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Helicobacter pylori infections cause gastric ulcers and
play a major role in the development of gastric cancer. In
2001, the first protein interactome was published for this
species, revealing over 1500 binary protein interactions
resulting from 261 yeast two-hybrid screens. Here we
roughly double the number of previously published inter-
actions using an ORFeome-based, proteome-wide yeast
two-hybrid screening strategy. We identified a total of
1515 protein–protein interactions, of which 1461 are new.
The integration of all the interactions reported in H. pylori
results in 3004 unique interactions that connect about
70% of its proteome. Excluding interactions of promiscu-
ous proteins we derived from our new data a core network
consisting of 908 interactions. We compared our data set
to several other bacterial interactomes and experimen-
tally benchmarked the conservation of interactions using
365 protein pairs (interologs) of E. coli of which one third
turned out to be conserved in both species. Molecular &
Cellular Proteomics 13: 10.1074/mcp.O113.033571, 1318–
1329, 2014.

Helicobacter pylori is a Gram-negative, microaerophilic
bacterium that colonizes the stomach, an unusual highly

acidic niche for microorganisms. In 1983, Warren and Mar-
shall found it to be associated with gastric inflammation and
duodenal ulcer disease (1, 2). A chronic infection with H. pylori
can lead to development of stomach carcinoma and MALT
lymphoma (reviewed in (3)). Hence, the World Health Organi-
zation has classified H. pylori as a class I carcinogen (4). It is
estimated that half of the world�s population harbors H. pylori
but with large variations in the geographical and socioeco-
nomic distribution while causing annually 700,000 deaths
worldwide (reviewed in (5)).

The pathogenesis of H. pylori has been extensively studied,
including the effector CagA, cytotoxin VacA, its adhesins and
urease (reviewed in (3, 5–7)). The latter allows the bacterium to
neutralize the stomach acid through ammonia production.
However, H. pylori is not a classical model organism and thus
many gaps in our knowledge still exist.

The genome of H. pylori reference strain 26695 was com-
pletely sequenced in 1997 (8) and encodes 1587 proteins of
which about 950 (61%) have been assigned functions (ex-
cluding “putatives”; Uniprot, CMR (9)). These numbers indi-
cate that a large fraction of the proteins of H. pylori has not
been functionally characterized.

Protein–protein interactions (PPIs)1 are required for nearly
all biological processes. Unbiased interactomes are helpful to
understand proteins or pathways and how they are linking
poorly or uncharacterized proteins via their interactions. For
instance, our study of the Treponema pallidum interactome
(10) has led to the characterization of several previously “un-
known” proteins such as YbeB, a ribosomal silencing factor
(11), or TP0658, a regulator of flagellar translation and assem-
bly (12, 13). However, only a few other comprehensive bac-
terial interactome studies have been published to date, in-
cluding Campylobacter jejuni (14), Synechocystis sp. (15),
Mycobacterium tuberculosis (16), Mesorhizobium loti (17), and
recently Escherichia coli (18). In addition, partial interactomes
are available for Bacillus subtilis (19) and H. pylori (20). Most of
them used the yeast two-hybrid (Y2H) screening technology
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(21) which allows the pairwise detection of PPIs. Furthermore,
a few other studies (22–25) systematically identified protein
complexes and their compositions in bacteria.

In 2001, Rain and colleagues have established a partial
interactome of H. pylori, the first published protein interaction
network of a bacterium (20). In this study, 261 bait constructs
were screened against a random prey pool library resulting in
the detection of over 1500 PPIs. Although this network likely
represents a small fraction of all PPIs that occur in H. pylori,
many downstream studies were motivated by these results
(see below).

Recent studies have disproved the notion that Y2H data
sets are of poor quality (26, 27). Similarly, a high false-nega-
tive rate can be avoided by multiple Y2H expression vector
systems (28–30) or protein fragments as opposed to full-
length constructs (31). The aim of this study was to system-
atically screen the H. pylori proteome for binary protein inter-
actions using a complementary approach to that of Rain et al.
to produce an extended protein–protein interaction map of H.
pylori. As a result, we have roughly doubled the number of
known binary protein–protein interactions for H. pylori in this
study.

