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Abstract

There is a strong correlation between some pathogens and certain cancer types. One example is
Helicobacter pyloriand gastric cancer. Exactly how they contribute to host tumorigenesis is,
however, a mystery. Pathogens often interact with the host through proteins. To subvert defense,
they may mimic host proteins at the sequence, structure, motif, or interface levels. Interface
similarity permits pathogen proteins to compete with those of the host for a target protein and
thereby alter the host signaling. Detection of host—pathogen interactions (HPIs) and mapping the
re-wired superorganism HPI network—uwith structural details—can provide unprecedented clues
to the underlying mechanisms and help therapeutics. Here, we describe the first computational
approach exploiting solely interface mimicry to model potential HPIs. Interface mimicry can
identify more HPIs than sequence or complete structural similarity since it appears more common
than the other mimicry types. We illustrate the usefulness of this concept by modeling HPIs of H.
pylorito understand how they modulate host immunity, persist lifelong, and contribute to
tumorigenesis. H. pylori proteins interfere with multiple host pathways as they target several host
hub proteins. Our results help illuminate the structural basis of resistance to apoptosis, immune
evasion, and loss of cell junctions seen in H. pylori-infected host cells.
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Introduction

Microbiota—commensals and pathobionts—are an essential part of the host, having
important roles in physiological processes, including immunity and metabolism [1,2]. They
interact with the host through proteins, metabolites, small molecules, and nucleic acids [3].
They employ effector proteins to modulate—inhibit or activate—host signaling pathways. In
susceptible hosts, they may convert to pathogens (commensal-to-pathogen transition).
Helicobacter pyloriis the prevalent species in human gastric microbiota, which colonizes the
gastric epithelium. It is the most widespread bacterial infection worldwide and can persist
lifelong [4]. More than half of the human population is infected with H. pylori[5]. It causes
persistent chronic inflammation and increases gastritis and gastric cancer risk [6]. Every
infected individual develops gastritis which lasts decades, but only a small population
develops cancer [6]. The risk of gastric cancer depends on strain-specific bacterial virulence
factors and their host—pathogen interactions (HPIs) [7]. There are various H. py/ori strains
due to intra-genomic diversification (e.g., point mutations and recombination) and inter-
genomic recombination [7]. This genetic variability leads to different sets of virulence
factors and H. pyloristrains with varying degrees of pathogenicity [8]. Elucidation of the
pathogenic players and their HPIs that increase gastric cancer risk is crucial to provide
molecular insights into the pathogenesis mechanisms and effective therapeutics.

To subvert host pathways and evade immune surveillance, pathogens mimic host proteins at
different levels: sequence, structure, motif, and interface [3]. Interface mimicry seems the
most common type and is frequent within intra- [9-11] and inter-species [12,13], indicating
that pathogens target more host proteins by hijacking host interfaces. Interface mimicry,
where proteins with different global structures can interact in similar ways, was suggested
already over two decades ago [14-16]. This similarity in endogenous (within-host/intra-
species) and exogenous (host—pathogen/inter-species) protein—protein interfaces permits
pathogen proteins to compete with the host’s [13], alter physiological signaling, and cause
persistent infections as well as cancer. Identification of the crosstalk between host and
pathogens and of the targeted host pathways will delineate virulence strategies and insight
into some of the underlying principles of infections. Horizontal gene transfer and convergent
evolution allowed pathogens to adopt interface mimicking strategy [3]. In horizontal gene
transfer, pathogens attain host genes and shape them over time to acquire new functionality.
However, in convergent evolution, pathogens, and their hosts evolved independently toward
similar interface architectures [17,18].

HPI data including structural details are far from complete, and experimental
characterization of the large-scale inter-species interactions is challenging [19].
Computational tools are increasingly exploited in enriching the HPI data, uncovering their
complexed (bound) structures, and complementing experiments. Although modeling of
intra-species protein—protein interactions (PPIs) is a well-established field, prediction of
inter-species interactions is relatively new. Still, numerous efforts aim to develop
computational methods to detect HPIs [19], most of which rely on sequence homology [20-
28]. Homologybased approaches give accurate results only if the sequence similarity is high.
However, not all pathogenic proteins have homologs in human. For instance, VacA, a
secreted effector from H. py/lori, does not possess sequence similarity to any other known
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bacterial or eukaryotic proteins [5], but it modulates signaling through several host pathways
[29]. Therefore, it is impossible to identify its HPIs with sequence-based methods,
emphasizing the importance of involvement of protein 3D structures in predicting HPIs.
Sequence homology alone is not always sufficient to detect targets of pathogenic proteins.
There are also comparative homology-based approaches that consider structure [27,28,30-
36]; conserved interactions—so called “interologs” (interacting homologs) [37,38]—of the
pathogenic and host proteins; and transcriptome data [39]. Structure-based approaches often
exploit global structural similarity rather than interface mimicry [31,36]. Several studies
computationally identified large-scale HPIs and built interspecies protein interaction
networks for viruses and bacteria [21,24,26,31-33,40-44].

