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INTRODUCTION

Abstract

Helicobacter pylori, which have colonized half the world’s population, have a prevalence of 70% to 90 % in
developing countries and 25% to 50 % in industrialized countries. It is well established that the infection is
associated with the development of chronic gastritis, gastric and duodenal ulcers and stomach cancer in
humans. Helicobacter pylori were the first pathogenic bacteria whose interactome was deduced. Topologic
analysis identified 702 proteins involved in 1,359 interactions coverage of 97.7 % with scale-free networks. In
other words, the interactome contains topologically essential proteins, however, because these proteins and
their physiological associations have not been described, we cannot identify potential therapeutic targets. To
identify topologically essential proteins we reconstructed the interactome of H. pylori strain ATCC 26695 using
BioNetBuilder and Cytoscape NetworkAnalyzer the cytoHubba web application. The reconstruction presented
896 proteins and 2416 interactions with a coverage of 96 % of the proteome adjusted to the distribution of the
power law. In other words, the reconstruction presented a scale-free network. We used NetworkAnalyzer and
the Hubba application to identify essential proteins according to the BC and K parameters. On that basis we
constructed a subnetwork. Analysis of this subnetwork showed that the type IV secretion system interacts with
metabolic subsystems of lipids, amino acids and nucleic acids by means of proteins for which this interaction
has not been suggested. Moreover, these interactions can be explained by profiles of expression that are
dependent on pH, adhesion and iron homeostasis. This allows us to complements both the basic biology of
the strain as well as to postulate putative new therapeutic targets.
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An interaction network is composed of nodes and con-
nections. The nodes may be distributed randomly or may

Helicobacter pylori has colonized the stomachs of half of the
world’s population (1, 2). Its prevalence in adults ranges
from 70% to 90% in developing countries and is between
25% and 50% in industrialized countries (3). It is known
that infection is associated with chronic gastritis, gastric
ulcers and stomach cancer mediated by adhesion of bacteria
strains to host epithelial cells (1,2, 4, S, 6, 7). Nevertheless,
not all of them not all produce infections (8).

follow a specific distribution. Free scale means that nodes
are densely connected (11). The relationship between the
topological properties (genes or proteins) of nodes and their
functional essentiality is well established (42). In fact, there
are bioinformatic programs, for example Hubba, for identi-
fying these nodes from an interactome (33). The interactome
of Helicobacter pylori strain ATCC 26695 had 1,200 interac-
tions and covered 46% of the proteome (9). Subsequently,
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it was reported to be free scale with 702 proteins and 1,359
interactions with a coverage of 97.7% ( 10, 11, 12, 13). It was
also possible to biochemically validate 76% of these interac-
tions (14). To date the urease complex, the flagellar complex
and the type IV secretion system complex have been characte-
rized (14, 15,16, 17,18, 19, 20). Protein feedback interactions
that could affect the activity of specific regulons have recently
been suggested. These include the ferric uptake regulator
(Fur), RopD and heat shock (21). Nevertheless, no study has
determined the topological essentiality and physiological sig-
nificance of interactome proteins that could lead to the identi-
fication of therapeutic targets.

In this study we have constructed a subsidiary network
of topologically essential proteins that we propose as puta-
tive therapeutic targets. It was also possible to determine
the topological centrality of the type IV secretion system
and protein interactions linking it with metabolic subsys-
tems. These interactions reveal physiological associations
which can be explained in the context of gene expres-
sion under specific conditions of pH, adherence and iron
homeostasis.

MATERIALS AND METHODS

Thereconstruction ofthe networkwas developedinversions
2.8.2 and 3.0.1 of Cytoscape (22, 23). BioNetBuilder 2.0
was used to mine databases for interaction data on H. pylori
strain ATCC 26695 (24). Databases used were BIND,
KEGG, MINT, Intact and DIP 5.0 (25, 26, 27, 28, 29). All
network nodes were named with Uniprot code, and repea-
ted nodes and loops were removed (30).