EXPERIMENTAL PROCEDURES

Cloning, Yeast Two-hybrid Screens, and Pairwise Tests—
Cloning—Full-length ORFs of H. pylori were shuttled from

pENTR221 entry clones (PFGRC, JCVI, Rockville, MD, USA) into Y2H
plasmids pGBGT7g, pGADT7g (32, 33), pGBT9-GW, pDEST32, and
pDEST22 (Invitrogen, Carlsbad, CA) using Gateway® cloning (see
supplemental Table S1 for details). For interolog tests E. coli ORFs
(32) were shuttled into plasmids pGBGT7g, pGADT7g, and pGBKC-
atg (18). Clones were checked for correctness by PCR.

Individual bait plasmids were transformed into haploid yeast strain
CG-1945 and prey plasmids into Y187 (Clontech, Mountain View, CA)
as described (34).

The prey library was created by growing all plasmid strains of the
H. pylori entry clone library individually in selective LB medium, fol-
lowed by pooling and plasmids isolation. The resulting entry clone
plasmid pool was shuttled into the prey plasmids pGADT7g and
pDEST22 using a Gateway LR reaction (Invitrogen). The reaction was
then transformed into electrocompetent E. coli DH10B (ElectroMAXTM,
Invitrogen), grown in selective LB medium and plasmids isolated.
Plasmid pools were then individually transformed into Y187 as de-
scribed (35) and spread onto 24 � 24 cm dishes containing S.D. agar.
Finally all colonies were scratched from the plates, resuspended in
25% glycerol, and stored as 50 �l aliquots at �80 °C.

Y2H Screens—Yeast baits and prey libraries were grown and
mated as described in (36) with the following adjustments: for liquid
mating corresponding volumes of OD600 � 2 of each individual bait
strain and the prey pool were mixed. Selection of positive diploids
was carried out on plates (15 cm diameter) containing agar medium
with S.D. medium (MP Biomedicals, Solon, OH) without the amino
acids Leu, Trp, and His supplemented with 0.1 mM 3-Amino-1,2,4-
triazole (3-AT). The screening plates were incubated for 3–5 d at
30 °C. To check the mating efficiency, a 1:10,000 dilution was plated
on -Leu-Trp S.D. agar in parallel to the screens and the number of
diploid colonies was determined. A screen was repeated if the num-
ber of colonies was �200,000. For auto-activating baits, screens
were repeated on 1 and 10 mM 3-AT.

Y2H positive preys were identified by colony PCR after Zymolyase
(amsbio) treatment using BIOTAQTM Red DNA Polymerase (BIOLINE)
following enzymatic purification as described (37). PCR products
were verified by agarose gel electrophoresis and analyzed by Sanger
sequencing (GATC, Köln, Germany). The identities of the sequences
were identified by blastn analysis. The sequences were blasted
against a sequence database with ORF sequences of H. pylori strain
26695 and J99 and E. coli K12 (control).

Retests/interologs Pairwise Tests—Bait and prey pairs were re-
tested individually and tested against a self-activation negative con-
trol (empty prey plasmid) as described (38).

Data Set Definitions and Analyses—
PRS—A set of literature-curated interactions of H. pylori are used

here as positive reference set (PRS) (supplemental Table S3). Small-
scale studies and protein structures were considered only.

Definition of the Proteomes—The proteome of H. pylori is defined
as the complete proteome provided by Uniprot (39) (strain ATCC
700392/26695) complemented with proteins from strain J99 (Fig. 1A).

Protein Interaction Networks from Literature—The literature protein
networks and large scale studies in other species used for the net-
work comparisons have been compiled from BIND (40), BioGRID (41),
DIP (42), INTACT (43), MINT (44), and MPIDB (45) (releases available
in May 2012) following the method described in (46).

Network Topology—The networks derived in this and previously
published studies were analyzed using Cytoscape 2.8.3 and plugins
(47, 48).

Connectivity Between Protein Functions—We used the cellular
subrole definition from the Comprehensive Microbial Resource (CMR)
web pages (49). We calculated the number of direct connections
between all annotations in the H. pylori combined core PIM (including
both homo- and heteromers) and in 10,000 networks with randomized
nodes. For clarity, we filtered out annotations with only one interact-
ing protein and pairs linked by �3 PPIs. In addition, we removed
annotations such as “Hypothetical proteins/Conserved” and “Un-
known function/General.“ Finally, we calculated the z-score for each
pair of shared annotation by comparing the number of links in the
experimental network to the average number of links in the random
networks (10).