One method uses interface information together with sequence homology and gene
expression, but in this method, host and pathogenic proteins are predicted to interact only if
they satisfy a minimum of 80% sequence identity over at least 50% of template host protein
complexes [30]. To the best of our knowledge, none of the approaches utilize solely interface
structures to predict HPIs. Here, we report a novel computational approach that identifies
putative HPIs and their 3D structures as complexes based only on interface similarity (only
local structural similarity is required, no need for sequence similarity) (Fig. 1). This
approach reveals not only targets of pathogenic proteins but also the host endogenous PPlIs,
which may be disrupted by these potential HPIs. It has been suggested that the available
interface structures are already diverse enough to represent most endogenous interactions
[52-55], and hence, success of template-based methods for prediction of intra-species PPIs
is very high [10]. Since exogenous interfaces mimic endogenous ones, available endogenous
and exogenous interface structures may also cover majority of the HPI space.

To illustrate the utility of this concept, we applied our interface-based approach to H. py/ori.
We modeled its HPIs and built its structural superorganism network, where every pairwise
interaction has a 3D structure as a complex. Integrated metaorganism networks that consider
host and microbiota/pathogens—as a whole—are vital for an in-depth understanding the
virulence strategies of pathogens and how they evade immune surveillance [1]. Our results
indicate that H. py/ori proteins potentially target hub proteins in the human PPI network and
show that HPI models can unravel human pathways targeted by pathogenic proteins.
Potential targets of H. py/oriproteins are enriched in several cancer pathways, such as viral
carcinogenesis, chemical carcinogenesis, and pancreatic cancer.

H. pylori can live and replicate both outside and inside host cells, suggesting that it may be a
facultative intracellular bacteria [56]. It has a type-IV secretion system through which it
injects its virulence factors—secreted effectors—directly into host cytoplasm. Although H.
pyloriand host cells physically encounter one another, it does not guarantee that all their
proteins are accessible to interact with each other. Only outer-membrane proteins (OMPS)
and secreted effectors of H. pylorican interact with the host proteins. About 1% of the H.
pylori genome encodes for OMPs, also known as adhesins, which facilitate the adherence of
bacteria to epithelial cells [24] to establish persistent colonization [4]. The presence of
adhesins increases the risk of gastric cancer, thus serving as biomarkers for H. pylorr-
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associated gastric cancer [57]. Using our interface-based approach, we analyzed 10 H. pylori
OMPs and secreted effectors (Table 1) including SabA, BabA, CagA, VacA, and gGT,
respectively.

Our results revealed several potential HPIs for the 10 H. pylori OMPs and secreted effectors.
All our HPI models have 3D structures as complexes. As can be seen in Fig. 1, the 328 HPI
complexes have structural and electrochemical complementarity. Of the 328 targets (host
proteins), 224 are expressed in the stomach according to Human Protein Atlas, where H.
pyloriresides [78,79]. Their details and the human PPIs that they may disrupt are given in
Tables S1 and S2, respectively. Forty-nine of the targets are known not to be expressed in
stomach and there are no expression data for the remaining 55 targets. We considered the 49
targets as false positives. Although theoretically they can interact with H. pyloriproteins,
these interactions are not possible since they cannot encounter H. pylori proteins. So, rough
calculation of our false positive rate is about 18% (49/(49 + 224)). It is important to note that
the 224 HPIs which can take place in the stomach may also have false positives, but due to
limited experimental HPI data, we cannot calculate the exact false-positive rate.

Below, we provide examples of how novel HPI candidates may elucidate the roles of H.
pyloriin modulation of host signaling and contribution to malignant transformation, and
how they can explain some phenotypes, such as hummingbird, occurring in infected
individuals. Then, we present our structural superorganism network between H. pylori and
human, with some hub proteins targeted by H. py/ori proteins. Finally, to validate our
predictions, we calculate the stability and dynamics of some of the HPI models by molecular
dynamics (MD) simulation.

Examples of potential HPIs

CagA and VacA are widely studied H. pylori secreted toxins. They have pleiotropic effects,
targeting multiple host pathways [5]. Our results also confirm this showing that they have
various targets in the host. Other H. py/ori proteins also have several putative HPIs that can
potentially abolish several endogenous host PPIs due to competition. Below, we present
some of the intriguing targets of H. pyloriproteins.