Topological parameters evaluated included grade (k)
which indicates the degree of connectedness of one node
with other nodes; intermediation (BC) which indicates
the number of times that a node is visited; and centrality
(CC) which indicates which nodes are closest to the cen-
ter of the network (31). The NetworkAnalyzer plugin was
used for this evaluation (32). To determine the topological
centers, nodes with the highest values for k and BC were
compared with the results obtained from Hubba http://
hub.iis.sinica.edu.tw/Hubba/ (33). Two subsidiary net-
works were constructed with these comparative data: inte-
grated subsidiary network K, and subsidiary network DS
following the Double Screen parameter (DS).

Perturbation was analyzed with the PerturbationAnalyzer
plugin for Cytoscape (35). Then, subnet k nodes were
mapped against the results of the analysis of perturbation.
Only those mapped nodes that displayed values greater
than 2 were selected (34). The integrated subset of the net-
work (k) was subjected to interference analysis using the
Interference 1.0 Cytoscape plugin for use as a control (36).
Perturbations were performed assuming that the concen-

trations of all nodes had doubled. All nodes of Integrated
subnet k and Subnet DS were mapped in UniProt
(Universal Protein Resource), KEGG (Kyoto Encyclopedia
of Genes and Genomes), and DEG (Database of Essential
Genes) (26, 30, 37). BLAST (Basic Local Alignment
Search Tool) was used to compare information against a
human database and DrugBank (38, 39). All analyses were
carried out on a bioinformatics Dell T7600 work station.

RESULTS

The network had 896 nodes and 2,416 interactions cove-
ring 96% of the proteome. The K parameter and the num-
ber of nodes correlated positively (0.901, R> = 0.884) and
its distribution was confirmed by the power law (Figure
1) (40). Of the SO most common nodes according to K
mapped in KEGG, 18% are hypothetical proteins; 25% are
Cags, Cag7, CagA, and Cag-Alpha of the type IV secretion
system; and 8% are rpoBC, SpoT, PyrF and Ndk regulatory
proteins. Other proteins detected included FIgB, protein
A of the UvrABC complex, CobB, HcpB, AspB and Bep
of various metabolic subsystems. Finally, 8% of the pro-
teins were from metabolic subsystems that synthesize fatty
acids such as AccD, AcpP, FabE and proteins similar to
lipase. CytoHubba results for the 50 most common nodes
for K are similar, however the values of each node changes
and there are two different nodes corresponding to glnA
and feoB (Table 1, Figure 1B and Figure 1C).

Of the 50 most common for the BC parameter, 30%
are hypothetical proteins; 8% are regulatory proteins; 6%
are proteins of the flagellar apparatus such as FlgB, PlA
and FliS; 10% correspond to DNA repair, replication
and RNA degradation systems including MutS2, TopA,
rpoD, RNase J and protein A from the UvrABC system;
6% are from the synthetic lipid metabolism including
AcpP, FabE, and proteins similar to lipase; 8% are amino
acid metabolism proteins such as CobB, SdaA, AspB
and Delta-1-pyrroline-5-carboxylate ~dehydrogenase;
and the remaining 24% include HcpB feoB, selA, 6-car-
boxy-$ ,6,7,8-tetrahidropterin synthetase, TktA, CopA ,
the substrate binding protein of the ABC transporter,
and urease complex secretion system proteins including
CagA Cag8 Cag7 Cag Alpha and urel channel. Mapping
the perturbation analysis results against top 50 KB results
shows that hcpB flgB, rpoBC, CagA, Cag7, Cag alpha,
Cag3, SpoT, UvrABC, Cagl6, Cag 8 AccD, AcpP, AspB,
bep, FabE, feoB, pyrF, queD, GppA and urel (accom-
panied by hypothetical proteins) are the topologically
essential proteins of the interactome of the ATCC 26695
strain of Helicobacter pylori. The interference analyses
showed that the network breaks when any of these topo-
logical centers is eliminated (Table 2 and Figure 2C).
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Figure 1. A- General view of the interactome of the ATCC 26695 strain of Helicobacter pylori. B and C map nodes in the interactome according to K
and BC parameters. The circle shows the cluster of the type IV secretion system. D shows the node distribution which is evidence of the power law of

the network.