Semantic Similarity of GO Terms—We measured semantic similar-
ity of GO terms using the R package GOSemSim (50). Applying the
mgosim function we calculated the maximum similarity over all pairs
of GO terms of interacting proteins as described (51). Homomers
were excluded.

Interactome Conservation—We compared the H. pylori interac-
tome to published binary interactomes as well as protein complexes
(supplemental Table S4). For complexes we used the list of binary
interactions inferred by the authors. We predicted orthologous inter-
actions (“interologs”) by using the Inparanoid algorithm (52) but ig-
nored all interologs with an Inparanoid score � 0.6 (53).

Interologs Prediction and Benchmarking—In order to collect po-
tential interologs in E. coli we combined the predictions of four re-
sources: Blast (54) best reciprocal hits, Inparanoid (52) (version 4.1
using BLOSUM45 as suggested for prokaryotes by the authors), OMA
(55) (downloaded March 2012) and Roundup v2.0 (56). We identified
the best reciprocal Blast hits with a sequence coverage of at least
50% and an e-value � 10e�4. We defined three groups of orthologs
based on the in-paranoid score: high (score � 1), medium (score � �
0.6), and low (score � 0.6). For calculation of the tools� sensitivity and
specificity, see supplemental Table S7.

Sequence Conservation Properties of Interologs—We compared
the identity between the interacting proteins in two species, their
similarity, the evolutionary distance, and the e-value returned by a
blast search. The similarity and identity of interologs were calculated
using EMBOSS (57). The distance was calculated with the EMBOSS
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distmat tool. We compared the confirmed and nonconfirmed inter-
ologs with the Wilcoxon rank test on the joint identity, joint similarity,
joint e-value and joint distance as described (58) (joint values where
calculated as √Pi * Pj, where Pi is the value of the property for the first
protein and Pj is the value of the property for the second protein).

Conserved Subnetworks—To identify conserved subnetworks in
the H. pylori PIM compared with other bacterial interactomes we used
Netaligner (59, 60) and extracted alignments with p � 0.01. We then
looked for enriched GO terms to identify the role of complexes.

RESULTS AND DISCUSSION

Generation of a Comprehensive Binary Interactome of H.
pylori—Initially we screened a subset of baits against two
well-defined prey libraries containing 1343 individual ORFs of
H. pylori 26695 and another 280 ORFs of strain J99 using both
2�- and CEN-based vectors (Fig. 1A). We have shown previ-
ously that different vectors detect different PPIs (28, 30) and
thus increase the sensitivity. The two types of vector produce
N-terminal DBD- or AD-fusions (i.e. DNA-binding domain and
activation domain, respectively, of the GAL4 transcription fac-
tor individually fused to the N termini of the recombinant
proteins). Screening of 221 2�-based baits and 212 CEN-
based baits (with 210 overlaps) resulted in 244 and 59 unique
PPIs, respectively, with 22 interactions found in both. A total
of 105 (47.5%) 2�-baits turned out to be productive (i.e. at
least one PPI was detected per bait) in contrast to CEN-based
baits with 57 (26.9%) productive baits. The 2�-based system

detected 84.8% of PPIs (28, 30) hence we used the 2 �-based
approach for all remaining screens.

We successfully screened a total of 1329 bait strains cor-
responding to 99.0% of ORF clones available or 83.7% of all
ORFs in the H. pylori 26695 genome (Fig. 1B). Because the H.
pylori 26695 ORFeome collection lacked 16.3% of ORFs our
screens covered 70.9% of all 2.52 � 106 possible bait-prey
combinations corresponding to 1.26 � 106 possible interac-
tions (excluding bait-prey redundancy) of which we have
tested 0.903 � 106 (71.62%).