We found that OMPs and secreted effectors mimic the interfaces between cytokines and
their receptors, such as interferon alpha/beta receptor 2—interferon alpha 2 (INAR1-
IFNA2) and INAR2-IFNA2 (Fig. 2). Cytokine and chemokine signaling plays important
roles in T-cell recruitment to the infected host tissue to clear the pathogens and in regulation
of their activation and differentiation [80]. Blockage of these pathways by bacterial proteins
may underlie the lifelong persistence of H. pyloriinfection since it may prevent the cytokine
signaling. This could also allow malignant precursor cells in the stomach to evade the host
immune system, which is one of the hallmarks of cancer and may explain how this pathogen
contributes to initiation of gastric tumor. As opposed to antagonistic effects, these bacterial
proteins could also act as ligands, activate receptors, and induce inflammatory responses.
Excess inflammation predisposes individuals to cancer [81].

Our HPI models also include interactions with cell cycle regulators, such as Cyclin-A2 and
cyclindependent kinase-5 (Fig. 3a, b). It is known that H. pyloriinduces cell cycle arrest at
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the G1 phase of the cell cycle in T cells [82]. These HPIs may provide mechanistic insight
into inhibition of T-cell proliferation and immune evasion.

Cell death pathways are also targeted by H. py/ori proteins. For instance, HP0231 of H.
pylorimay abolish the homodimerization of CASP6, which is crucial for propagation to
apoptosis (Fig. 3c). Short-term exposure to H. py/loriinduces apoptosis in host cells.
However, chronic exposure makes host cells resistant to apoptosis (not only to H. pylori-
induced apoptosis but also to radiation- and chemotherapy-induced apoptosis) [58]. These
novel HPIs may help us to understand the molecular details of resistance to apoptosis seen in
H. pylori-infected cells, which is another hallmark of cancer.

Interestingly, we found that estrogen receptors, such as ERR3, are putative targets of H.
pylori; where the pathogenic proteins interfere with the dimerization of these receptors (Fig.
3d, e). Gastric cancer is more frequent in men than in women. Female hormones reduce
gastric cancer risk. Estrogen protects against H. pylori-induced gastric cancer in mice
[83,84], but how is not known. If estrogen binding to dimeric receptors hinders HPIs with
the receptors, this may explain why estrogen protects against gastric cancer.

Other intriguing interactions among our HPI models include Ras and Rho GTPase family
members, such as ARHGC (Rho guanine nucleotide exchange factor C) and G3BP1 (Ras
GTPase activating protein-binding protein 1) (Fig. 3f, g, h, i). These proteins mediate several
signaling pathways, including cytoskeletal reorganization in the host cell. Our HPI
candidates may contribute to the morphological changes—hummingbird phenotype [85]—
that is observed in H. pylori-infected host epithelial cells and linked with elevated cell
motility and metastasis [86].

Remarkably, H. pyloriproteins target glutathione metabolism, including GSTM1 and
GSTP1 proteins (Fig. 3j, k). It was reported that H. py/ori infection lowers the glutathione
levels in gastric mucosa [87] and oral glutathione supplement administration reduces the
gastric pathologies [88]. These HPIs may provide clues for why glutathione levels are low in
infected individuals.

In addition to mimicking endogenous interfaces, H. py/ori proteins mimic exogenous
interfaces (Table S3). For example, CagA-TP53BP2 complex already has a resolved crystal
structure and we can recover this complex through our approach (Fig. 4a). We found that
CagA can also mimic outer capsid protein sigma-1 of mammalian orthoreovirus and bind to
human JAM1 (Fig. 4b). CagA may also bind to human Beclin-1, by mimicking the anti-
apoptotic v-Bcl2 of Murid herpesvirus (Fig. 4c). So, although CagA has no sequence or
global structural similarity to these pathogenic proteins, it may still mimic their interfaces
and bind to the same host proteins in a similar fashion that other pathogens target them.

Recovery of known HPIs

Among the known HPIs of H. pylori, only two structures with known targets are available:
TP53BP2 (4irvAE.pdb) [58] and MARK?2 (3iecAE.pdb) [59]. The availability of the
structures of complexes is important because these show how the proteins interact, whether
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they overlap with other protein interactions, and how mutations can affect these interactions.
They are also useful in drug design [89].

In addition to novel HPIs, we also recovered some of the known HPIs of H. pylori, such as
CagA interactions with TP53BP2 (p53 binding protein 2) (Fig. 4a), JAM1 (junctional
adhesion molecule A) (Fig. 4b), and ZO1 (zonula occluden 1) (Fig. 4d). It is important to
note that our models for these known HPIs have Rosetta interface score very close to -5 but
not lower than =5 (this situation changes depending on whether you ignore or consider
disulfide bonds). Thus, these models are not as favorable as the examples above. To test their
stability, we also performed MD simulations.