The cytoHubba DS parameter groups nodes into
several clusters. Cluster 1 represents the metabolism of
pyruvate and propanoate, fatty acid synthesis, and the
central metabolism. Of these, nodes without human
homologues are ppsA, FabH, carboxin and spermidine,
FabE, Pta, porA, porB and porD and porG which is also
essential in DEG (DEG10080201 (E = Se-93)). Cluster
2 represents the metabolism of amino acids and nitro-
gen. Only two proteins do not have human homologues:
panD and murl. Cluster 3 represents the metabolism of
nucleic acids and specific amino acids. Among the pro-
teins in this cluster that are without human homolo-
gues are SurE and Gpt. Cluster 4 represents systems of
replication, repair, and recombination. Significant nodes
according to DEG are the protein (dnaN DEG10080082
(E = 0.0)), the HP1247 protein (DEG: DEG10080237
(E=0.0)), the ropZ protein (DEG:DEG10080134 (E =
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2e-36)) and HoLB (DEG:DEG10080229 (E = 8e-94)).
Finally, Cluster S represents the type IV secretion system,
and there is evidence of interactions between the queD
protein and Cluster 6 which represents the ATP synthase
system. (Figure 2B).

DISCUSSION

Scale-free means that interactome nodes follow a power
law distribution, are known to be essential, organize the
network, and are evolutionarily conserved (40, 41, 42, 43,
44, 45, 46). In this study we identified topological nodes
for the type IV secretion system (TIVSS), the flagellar
machinery, the stress response system, for recombination,
repair and transcription systems, for iron homeostasis,
for protection against reactive oxygen species and for the
urease system.
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Table 1. Top 50 nodes with significant K values for the ATCC 26695 strain of Helicobacter pylori’s interactome. Names are those used in the Uniprot
protein code.* Nodes vary between the Hubba application and the Cytoscape statistical derivatives.

Name K cc Description HUBBA
034810 55  0.34392157  Protein not characterized 034810
025103 50 0.34097978 Beta-lactamase HcpB H64561
026081 46  0.32785047  FigB flagellar body protein; hpy02040: flagellar Assembly. 026081
025520 43  0.34177708  Uncharacterized protein 025520
025806 40  0.33992248  Bifunctional DNA-directed RNA polymerase F64669

hpy00230: purine metabolism;hpy00240: Pyrimidine Metabolism
P55980 37  0.29340917  Immunodominant cagA antigen. Cag26; hpy05120: Infection by H. pylori. 64588
025263 34 03026225 Cag8 pathogenicity island Protein. hpy05120: Infection by H. pylori. 025263
025262 33 0.30377555  Cag7 pathogenicity island Protein. hpy05120: Infection by H. pylori. 025262
025546 32 0.30978453  Uncharacterized protein. 025546
Q7BK04 31 0.29972659 Cag alpha protein. Cag-alpha. Q7BK04
025162 31 0.32159883  Uncharacterized protein 025162
025258 29 0.28072983  Cag3 pathogenicity island Protein. hpy05120: Infection by H. pylori. 025258
025466 28  0.34541158  SpoT Protein; hpy00230: purine metabolism. 025466
025273 28  0.3026225  Cag19 pathogenicity island Protein. hpy05120: Infection by H. pylori. 025273
P56474 27  0.33019578  UvrABC system protein A; hpy03420 DNA repair system. 025270
025270 27 0.28336026 Cag16 pathogenicity island Protein. hpy05120: Infection by H. pylori. C64677
025849 27  0.30902044 NAD-dependent protein deacetylase. CobB; hpy00520: Metabolism of amino acid and nucleotide sugars. A64608
P97245 26 0.28064 Cag12 pathogenicity protein (CagT; hpy05120: H. pylori infection. 025272
Q48252 26  0.28055022 Cag23 pathogenicity protein (CagE. hpy05120: H. pylori infection. D64586
025272 26 0.29174983  Cag18 pathogenicity island Protein. hpy05120: Infection by H. pylori. H64587
025278 25 0.27051203  Cag25 pathogenicity island Protein. hpy05120: Infection by H. pylori. 025260
025260 25 0.27051203 Cag5 pathogenicity island Protein. hpy05120: Infection by H. pylori. 025278
025264 25 0.27051203 Cag9 pathogenicity island Protein; hpy05120: Infection by H. pylori. 025274
025271 25 0.27051203  Cag17 pathogenicity island Protein; hpy05120: Infection by H. pylori. 025265
025275 25 0.27051203 Cag21 pathogenicity island Protein .hpy05120: Infection by H. pylori. 025264
025266 25 0.27051203 Cag11 pathogenicity island Protein; hpy05120: Infection by H. pylori. 025276
P97227 25 027051203 Cag13 pathogenicity protein (CagS. hpy05120: H. pylori infection. 025269
025261 25 0.27051203 CAGS6 pathogenicity island Protein . hpy05120: Infection by H. pylori. 025275
025265 25 0.27051203  Cag10 pathogenicity island Protein; hpy05120: Infection by H. pylori. 025266
025257 25 0.27051203 Cag1 pathogenicity island Protein . hpy05120: Infection by H. pylori. F64586
025269 25 0.27051203  Cag15 pathogenicity island Protein; hpy05120: Infection by H. pylori. 025268
025259 25 0.27051203 Cag4 pathogenicity island Protein . hpy05120: Infection by H. pylori. 025271
025268 25 0.27051203  Cag14 pathogenicity island Protein; hpy05120: Infection by H. pylori. 025261
025277 25 0.27051203  Cag24 pathogenicity island Protein; hpy05120: Infection by H. pylori. 025277
025276 25 0.27051203  Cag22 pathogenicity island Protein; hpy05120: Infection by H. pylori. 025257
025274 25 0.27051203  Cag20 pathogenicity island Protein; hpy05120: Infection by H. pylori. 025259
024949 25  0.3026225  Uncharacterized Protein; 024949