Overall we have collected �14,000 positive yeast colonies
(Fig. 1A) of which 6011 were sequenced. 5484 (91.2%) prey
sequences of good quality could be assigned to a bait protein.
This produced 2154 bait-prey pairs including 1151 pairs that
were found multiple times and classified as reproducible bait-
prey pairs (category A). By contrast, for 1003 pairs we ob-
tained only one positive prey sequence (category B � single
hit). To ensure reproducibility, we retested these cases in 969
pairwise Y2H retest assays and confirmed two thirds of them.
Finally, we combined the bait-prey pairs of category A and the
positively verified PPIs of category B as positives (supplemen-
tal Table S1). Removing redundancies, bait-prey reciprocals,
and overlaps from the different vector systems resulted in
1669 unique PPIs (supplemental Table S2). After removing
putative pseudogenes (no Uniprot ID) 1515 PPIs remained.

FIG. 1. Y2H screening strategy and coverage. A, Y2H screening strategy. For details, see main text. B, Screen coverage. The whole area
represents all possible bait-prey test combinations in the H. pylori 26695 proteome. Green: experimentally tested combinations in the 2�
plasmid system; pink: untested combinations (28.4%).
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This interaction data set connects 739 proteins (47.6% of the
proteome) and we named it H. pylori protein interaction map
2 (PIM.2_all) following the terminology used by Rain and col-
leagues (“PIM.1”)(20).

Data Filtering—To derive a high-quality core network we
excluded all PPIs involving promiscuous preys with a prey
count (i.e. the number of all baits that detected a certain prey)
�15 (Figs. 1A and 3B). This resulted in a core network
(PIM.2_core) of 908 PPIs connecting 596 proteins (38.4% of
the proteome, Fig. 2A). Such a specificity filtering strategy is
commonly used in interactomic surveys (10, 15, 17, 20). The
threshold was chosen because (1) nearly all interactions from

a positive reference set mapped exclusively to PPIs with low
prey counts and (2) a conspicuous increase of the prey count
was observed �15 (Fig. 3B).

Benchmarking—To benchmark the screening sensitivity of
our interactome data we identified published binary interac-
tions of H. pylori excluding the data from Rain et al. We
collected a total of 137 PPIs from small-scale studies and 3D
protein structures (supplemental Table S3) and used this data
as a positive reference set (PRS). We tested in our screens
108 of the 137 PRS interaction combinations and confirmed
26 PPIs (24.07%) as part of PIM.2_all and another 25 PPIs
(23.15%) as part of PIM.2_core (Fig. 3A). The detection sen-

FIG. 2. The H. pylori protein interaction map. A, The core interaction map (PIM.2_core) involves 596 proteins connected by 908 interactions
shown as nodes and edges, respectively. Proteins are colored according to their cellular main role (9). Graph drawn with Cytoscape
3.0.0-beta1(47). B, Degree distributions of different H. pylori PIM subsets (log. scale). The regression function and R2 coefficients shown
represent the power law fit yields. “PIM.1_all” all PPIs from (20); “PIM.1_core”: PPIs in PBS categories A	B (20). “PIM.2_all” all PPIs from
this study; “PIM.2_core”: core PPIs from this study. The “combined” data sets contain either all or only the core data sets of both
studies.
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FIG. 3. Data benchmarks and func-
tional groups. A, Screening sensitivity:
detected interactions in PIM.2 (this
study) and PIM.1 (20) when compared to
interactions known from the H. pylori lit-
erature (PRS, supplemental Table S3);
“direct” PPIs with proteins that are
known to bind directly to each other,
“3D” PPIs from three-dimensional pro-
tein structures, “Combined” either direct
PPI or from structure. B, All PPIs of
PIM.2 sorted by prey count. Overlaps
with the PRS are highlighted by blue
crosses. Except one interaction all of
them map to low prey counts, that is,
these PPIs are specific. The prey count
threshold (�15) to propose a core data
set is indicated by dashed arrows. C,
Enrichment of PPIs among functional
protein groups in the combined core PIM
(CMR cellular subrole (9)). The z-score
compares the number of PPIs to the av-
erage number of links in randomized net-
works. Functional groups are given as
nodes and the interactions as edges
(color indicates the z-score). Numbers
reflect the absolute numbers of interac-
tions within a functional group or con-
necting different functional groups,
respectively. D, Semantic similarity be-
tween GO terms of interacting proteins
of H. pylori, E. coli, and yeast, focusing
on biological processes, molecular func-
tion and cellular components. The inter-
actomes of all three species are similar.
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sitivity is similar to other studies (26, 28). Notably, we lost only
one interaction known from the literature (UreE-UreE) by ap-
plying the prey count filtering strategy (Fig. 3B).