Although the CagA-Z01 and CagA-JAML1 interactions were known to take place in the host
cell, it was not known how they interact or whether they abolish any endogenous human
PPIs. JAM1 and ZO1 are important in tight junctions [63], and H. py/oriis known to disrupt
the epithelial integrity by dysregulating them [90]. Loss of cell adherence may lead to
epithelial-to-mesenchymal transition, facilitating metastasis [91]. We found that both
proteins bind to the same site on CagA. Our model shows that CagA binding can interfere
with ZO1 homodimerization which is necessary for tight junctions (Fig. 4d) [92]. The
template interface for CagA— JAML interaction is another exogenous interaction between a
capsid protein from mammalian orthoreovirus and JAM1. The viral capsid protein is known
to disrupt the JAM1-homodimer structure [93], whose structure is not available currently. If
our CagA-JAM1 model is correct, CagA binding to JAM1 can also abolish its dimerization.
Since the JAM1 homodimer structure is unavailable, we are unable to confirm that our HPI
model interferes with the JAM1 homodimer. Together, these results may illustrate the
molecular mechanisms of how H. pyloriinfection leads to disruption of tight junctions and
epithelial integrity that is seen in H. pylori infected-tissues.

Still, our results did not reveal all known HPIs of CagA. The reason for this may be that
these known human targets do not have structures in PDB, or they do not have interfaces in
their PDB structures. Also, the available structures may not cover the full-length proteins:
structures of the interacting domains may be missing.

MD simulations of some HPI models

To assess the stability and dynamics of four HPI models (three recovered known HPIs with
TP53BP2, ZO1, and JAM1, and one novel HPI model—gGT-INAR1) and compare them
with those of their corresponding template PPIs, we performed explicitsolvent MD
simulations for 100 ns. In all simulation systems, no immediate dissociation of the proteins
was observed.

For CagA-TP53BP2, we simulated only the template PPI (4irv:AE.pdb), since our HPI
model is almost identical to the template. This HPI complex was very stable, with a
maximum RMSD of 2.5 A (with respect to the initial conformation) throughout the
trajectory. Structures of the initial and the final conformations and plots of RMSD values are
given in Fig. 5.
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CagA-Z01 complex and the template endogenous PP1 (ZO1-homodimer) are stable
throughout the simulations. Our CagA-ZO1 model has about 4.5 A and template ZO1-
homodier 4.5-A maximum RMSD (Fig. 5). Although CagA-ZO1 complex stays intact, we
lost the original interface on CagA that we predicted in the first place. ZO1 slides from the
edge toward the middle region of TP53BP2-binding region of CagA.

CagA-JAM1 HPI model, as well as the template exogenous PPI (JAM1-outer capsid protein
sigma-1 of mammalian orthoreovirus) are stable, with maximum RMSDs of 8 and 3 A,
respectively (Fig. 5). Here, the initial interface between CagA and JAML1 is still preserved at
the end of the simulation.

Lastly, the gGT-INAR1 model HPI and the template endogenous PPI (INAR1-IFNA2) also
do not show any dissociation and their maximum RMSDs are about 5 and 4 A, respectively
(Fig. 5). Again, the initial interface of the HPI is preserved.

Overall, these MD results indicate that our HPI candidates are feasible models. Three out of
four simulated HPI models (CagA-TP53BP2, CagA- JAML1, and gGT-INARL1) show that
they are stable complexes and preserved the initial interface. Only one (CagA-Z01) lost the
initial interface, although the complex stayed intact.

We also computed the binding free energies (AGp), of all HPIs and PPIs by generalized Born
with a simple switching (GBSW) and entropy calculations. Table 2 shows that all four HPIs
are favorable, with negative AG,, and the template PPIs have higher affinity (lower AGp)
than the HP1 models, which suggests that the pathogenic proteins cannot out-compete their
endogenous competitors to bind to their targets. However, if pathogenic proteins are more
abundant, then they may out-compete their counterparts.

Structural superorganism network for H. pylori and human

Genome-wide mapping of HPIs has a potential to reveal systematic network trends, where
bacteria and viruses favor targeting host hub proteins [13,94,95]. Structural networks
provide higher spatial resolution and allows in-depth analysis compared to binary PPI
networks. Our structural inter-species network (Fig. 6) contains 224 HPIs (exogenous
interactions) and 3366 host PPIs (endogenous interactions). Here our HPI models serve as
the exogenous and the template PPIs serve as the endogenous interactions. In our network,
all pairwise interactions, endogenous and exogenous, have structures as complexes. All
endogenous interactions are from the template interfaces (crystal structures, experimental
data), whereas HPIs are our models. Figure 6a illustrates that H. py/ori proteins target the
highly connected part of the network. The majority of the targets of individual H. py/lori
proteins are distinct, but there are human proteins that are common targets to more than one
H. pyloriprotein (Fig. 6b). Thus, multiple H. py/loriproteins can target the same pathway.