025604 23  0.29870572  Acetyl-CoA carboxylase carboxyltransferase subunit beta. AccD. hpy00061: synthesis of fatty acids; hpy00620: pyruvate 025604
metabolism; hpy00640: propanoate metabolism.

025106 23  0.30085763  Lysozyme 025106
025615 22 0.31763854  Acyl carrier protein. AcpP; Lipid synthesis. 025615
P56075 22 0.29370395 Nucleoside diphosphate kinase. Ndk; hpy00230: purine metabolism; hpy00240: pyrimidine metabolism. 026022
026022 22 0.32994733  Lipase-like protein. 025383
025383 22 0.26672749  Aspartate aminotransferase. AspB; hpy00250: alanine, aspartate and glutamate Metabolism; 025061

hpy00270: cysteine and methionine Metabolism;

hpy00330: arginine and proline Metabolism;

hpy00350: tyrosine Metabolism; hpy00360: phenylalanine Metabolism;
hpy00400: biosynthesis of phenylalanine, tyrosine and tryptophan;
hpy00401: novobiocin biosynthesis.

024926 22 0.31535419  Uncharacterized protein. 024926
025061 22 0.31011315  Uncharacterized protein. F64544
026026 21  0.3240946  Uncharacterized protein. 025135
025135 21 0.30409154  Biotin carboxyl carrier protein. FabE; hpy00061: fatty acids Biosynthesis; hpy00620: pyruvate Metabolism; 026026
hpy00640: propanoate metabolism.
P55979 21 0.28511053  Putative peroxiredoxin. Bep. H64536
025031 19  0.30568142  Uncharacterized protein. H64583 *
P56155 19  0.31558114  Orotidine 5-phosphate decarboxylase. PyrF; hpy00240: pyrimidine metabolism. * 564605
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The K subset of the network shows that the type IV secre-
tion system (TIVSS) isa topological central axis (See Figure
1 and Figure 2) for which the Cag7 Cag8, Cag3, Caglé,
Cagl8, Cag Alpha and CagA proteins are topological
nodes. These interactions have been experimentally con-
firmed (18, 47). These nodes perform essential functions
for the TIVSS molecular dynamics. Specifically, Cagls,
Cagl9 and Cag7 recognize integrins that promote the
secretion of CagA (51, 52, 53) the translocation of which is
mediated by Cagl6 (54). Consequently, CagA can destroy
the epithelial barrier and modify host signaling pathways
(48). In addition, Cag3 is essential for the TIVSS assembly
(49) and Cag Alfa facilitates substrate transport (50).