Interestingly, 50.77% (33 out of 65 tested) of the PRS
interactions had been already found by Rain et al. (PIM.1_all).
In fact, 19 out of 28 (67.9%) PRS PPIs appear to have been
studied because of their detection in the PIM.1 (we looked for
citations of Rain et al. in these studies). We conclude that the
original PPI data provided by Rain and colleagues motivated
many scientists to carry out downstream experiments and this
also explains the remarkable high true-positive fraction of
PPIs present in PIM.1.

There is no absolute measure to determine false positive
interactions even though several attempts have been made to
estimate such rates, e.g. using so-called “random reference
sets” (26, 28) or other methods (61, 62). The false positive
fraction was determined in these studies to be less than 5%
(26) and 6.5% (28), respectively, depending on stringency (i.e.
low 3-Amino-1,2,4-Triazole � 3-AT concentration). Given that
we use very similar protocols, we estimate that our false
positive rate is in the same ballpark although it might be
higher for promiscuous proteins.

For further analyses we have combined both data sets and
named the combined networks PIM_all (whole data of PIM.1
and PIM.2) and PIM_core (interactions in PIM.1 with PBS
category A and B and these from PIM.2 with a prey count �

15).
Interactome Properties and Comparison—When we com-

pared our interactions with those of Rain et al. only 54 inter-
actions overlapped (about 3.5% of either PIM.2_all or
PIM.1_all, respectively). The limited overlap is likely because
of the variation in the Y2H system, the different sets of baits,
and the property of the prey clones used (31). However, this
demonstrates that we have clearly enlarged the H. pylori PIM.
Overlapping interactions in PIM.1_core and PIM.2_core were
overrepresented by 7.9 and 3.8-fold, respectively, when
compared with the remaining interactions. PIM.2_all and
PIM.2_core connect 47.6% and 38.4% of the H. pylori pro-
teome, compared with PIM.1_all and PIM.1_core which con-
nect 47.7% and 32.8%, respectively (supplemental Table S4).
It is notable that Rain and colleagues obtained such a high
connectivity of the proteome while screening only 261 baits.
When both H. pylori PIMs are combined the proteome con-
nectivity increases to 71.5% (all data) and 56.2% (core sub-
sets combined). Only the raw interaction networks of C. jejuni
(79.1%) as well as M. tuberculosis (72.8%) exhibit a slightly
higher proteome connectivity. As other interactomes the H.
pylori network follows a power law distribution (Fig. 2B).

The Protein Function Network—We wondered whether the
H. pylori core network is enriched for PPIs among certain
functional categories (using the CMR cellular subrole (9)). We
found an enrichment for proteins belonging to chemotaxis/
motility, central intermediary metabolism, or cell division pro-
cess, but also for many others that are assigned to the same

cellular role (Fig. 3C). This likely reflects the structure of cer-
tain enzyme complexes or macromolecular entities. The most
highly interconnected group is “chemotaxis/motility” with 26
interactions that encompass large parts of the motility appa-
ratus of H. pylori confirming the specificity of these PPIs. In
addition, the chemotaxis and motility proteins serve as “func-
tional hub” in the PIM, similar to proteins involved in “regula-
tion,” “cell envelope,” or “protein synthesis.” The high con-
nectedness suggests cross-regulation of these processes.

Functional similarity of interacting proteins can also be used
to assess the quality of interaction data. As benchmark data,
we collected 9875 large-scale yeast Y2H PPIs from HINT (63)
most of which were confirmed by more than one publication.
Furthermore, we used a recently published set of 2231 E. coli
Y2H PPIs (18). In Fig. 3D we calculated the semantic similar-
ities (50, 51) of all protein interactions in S. cerevisiae, E. coli,
and H. pylori using GO terms of biological process, molecular
function and cellular component. Specifically, we obtained
values between 0 and 1, where values close to 1 indicate
highest similarity of GO terms and vice versa. Similar results
suggest that the H. pylori interactomics data is of similar
quality compared with yeast and E. coli. Interestingly, most
interactions show highest semantic similarity using cellular
component terms, supporting the plausibility of our H. pylori
PPIs although the two combined H. pylori data sets did not
exhibit any notable differences (Fig. 3D, supplemental Fig.
S1).