We analyzed the topological features of our structural superorganism network to better
understand the properties of host proteins that interact with H. py/ori proteins. We found that
H. pylori proteins target hubs (proteins with high degree/connectivity) in the human
structural PPI network, such as Cyclin-A2, INAR2, ARGHC, and ERR3. Hub proteins play
a central role in many cellular functions, ensuring the cross-talk between pathways. Thus, it

J Mol Biol. Author manuscript; available in PMC 2021 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guven-Maiorov et al.

Page 8

is a good strategy for pathogens to attack these proteins. Functional annotation shows that
host proteins targeted by H. pyloriare enriched in 48 KEGG pathways according to analysis
by DAVID [96,97] (Table S4). Among the highly enriched, there are pathways in cancer,
chemical carcinogenesis, viral carcinogenesis, renal cell carcinoma, and cytokine signaling.

We also constructed the structural superorganism network for all known HPIs in the PDB for
bacterial, viral, and yeast species (Fig. 7). Here, both the endogenous and exogenous
interactions are supported by solved 3D structures of complexes in the PDB, not our models.
Unlike H. pylori, which targets only the highly connected part of the human PPI network,
other species target the less connected parts as well. While some human proteins are targeted
by several pathogenic proteins, others are targeted by only one.

Discussion

Very little is known about the pathogenic mechanisms of infectious diseases and pathogen-
driven cancers on the molecular level. Molecular details of HPIs can help discern the roles of
pathogenic virulence factors in the modulation of the host signaling and pathogenesis of
pathogen-driven diseases, including cancer. HPI data may allow for development of more
potent drugs [98]. Although computational methods to enrich experimental HPI data were
developed, most of them rely on sequence homology, which restricts the application of these
tools since not all pathogenic proteins have homologs in human. As interface similarity
seems more frequent than global structural similarity, interfacebased methods hold promise
to enrich HPI data. Here, we present the first interface-based HPI prediction approach which
solely depends on the local structural (binding site) similarity of human interfaces with
pathogenic proteins. With this approach, we show not only which proteins can interact but
also how they interact. The concept behind the approach is that interface architectures are
conserved in nature, regardless of the entire sequence. This concept mimics folding of
single-chain proteins [99,100]. Proteins with different sequences can still adopt similar folds.
Of note, those folds common in single chains resemble the ones at interfaces, with the only
difference being the absence of chain connectivity in interfaces. If a pathogenic protein
mimics the interface between two host proteins, it may potentially disrupt that endogenous
interaction due to competition. To illustrate the usefulness of this approach, we applied our
method to the most prevalent microbial species in the stomach, H. pylori, which is
associated with gastric cancer. We identified several potential HPIs that could be relevant to
disease phenotype. We found that H. py/ori proteins may interfere with the functioning of
host cell adhesion, cytokine signaling, cell cycle regulation, and apoptosis pathways. Our
results can provide molecular insights into resistance to apoptosis, immune evasion, and loss
of cell junctions that are seen in H. pylori-infected host cells. Our structural superorganism
network further indicates that H. py/ori proteins target the highly connected part of the
network, indicating the requirement of interference with multiple host pathways.

The endogenous PPI data for H. pyloriwere constructed before by experimental techniques
such as yeast-2-hybrid [101,102] and also by computational methods [41]. Its exogenous
HPIs were predicted by sequence-based computational techniques [24]. They identified 833
interactions between 623 H. pylori proteins and 6559 human proteins [24]. Out of these,
there are only 2 H. pyloriproteins (HP0231 and HP1286), but no predicted HPIs in common

J Mol Biol. Author manuscript; available in PMC 2021 February 25.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Guven-Maiorov et al.

Page 9

with this study. The human proteins that they found to interact with these 2 H. pylori
proteins either have no PDB structures or interfaces. This shows that sequence-based
methods and interface-based methods can complement each other. Both are useful to enrich
the HPI data. Sequence-based methods do not cover pathogenic proteins with no or limited
sequence similarity to endogenous host proteins, and interface-based methods are limited by
the number of available crystal structures and interfaces.

We performed MD simulations to validate the stability of our models, and we observed that
all of the HPI complexes that we simulated were stable with three out of four of the HPIs
preserving the modeled interfaces.

