosamine mutase No O06258
Mycobacterium tuberculosis Nitrogen regulatory protein P-II No P64249
Mycobacterium tuberculosis Serine hydroxymethyltransferase 2 No O53615
Mycobacterium tuberculosis Phosphoheptose isomerase No P0A604
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Appendix A (Continued )

Species Test set

Protein Protection Swiss-prot Reference

Mycobacterium tuberculosis Porphobilinogen deaminase No P64336
Mycobacterium tuberculosis Translation initiation factor IF-1 No P0A5H5
Escherichia coli Capsule polysaccharide export protein kpsC No P42217
Escherichia coli Bicyclomycin resistance protein No P28246
Escherichia coli Isoaspartyl dipeptidase No P39377
Escherichia coli FMN reductase No P80644
Escherichia coli Leu operon leader peptide No P0AD79
Salmonella typhimurium Universal stress protein A No Q8ZLD7
Salmonella typhimurium Phosphoglycolate phosphatase No Q8ZLK5
Salmonella typhimurium Formate-dependent nitrite reductase No Q8ZKF4
Vibrio parahaemolyticus Nucleoside diphosphate kinase No Q87S20
Vibrio parahaemolyticus Acetylornithine deacetylase No P59601
Vibrio parahaemolyticus Chorismate synthase No Q87MM9
Streptococcus agalactiae Mannonate dehydratase No Q3K203
Streptococcus agalactiae Transporter, BCCT family protein No Q3D265
Streptococcus agalactiae Homoserine kinase No Q3D272
Streptococcus pneumoniae Dihydropteroate synthase No P05382
Streptococcus pneumoniae Isoleucyl-tRNA synthetase No Q9ZHB3
Streptococcus pneumoniae Pneumolysin No Q2XU25
Streptococcus pneumoniae Methionyl-tRNA formyltransferase No Q97PA6
Streptococcus pneumoniae Formamidopyrimidine-DNA glycosylase No Q97R61
Bacillus anthracis Iron compound ABC transporter, permease

protein
No Q6HR47

Bacillus anthracis Major facilitator family transporter No Q6HR65
Bacillus anthracis Histidinol dehydrogenase No Q81T62
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