Conserved Interactions of the H. pylori PIM—
Comparison of Interactomes—To systematically explore

the conservation of interactions in different bacteria we first
predicted interologs from bacterial interactomes and com-
pared the resulting numbers (Fig. 4). Although many inter-
ologs can be predicted (Fig. 4A) experimentally confirmed
overlaps are small and rarely exceed a few dozen interactions
or 13% (H. pylori versus B. subtilis and Synechocystis (Fig. 4B,
4C). As expected, the absolute number of conserved PPIs is
highest between the close relatives C. jejuni and H. pylori (77
interactions). On average only 2.61% of PPIs seem to be
conserved between available interactomes with overlaps
ranging from 0 to �15%. Reasons for that might be methodic
variations or the fact that few interactions are conserved.
Thus, we have selected an unbiased set of interologs for
experimental validation (see below). A more detailed compar-
ison of H. pylori PIM data can be found in Fig. 4D.

Experimental Benchmarking of Interologs and Prediction
Tools—In 2001 Matthews and colleagues tested which PPIs
are conserved between yeast and C. elegans proteins (64).
Because these authors used identical protocols to test ho-
mologous interactions, experimental variation was minimized.
They found that six of the 19 (31%) tested interactions were
conserved. In another study it was shown that 49 out of 173
motility-related PPIs (28.3%) are reproducible in C. jejuni
when Y2H interactions from T. pallidum screens were tested
(65).
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To further validate our H. pylori interaction data and to get
a more global number of conserved interactions we predicted
from our new H. pylori interaction map (PIM.2_all) interolo-
gous pairs in E. coli. We only used ORFeome constructs and
thus did not consider the data from Rain and colleagues who
used prey random fragments. A total of 246 interacting H.
pylori protein pairs predicted 375 E. coli interologs (see be-
low). We constructed these Y2H clones using the E. coli
ORFeome clone library (32) and tested all the pair-wise com-
binations of the predicted interactions by Y2H assays. To
enhance assay sensitivity the Y2H screening was conducted
using both N-terminal and C-terminal fusion bait proteins with
an estimated assay sensitivity of �35% (28). By this method,
we identified 65 positive (out of 313 tested) E. coli interaction
pairs (20.8%) that correspond to 27.3% of the source PPIs in
H. pylori (Fig. 5A, 5B, for details see supplemental Table S5
and S6). In addition, we retrieved 29 confirmed E. coli inter-
ologs from interaction databases. That is, we found 25.9%
and 32.4% of PPIs to be conserved in E. coli and H. pylori,
respectively.

For the interolog prediction we applied different tools. This
was done to check whether a certain tool predicts conserved
interactions more reliably compared with the outcome of the
experiments (discussed above). We couldn�t find any striking
difference in sensitivity or specificity of the used prediction
tools—the percentage of experimental verified interactions is
very similar—but they predict different numbers and the sub-
sets of truly conserved interactions differ (Fig. 5C, supple-
mental Table S7). We conclude that several tools predict
interologs with similar sensitivity and thus may be used on
their own although their combination allows prediction and
experimental detection of the highest number of possible
interologs.

Properties of Conserved PPIs—One would expect that
highly conserved protein pairs are more likely to interact than
less conserved pairs. To test this hypothesis we compared
the joint values (the square root of the product of the similarity
for each pair of orthologs) as described in (58) for sequence
identity, similarity, evolutionary distance, and the blast e-value
(Fig. 5D, supplemental Fig. S2) but did not observe a statis-
tically significant difference between confirmed and noncon-
firmed interologs. Although the number of confirmed inter-
ologs increases with the joint sequence identity (Fig. 5D, 5E),
the increase is not as high as previously shown by Yu et al.
who suggested that interologs can be transferred reliably