Models should be tested by experiments. The success of prediction methods depends on two
factors, coverage and accuracy [30]. Coverage indicates the portion of all interactions
covered by the method. The performance of interface-based methods depends on the
availability of the interface structures in the PDB [103]. Thanks to the rapid increase in the
number of resolved 3D structures of endogenous and exogenous interactions in recent years
[104], the performance and the coverage of interface-based methods is expected to improve.
Available interface structures were, however, projected to already be diverse enough to cover
most endogenous interactions [52-55]. They may also cover the majority of the HPI space
due to interface mimicry of exogenous interfaces of the endogenous ones. As to accuracy,
due to the scarcity of experimental and computational HPI data for H. py/ori, we were
unable to calculate the exact false-positive and false-negative rates. A rough estimation of
our false-positive rate is about 18%. We tried to minimize the error rates by calculating the
percent-match of the HPI models with the corresponding template PPI and incorporating the
probability of template interfaces being real biological interfaces. We further validated the
stabilities of some of the HPI models by explicit solvent simulations and found that three out
of four preserved the initial interface.

It is important to also note objective caveats, including that the coverage of endogenous
human PPIs is low [105], disordered proteins are underrepresented in the PDB [104,106]
and that most pathogenic proteins lack crystal structures, which may be somewhat alleviated
by developments in ab initio modeling [107] for almost any microbial proteins. Notably,
earlier interface-based modeling of endogenous PPIs generated results that are in agreement
with available experimental mutagenesis data [108] and they are better at handling the
protein complexes which undergo conformational change upon binding [109].
Computational screening of big data can provide possible leads to experiments guiding
functional characterization, while avoiding millions of possible binary combinations of host
and pathogenic proteins.

Our approach is based on the reasonable assumption that pathogenic proteins may alter host
signaling. However, other modes of modulation of the host responses, such as through
metabolites and small molecules, cannot be underestimated. Interaction of a particular
pathogen with other microbial species in the microbiota also affects the overall response.
Also, proteins often assemble into multi-protein complexes. Modeling only pairwise
interactions between host and pathogenic proteins may not be sufficient. In addition, protein
post-translational modification states may change the interactions.
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In conclusion, large-scale characterization of the HPIs is vital for understanding of
pathogenesis strategies and forecasting the impacts of pathogenic proteins in biological
events. Despite the limitations of computational approaches, proteome-wide modeling of
HPIs necessitates such tools. Completing the integrated inter-species interactome will help
advance insight into virulence strategies, infection mechanisms, and better therapeutics.

Modeling HPIs

Here, we report a novel computational approach that utilizes interface mimicry to predict
HPIs and determine the structures of their complexes. Figure 1 displays the workflow of our
approach. Normally, docking algorithms require structures of two target proteins as inputs to
dock to each other. However, in this case, we know only the pathogenic proteins (one of the
targets), but not their interactors in the host (second target). Thus, before docking, we need
to identify their potential partners in the host. To do that, we first generate all known human
interfaces (both endogenous and exogenous) in the piface interface database, as described in
Ref. [9]. The piface database was released in 2013. We have 26,236 human interfaces in our
template set. Each interface is composed of two chains (partners/sides). Then, we
structurally align all human interfaces with the H. pylori proteins by MultiProt [110]. The
“match” thresholds for structural alignment are taken according to the PRISM algorithm
[45-48]: at least 15 matching residues and 1 matching hotspot residue with a maximum
RMSD of 2 A. If the pathogenic protein is aligned with one side of the interface, the
pathogenic protein can interact with the complementary side. Thus, the pathogenic protein
can compete with the first side of interface to bind to second side and it can disrupt the
endogenous pairwise interaction in the template PPI that it is aligned (Fig. 1). Shape
complementarity (local structural complementarity here) does not always confer chemical
complementarity. For instance, 10 H. pylori proteins aligned with 48,204 interfaces, but only
328 of them are energetically favorable. Therefore, after determination of the putative
partners in human, we perform docking with two programs; PRISM [45-48] and Rosetta
(local refinement) [49-51]. We consider HPIs as energetically favorable only if their Rosetta
interface scores (I_sc) are below -5 and total energy scores below zero. We also calculated
Rosetta |_sc for the template interfaces (endogenous PPIs) and compared them with those of
HPIs to infer which one has higher affinity, that is, whether the pathogenic protein will out-
compete the endogenous partner to bind to a host protein. For some template PPIs, Rosetta
gives extremely low, non-realistic interface scores, as low as —5000 due to intermolecular
disulfide bonds. To correct this, we calculated Rosetta interface scores with both considering
and ignoring the disulfide bonds. We took the HPIs that are common to both Rosetta
scorings as favorable interactions. The values given in Tables S1 and S3 are the results of
Rosetta where we ignored disulfide bonds. It is important to note that Rosetta |_sc does not
reflect/correspond the real binding free energy and have units. It only indicates whether an
interaction is favorable or not.

Finally, we filtered our results according to tissue expression, checking whether the host
proteins (targets of pathogenic proteins) are expressed in the same tissue where pathogen is
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found. We obtained the protein tissue expression data from the Human Protein Atlas, which
covers 19,709 human proteins and 7106 human PDBs [78,79].