We suggest that interactions between CagA, Cag3, Cags,
Cag7 and Cagl6 regulate TIVSS and may link physiologi-
cally with metal homeostasis, acclimation to acidic media,
adhesion to host cells and flagellar assembly. These sugges-
tions are based on expression data. For example, Cagl6 and
Cag8 are upregulated at pH 4.5 without urea (55), Cag3
expression is influenced by Fur and by adhesion (56, 21),
and cagA is upregulated at pH 2.5 and induced by FlgS (57,
58). Also, expression of Cag3 and CagA is regulated by iron
in the logarithmic growth phase (59). a situation which
occurs with other CAG genes whose proteins were not
identified here as essential nodes (21). This study shows
that these protein interactions follow a physiological pat-
tern that could imply the existence of TIVSS regulation
forms that have not been studied and that these proteins
could be considered as putative therapeutic targets.

Within the flagellar machinery two proteins identified
as topological nodes have for the first time been proposed
as putative therapeutic targets. First, the FliS protein is

essential for flagellar assembly because it prevents polyme-
rization of Flagellin (60). In fact, FliS mutants lose their
flagella and become paralyzed (61, 62, 63). Second, the
FlgB protein which is located between the peptidoglycan
and the internal membrane is important in the formation of
the duct for the flagellar motor (60). Physiologically, flgB
expression increases in pH 4.5 without urea (55) as when
it has adhered to the cell (56), but, contradictorily, it is not
influenced by FlgS (57) which is supposed to be a master
regulon. In fact, HspR, HrcA y Fur are the ones that positi-
vely influence the expression of flgB linking the protein to
stress response and metal ion homeostasis. This makes it
possible to generate new hypotheses for experimental
work. On the other hand, the expression of fliS is regulated
by sigma 28 and HrcA, making it a gene that responds to
stress events. In other words, it is a type III flagellar regula-
tion gene (21).

During starvation and at low pH, H. pylori produce
ppGpp, a regulator which coordinates adaptation for
survival (66). The topological nodes SpoT, GppA and
NdK identified herein represent the complete enzymatic
machinery for processing it metabolically (64). Adaptation
occurs through SpoT under a limiting amino acid situa-
tion, during aerobic shock or when exposed to an aci-
dic medium (65). SpoT mutant strains do not grow in a sta-
tionary phase but transform themselves into their coccoid
forms. In addition, they cannot survive Turing stress con-
ditions (65). SpoT and GppA expression are significantly
repressed when the bacterium is in its most virulent growth
phase (67, 58, 55). It has been experimentally determined
that SpoT is an essential protein for the bacterial strain
(Table 2). These proteins should be considered to be very

Figure 2. View of subsidiary networks with densely connected nodes. A- Map of interactome nodes in the Top 100 K subsidiary network are in
black. B- The Top 100 DS subsidiary network. Circles represent clusters. Clusterl: pyruvate, propanoate metabolism, fatty acid synthesis and central
metabolism. Cluster2: amino acids and nitrogen metabolism. Cluster3: Metabolism of nucleic acids and specific amino acids. Cluster4: replication,
repair, and recombination systems. ClusterS: type IV secretion system and pathogenicity islands. Cluster 6: ATP synthase system and oxidative
phosphorylation. Clusters of proteins that link metabolic subsystems with type IV secretion system. C- Top100 K subsidiary network. All subsidiary

networks were generated in HUBBA.
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Table 2. Top 50 nodes under disturbance analysis of the interactome of the ATCC 26695 strain of Helicobacter pylori. DEG: Database of essential
genes. CA: access code using Blast human homolog. NC: Uncharacterized. NS: not significant.

Uniprot Disturbance DEG / Value E Blast CA/ Value E Blast DrugBank
034810 42 NO NS NO

026081 32 NS NS NO

H64561 29 DEG10080059 / 3E-79 NP_001258468.1/8e-08 NO

025546 24 NO NS NO

025520 19 DEG10080145 / 2e-51 NS NO

025162 18 NO NS NO

025106 17 NS NS NO

F64669, 025806 15 NO NP_000928.1/ 2e-49 Rifampicin, rifaximin, rifabutin, rifapentine, tagetitoxin, myxopyronin B
H64536, P55979 15 NO NP_005800.3/2e-10 Naphthalene-2,6-disulphonic acid
024949 13 NS NS NO