FIG. 4. Comparison of interactome conservation. A, Number of
interologs predicted from published bacterial interactomes. White
fields: PPIs per interactome (diagonal); the number of predicted in-
terologs are plotted above or below (read by column), respectively. B,
Number of interologs confirmed experimentally and C, Percentage of
overlaps. Data sources used, see supplemental Table S4. The field
color symbolizes an increasing number/fraction of predicted/con-
served PPIs from black to green. D, Breakdown of H. pylori data sets.
The figure compares the number of predicted interologs and con-
served PPIs in the H. pylori PIMs from large scale screens of different

species (used as prediction sources). “All” and “core” data (if avail-
able) were used as provided by the primary publications. Color sym-
bolizes an increasing number of conserved PPIs from black to green.
All studies used Y2H methods except of M. tuberculosis (bacterial
2-hybrid) and M. pneumoniae and E. coli (TAP-MS)). The highest
overlaps tend to be found between the H. pylori PIMs with other Y2H
studies. Note that our new data (PIM.2) provides increased numbers
of conserved PPIs compared with PIM.1.
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when a pair of proteins has a joint sequence identity �80%. In
our data set no pair of proteins has such a high joint sequence
identity. A significant difference was observed when we took
into account the minimum (for sequence identity and similar-
ity) and maximum (for e-value and distance) values for each

pair (supplemental Fig. S2A–S2D, p values � 0.025) but there
is not a clear threshold to separate conserved and noncon-
served interactions. There seems to be a slight tendency of
higher conserved protein pairs to bind. Because we could not
define clear thresholds we suggest that not the overall se-

FIG. 5. Conservation test of interologs and conserved subnetworks. A, Summary of conservation tests carried out in this study by
pairwise Y2H assays using protein pairs of E. coli and H. pylori PIM.2_all as prediction source. In addition, interologs from PPI databases
and the literature are compared. Detailed results are given in supplemental Table S5 and S6. B, Number of interactions tested as positive
with E. coli pairs by different Y2H vectors. Note that both N- and C-terminal fusions were used as indicated, while H. pylori screens only
used N-terminal fusions. C, Numbers of E. coli interologs predicted (first number) and verified (second number) by various prediction
methods. The confirmation rate is given in percent. For details see supplemental Table S7. D, Protein pairs of the experimentally confirmed
and nonconfirmed interactions from our pairwise E. coli Y2H tests and literature overlaps are plotted against their sequence identities (%).
Each dot represents an interolog in E. coli and the axis represents the identity of each protein with its ortholog in H. pylori. Solid, red circles
show positively verified interactions, blue crosses are not confirmed ones. See also supplemental Fig. S2. E, Comparison of the joint
sequence identities versus predicted and confirmed interologs. See text for details. F, Example of a conserved subnetwork enriched for
“signal transduction” and chemotaxis proteins (TlpA, CheW, CheA, CheY). “Red PPIs” were identified in H. pylori, E. coli, and C. jejuni and
represent a part of the well understood chemotaxis pathway. “Blue PPIs” were found in H. pylori and E. coli, only, and involve the
unexpected enzymes Mda66 (MdaB, quinone reductase), PncC (NMN amidohydrolase), and YhdJ (DNA adenine methyltransferase).
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quence divergence but rather specific binding epitopes are
important for the conservation of PPIs (64).

Based on our validated Helicobacter - E. coli interologs, we
conclude that at least one third of all protein interactions are
conserved between these two clades. Interestingly, this num-
ber is similar to the results obtained in the aforementioned
studies (64, 65) but more data would be required to predict
interologs more reliably. Our data suggest that PPIs evolve
fast or that only local protein features need to be maintained
such as domains or epitopes, a conclusion that was drawn
also by Matthews et al. (64). The gain or loss of an interaction
is certainly a fundamental driving force of evolution and it
remains to be seen which of the two thirds of seemingly
nonconserved interactions in our data set reflects a gain or
loss of function.

The Urease Interaction Map—Interactome data should ex-
tend our understanding of many aspects of H. pylori biology
and pathogenesis. For instance, urease produces ammonia
from urea that neutralizes the stomach acid - it ensures H.

pylori�s survival in the host (reviewed in (3)). The system is
composed of the core components UreAB and the accessory
maturation factors UreEFGH proteins that mediate the as-
sembly and incorporation of nickel ions into the core complex.
In addition, the acid activated UreI channel arranges urea
import. Factors involved in nickel uptake (NixA) and storage
(histidine rich proteins like HspA, Hpn), gene regulation (Fur,
NikR), and nitrogen metabolism (amidases such as AmiE and
AmiF, arginase RocF, and glutamate synthase) help to regu-
late levels of nickel and urea. Moreover, HypA and HypB are
involved in the nickel insertion step and are required for full
urease activity (66).