To further explore the likelihoods of our HPI models, we calculated the “percent-match” of
the interfaces by dividing the number of interface residues that are aligned with the
pathogenic protein by the number of interface residues in the endogenous template PPI. The
greater the percent match, we consider that the better is the structural alignment with the
template. We assigned weights based on the size of endogenous template interface with
larger interfaces having higher weights. If the template interface is small, with less than 30
residues (/7< 30), the weight is 0.5; if 30 < 7< 50, the weight is 1; if 50 < 7< 80, the weight
is 1.5; and if 7> 80 (very large interface), the weight is 2. We assigned weight 0.5 to coiled-
coil interfaces regardless of the interface size because they can be aligned with almost any
a-helices in pathogenic proteins and thus give unreliable models. Scorel given in Table S1
is obtained by the multiplication of the percent match of the interfaces and the
corresponding weights.

We checked whether the template interfaces are real biological interfaces or crystal artifacts.
We utilized the Evolutionary Protein—Protein Interface Classifier [111], which gives the
probability of a particular interface to be biological. Score2 in Table S1 is obtained by
multiplication of Scorel by the probability of being a biological interface. The higher the
Score2, the more confidence we have that the HPI model would occur, as they are better
mimics of real biological endogenous interfaces.

Constructing the structural superorganism network

We constructed the structural superorganism network between human and H. pylori. We
took all available human interfaces (the template set) as endogenous pairwise interactions
and our models of HPIs as exogenous interactions. Hence, all the interactions in our network
have structures as complexes. There are 3366 human PPIs and 224 HPIs in this network. Our
26,236 interfaces map to 3366 distinct human PPIs. The topological features of the
superorganism network that we generated are calculated by the NetworkAnalyzer [112]
application in Cytoscape [113]. To compare H. pyloriwith other pathogens, we also built the
structural interspecies network for all known HPIs in PDB. There are 299 HPIs in PDB for
human with different bacterial, yeast, and viral species.

Functional annotation of human proteins predicted to interact with H. py/ori proteins is
performed by DAVID [96,97].

Stability and dynamics of the modeled HPIs by MD simulations

The stability of the complexes may serve as a means of validation of the modeled HPIs. MD
simulations also provide dynamics information not shown in crystal structures. We
performed simulations for four HP1 models and their corresponding template human PPIs
(Table 3). We utilized the CHARMM-GUI server [114] and CHARMM36 force field [115]
with TIP3 explicit solvent and NaCl to construct the initial conformations and relax the
system. Following pre-equilibrium, a 100-ns production run was performed with NAMD
2.10 [116] on a Biowulf cluster at the National Institutes of Health. The particle mesh Ewald
method was used to calculate electrostatic and van der Waals interactions. The simulations
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were executed in isothermal- isobaric (NPT) ensemble with periodic boundary conditions.
The temperature was kept at 310 K with Langevin temperature control, and pressure was
maintained at 1 atm with Nosé—-Hoover Langevin piston pressure control.

Missing residues in the crystal structures of ZO1, CagA, and INAR1 were modeled by
SWISS-MODEL [117]. Since the CagA-TP53BP2 interaction complex in the PDB and our
predicted HPI are almost identical, we only simulated the template PPI.

To compare the stability of the systems throughout the trajectory, the RMSDs with respect to
the initial structures of systems were calculated for each HPI model and their respective
template PPIs.

To calculate the binding free energy of the simulated systems, GBSW [118] and entropy
calculations were carried out with the CHARMM program [119]. We included only the
protein atoms in GBSW and only the backbone atoms in the entropy calculations. The
average binding free energy, AG; is calculated as the sum of gas phase, solvation energy, and
the entropic contributions,

AGy= AGg+ AGy—~TAS )

where ( ) denotes an average along the MD trajectory (100 ns). The change in binding free
energy due to complex formation (either HPIs or PPIs) is calculated by the following
equation:

A Gy = Ggomplex _ (Glr)nonomerl + G]IJnonomerZ) @
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Fig. 1.

Workflow of our interface-based HPI modeling/prediction approach. We first extract human
interfaces from the PDB. Then, we obtain the structures of the H. py/oriproteins from the
PDB. For docking, we need two target proteins. However, for a given pathogenic protein, we
do not know the potential partner proteins in the human. Before docking, we need to identify
the potential partners. To do so, we structurally align the pathogenic proteins with all human
interfaces. If the pathogenic protein is aligned with the B-face of the interface, it can interact
with the complementary A-face. Now, that we have potential partners of the pathogenic
protein, we can perform docking for these pairs with PRISM [45-48] and Rosetta (local
refinement) [49-51]. We employ these docking methods to select the energetically favorable
HPIs, since structural complementarity may not necessarily confer electrochemical
complementarity. Finally, we filter our energetically favorable HPI results according to
tissue expression of the human proteins, checking whether the human partners of these
pathogenic proteins are expressed in the same tissue where the pathogen is found. We
further evaluate the HP1 models based on the percent match of the interface residues with the
template interface and probability of the template interface being a real biological interface.
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(a) Crystal structure of (b) Modeled HPI (c) Superimposed structure of
endogenous PPI PPl and HPI