025226 13 NO NO NO

C64677, 025849 12 NO NP_001180196.1/4e-36 Suramin
(64605, 025396 1 NS NS NO

024926 1 NO NS NO

025031 10 NS NS NO

025615 10 DEG10080088/2e-29 NP_004994.1/2e-08 Heptil 1-Tioexopiranosida’
025061 9 NO NS NO

A64608, P56474 7 NS NS NS

E64520, P56155 7 NO NS 1 - (5"-phospho-beta-D-ribofuranosyl); 6-Hidroxiuridina-5'-phosphate.
025041 7 NO NS NO

025940 7 NO NS NO

026026 7 DEG10080300/e-112 NS NO

C64698, POAOV6 6 NO NO NO

025604 6 NO NP_000523.2/7e-13 NS

034461 6 NO NO NO

C64588, P55980 5 NO NO NO

E64636, 025587 5 NO NO NO

(64630, P55981 5 NS NO NO

024861 5 NO NO NO

025107 5 NO NO NO

026063 5 NS NO NO

E64711, 026061 4 NO NS 2'-deoxiuridilico acid

5-bromo-2'-deoxyuridine-5'-monophosphate
5-Fluoro-2'-deoxyuridine-5'-monophosphate

025055 4 NO NO NS

025383 4 NO NP_001008662.1/8e-43 NS

Q7BK04 4 NS NO Adenosine-5-diphosphate
A41834, Q09068 3 NO NO NO

B64682 3 DEG10080250/6e-37 NO NO

024871 3 DEG10080004 / 2e-99 NO NO

025135 3 NO NO NO

025140 3 NO NO NO

025351 3 NO NO NO

025416 3 NO NO NO

025438 3 NO NO NO

AB4709 2 NO NO NO

025258 2 NO NO NO

025262 2 NO NO NO

025369 2 NO NO NO

025466 2 DEG10080133/0.0 NS Guanosine 5'-diphosphate 2 *: 3'-cyclic monophosphate.
026022 2 NO NO NO

025270 1 NO NO NO

025272 1 NO NO NO

! No translation could be found for this substance.
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novel therapeutic targets because they allow us to hypothe-
size ways of attacking environmental forms of the bacteria.

Another topological nodes is protein A of the UvrABC
system. In E. coli and in H. pylori, this protein is the first
to recognize DNA fragments that need to be repaired (70,
71). Mutant strains of this gene do not survive in ultraviolet
light and recombine less often (72). Subsequently, a node
that corresponds to the RpoBC protein has been identified
within the transcriptional machinery. It is encoded by a
fused gene that contains fully functional RNA polymerase
B and B> subunits (68).

Finally, we mention a number of topological nodes that
are members of a series of various systems. HpcB proteinisa
member ofafamily of proteins thathydrolyze penicillin rings
and cephalosporanic acid derivatives. Structurally HpcB is
considered unique and has been proposed as a new family
of penicillin-binding proteins (69). It has been known that
iron is essential for homeostasis of Helicobacter pylori, but
in fact, the most intricate transcriptional regulatory net-
work is governed by Fur (21). Another node corresponds
to FeoB, main iron transporter which is essential for growth
and virulence (73). BCP is another protein that has been
identified. It is a peroxiredoxin that protects the bacterium
from reactive oxygen species. BCP mutant strains do not
survive in the presence of superoxide and organic hydro-
peroxides. In addition, after three weeks of colonization
they die (74). AccD and AccP proteins are necessary for
H. pylori’s microaerophilic metabolism (75). Finally, the
Urelproteinisaurea channellocatedin the inner membrane
whose expression increases as pH decreases from pH 7.4 to
4.5 without urea (55, 58, 76). At pH 4.5 flgS controls its
expression (57). We propose that the FabE QueD, AspB,
CobB and pyrF nodes are topological centers and that the
FabE and QueD proteins interact with Cag7, Cagl2 and
Cag8 in accordance with the Double Screen subsidiary
network. This article has examined the proteins considered
topological nodes for the interactome of the ATCC 26695
strain of Helicobacter pylori and proposes new therapeutic
targets that have key roles in the physiology of the bacteria.
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