Stingl and colleagues have isolated eight protein com-
plexes associated with urease components (67). Based on the
known PPIs we investigated which binary interactions explain
the the complexes� topology. Although there is evidence for
direct physical interactions between UreA-UreB, UreF-UreH,
and UreG-UreE (Fig. 6, supplemental Table S3) we did not find
any accessory proteins in the interaction data sets except

FIG. 6. Urease linkage map: -omics data from protein complexes, binary interactions as well as gene expression is considered. The
map highlights the four most prominent protein complexes found by Stingl et al. (67) (i.e. the ones with the highest numbers of proteins and
overlaps). Individual complexes are shown as fields of the Venn diagram. The bait protein used in Stingl et al. and the complex numbers are
indicated at the top. To map interactions onto the complexes, we inferred binary interactions from the complexes (using a matrix approach)
and then looked for overlaps with PIM.1, PIM.2, and the PRS. Proteins with known binary PPIs are drawn as nodes. Symbols added without
nodes represent proteins for which no binary interaction is known within the complexes. For proteins for which no common name is available
the primary locus tag number is indicated. Additionally, a selected subset of binary PPIs is shown that do not appear as a complex component
but that could link the complexes to other processes. Protein symbols highlighted in blue font show an increased gene expression level under
acidic growth conditions in a minimum of one experiment (68–75) (filtered data used as provided by the primary publications).
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UreA-UreH. Nonetheless, we could link UreA to IspDF (a
bifunctional enzyme involved in isoprene biosynthesis and
part of the Stingl complexes II and III). Similarly, UreF binds to
cysteine desulfurase IscS (complex I). NrdA (Ribonucleotide
reductase subunit �) interacts with UreB in complex I and VI,
and UreE interacts with HP1111 (ferrodoxin oxidoreductase �

subunit) and NapA (Na	/H	 antiporter) in complex I. UreE
turned out to be a highly promiscuous prey in our study and
thus the latter two interactions were not included in the core
data set of PIM.2. Nevertheless, a combination of complex
purification and Y2H does support an interaction of these
proteins.

Furthermore we checked if the complex components as
well as other interacting proteins are co-regulated on the gene
expression level. The urease core genes are known to com-
prise elevated expression levels under acidic growth condi-
tions (then when urease is needed for acid neutralization)
(68–75). In fact, a vast majority of the linked proteins is co-
up-regulated suggesting similarly increased protein levels
(Fig. 6). This would also ensure increased ammonia produc-
tion in a concerted fashion.

The urease linkage map reveals several unexpected PPIs
among the urease core components. Stingl et al. (67) already
observed some unexpected proteins in their complexes, for
example, cell division factors (MinD, Tig, FtsA, Fig. 6). Another
interesting example is the PPI between UreH and CheY (che-
motaxis response regulator) which suggests that chemotaxis
and the urease process may be connected, for example, be-
cause motility depends on the proton motive force that is gen-
erated by a proton gradient. In fact, urease positive strains show
increased chemotactic response to urea in contrast to urease
negative strains that have normal flagella but exhibit reduced
swarming (76). Although the urease has been studied already
intensively the comparison of its unbiased interactions suggests
many other proteins to be associated with the system.

CONCLUSIONS

We have identified 1451 novel PPIs in the H. pylori pro-
teome and extended the protein–protein interaction map sig-
nificantly using comprehensive Y2H screens. Our data will
help to reveal novel important aspects of H. pylori biology.
Recent studies have shown that many factors determine the
outcome of a Y2H screen (such as the location of fused
domains, plasmid copy number etc.) (28, 30, 31), so there is
little doubt that the H. pylori interactome is still incomplete.
Although an estimated third of all PPIs can be extrapolated to
more distantly related species, the specifics of such interolog
prediction still need to be worked out. Our approach and data
set should provide a useful contribution to the understanding
of protein–protein interactions and their evolution.
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