Fig. 2.
H. pyloriproteins mimic the interfaces between cytokines and their receptors. Thus, they

may block the cytokine signaling, which may prevent T-cell recruitment to infected tissue
and lifelong persistent infection. (a) Endogenous human PPI between INAR1 and IFNAZ2.
(b) Our HPI model between INAR1 and gGT. (c) Superimposed view of PPl and HPI shows
that gGT almost perfectly mimics the interface on IFNAZ2 to bind to INAR1. Panels d and e
also show the superimposed structures of endogenous human PPls and modeled HPIs. Cyan
and pink proteins are human cytokines and cytokine receptors, respectively. Gray proteins
are H. pyloriproteins. Gray proteins bind to pink proteins by hijacking the interface on cyan
proteins (only the interface is similar, not the global structure). Thus, they may block the
pink—cyan protein interactions.
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ERR3
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G3BP1

Fig. 3.

/-/.gpylori proteins targeting the cell-cycle regulators (a and b), apoptosis regulators (c),
estrogen receptors (d and e), Ras and Rho GTPase family members (f, g, h, and i), and
glutathione metabolism (j and k). Figures show the superimposed structures of endogenous
human PPIs and modeled HPIs. Pink and cyan proteins are human and gray ones are H.
pyloriproteins. Gray proteins bind to pink proteins by hijacking the interface on cyan
proteins (only the interface is similar, not the global structure). Thus, they may block the
pink—cyan protein interactions.
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CagA ) D
(H. pylori) (b)

Outer capsid protein sigma-1
(Mammalian orthoreovirus)

Beclin-1

Fig. 4.
H. pylori proteins mimic not only host interactions, but also HPIs (a, b, and ¢). Our

interface-based approach uncovered a known HPI for CagA (d). It is known that CagA
interacts with ZO1, but their complex structure is not available. Figures show the
superimposed structures of our HPI models for H. py/lori with the known exogenous or
endogenous human PPIs. Pink and cyan proteins are from human, greens are proteins from
bacteria or virus, and gray proteins are H. pylori proteins. Gray proteins bind to pink
proteins by hijacking the interfaces on green and cyan proteins (only the interface is similar,
not the global structure).
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MD results for four HPI models and their corresponding template PPIs. The first figure in
each panel shows the initial conformation of the HPI/PPI, and the second figure shows the
conformation after 100-ns simulation. The last figure shows the RMSD values with respect

to the initial structures.
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Fig. 6.
Structural inter-species interaction network for H. pylori. All pairwise interactions have

structures as complexes. Endogenous human interactions (black edges) are obtained from
crystal structures (our template interface set), where human proteins are shown as gray
circular nodes. Exogenous interactions (red edges) are our HPI models for 10 H. pylori
proteins and are shown as red edges. (a) H. pylori proteins (blue diamond-shaped nodes)
target the highly connected part (hair-ball) of the human PPI. (b) Structural HPI network
without the endogenous human interactions. Most of the targets of individual H. pylori
proteins are distinct, but some are shared across different H. pyloriproteins. Thus, multiple
H. pyloriproteins target the same pathway.
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Fig. 7.
Structural interspecies network with all available HPI data for several bacterial, viral, and

yeast species, and PPI data in PDB. (a) Combined HPIs and PPIs that are available in PDB.
All endogenous (black edges) and exogenous interactions (red edges) have structures as
complexes in PDB. There are 299 HPIs with proteins from bacterial, viral, and yeast species
and 3366 endogenous interactions. Unlike our H. pylori HP1 models, proteins from other
bacterial, viral, and yeast species target both highly connected and less-connected part of the
network. (b) All HPIs available in PDB. Some pathogenic proteins target the same host
protein, whereas others have distinct targets. Some human proteins, such as 1A02, UBC,
2B11, and DRA, are hubs that are targeted by several non-human proteins.
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Table 3.
Details of the simulated systems

Simulation system Model or template PDB
CagA-TP53BP2 Template endogenous PPl 4irvAE
CagA-Z01 HPI model 4dvyP and 3tswD
Z01-Z01 Template endogenous PPl 3tswBD
CagA-JAM1 HPI model 4dvyP and 3eoyl
JAM1-viral capsid protein ~ Template exogenous PPI 3eoyCl
gGT-INAR1 HPI model 2nqoA and 3se3A
INAR1-IFNA2 Template endogenous PPl 3se3AB
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