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Abstract

Salmonellosis caused by Sa/monellabacteria is a food-borne disease and worldwide health threat
causing millions of infections and thousands of deaths every year. This pathogen infects an usually
broad range of host organisms including human and plants. A better understanding of the
mechanisms of communication between Sa/monella and its hosts requires identifying the
interactions between Sa/monella and host proteins. Protein-protein interactions (PPIs) are the
fundamental building blocks of communication. Here we utilize the prediction platform BIANA to
obtain the putative Salmonellahuman and Salmonella-Arabidopsis interactomes based on
sequence and domain similarity to known PPIs. A gold standard list of Sa/monella-host PPls
served to validate the quality of the human model. 24,726 and 10,926 PPIs comprising interactions
between 38 and 33 Sal/monella effectors and virulence factors with 9,740 human and 4,676
Arabidopsis proteins, respectively, were predicted. Putative hub proteins could be identified and
parallels between the two interactomes were discovered. This approach can provide insight into
possible biological functions of so far uncharacterized proteins. The predicted interactions are
available via a web interface which allows filtering of the database according to parameters
provided by the user to narrow down the list of suspected interactions. The interactions are
available via a webinterface at http://sbi.imim.es/web/SHIPREC.php

1. Introduction

During infection, Salmonella expresses a variety of virulence factors and effectors that are
delivered into the host cell triggering cellular responses through protein-protein interactions
(PPIs) with host cell proteins which make the pathogen’s invasion and replication possible.
To decipher the molecular details of the communication between host and pathogen, it is
necessary to identify Sa/monella-host PPIs as well as their biological consequences.
Methods to discover and characterize PPIs within an organism (“intraspecies”) or between a
host and its pathogen (“interspecies”) have been applied widely and include small scale
experiments such as pull-down, co-localization, co-immunoprecipitation assays as well as
high-throughput experiments such as yeast-2-hybrid, and mass spectrometry identification
of binding partners. Examples of intraspecies interactomes experimentally studied with
high-throughput approaches include yeast [1], worm [2], Drosophila [3] and Arabidopsis [4]
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and a number of bacteria, such as Mycobacterium tuberculosis [5], Escherichia coli [6],
Helicobacter pylori 7], Staphylococcus aureus [8] and Campylobacter jejuni[9]. Less high-
throughput experimental data exists regarding interspecies interactomes, so far only for
Bacillus anthracis-human, Francisella tularensis-human, and Yersinia pestis-human [10]. To
fill this gap, numerous computational approaches have been developed to predict pathogen-
host interactions, most prominently between HIV and human [11], and other virus-host or
bacteria-host interactions [12][13]. Computational methods can also greatly help in
interpreting the data with respect to comparing networks and finding general strategies of
pathogens [9][14].

Towards identifying Sa/lmonella-host interactions, in a recent survey of the literature and
databases, we obtained a small gold standard dataset of 62 Sal/monella-host interactions,
involving interactions of Sa/monella proteins with mostly human host proteins [15]. This
gold standard can be used to develop and validate predictions for Sa/monella-host
interactions. Here we present a computational model to predict PPIs between Salmonella
and human and validate the model with the gold standard. We then expanded the model
towards predicting PPIs between Salmonella and Arabidopsis as a representative of the plant
kingdom to exemplify the most extreme in difference between Salmonella’s hosts. While we
include all Salmonella proteins in both models, their in-depth analysis focuses on
subnetworks of the interactomes that include known Sa/monella effectors and virulence
factors and the comparison of the two host systems. The work described here is the first
effort to predict Salmonella-Arabidopsis PPIs and compare Salmonella’s interactions with
host organisms as extreme as animal and plant kingdoms.

2. Results and discussion

2.1. Salmonella-human interactome and overlap with gold standard

First, we predicted the set of Sa/monella-human interactions based on sequence identity or
domain assignments using iPfam and 3DID databases and compared the model’s predictions
with the set of known Sa/monella-host interactions. Since the gold standard dataset contains
a small number of non-human host proteins, we retrieved the respective human homologues
for these proteins to allow direct comparison. For the recovery analysis 59 interactions of the
gold standard dataset were used, excluding the three clearly indirect ones.

A plot showing the number of gold standard pairs retrieved as a function of sequence
coverage and sequence identity is shown in Fig. 1. The maximum retrieval of known
interactions was 48 of the 59 gold standard interactions with the lowest sequence identity
and coverage requirement. This is because the gold standard contains interactions that are
not present in any database yet. If we increase the stringency on the sequence identity and
coverage, with a sequence identity cut-off of 60 % and a sequence coverage greater than
70%, six PPls are predicted. Lowering the sequence identity and coverage both to 21 %, 29
out of 59 gold standard PPIs are retrieved.

Using the domain-based prediction feature, nine of the gold standard interactions are
predicted. These nine interactions are also part of the set of 29 PPIs that can be predicted by
the model using a sequence-based query. Furthermore, there are six PPIs that are listed in
PPI databases and would thus be retrieved by our model as known interactions.

Thus, our model proved to be a valuable source for predicting Sa/monella-host PPls as 49%
of the gold standard interactions can be predicted by the model using a sequence and
coverage cut-off of 21%.
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2.2. Predicted Salmonella-human interactome

The total number of predicted Sal/monella-human PPls based on all interolog evidence [16],
i.e. sequence identity (e-value 1073, sequence identity 60%, sequence coverage 70%) and
domain (iPfam and/or 3DID) identity for all Sa/monella species and all proteins is ~44,8
million (Table 1). This list of interactions contains a lot of redundancy because it treats each
Salmonella species separately. This has an advantage, if one is interested in the interaction
specific to a given Salmonella species, strain or serovar. More commonly, the results would
be clustered by the sequence of Salmonella proteins so that only one pair of protein is
predicted for any Sa/monella species. Using a sequence identity of 95%, and sequence
coverage of 90% or using the Sa/monella gene symbol directly, grouping of the results leads
to reduction of the predicted pairs. For simplicity, we here only consider this reduced set of
interactions. The results are listed in Table 1. Since we are primarily interested in putative
interactions involving known Sal/monell/a effectors, in the following we restrict our analysis
to this subnetwork. The predicted number of PPIs for Sa/monella effectors is 46,200 when
grouping by Sa/monella protein sequence and 26,592 when grouping by Sa/monella gene
symbol. Analysis of these PPIs as described in the experimental part revealed a dataset of
24,726 interactions that were analyzed in detail (Table 2). There are 38 of the 108 known
Salmonella effectors (Table S3) in the set of predicted PPIs.

The basis for most of the PPIs predictions is the domain similarity. Only less than 1%,
namely 155, of the predicted pairs are based on sequence identity. The overlap between the
two predictions is low: the number of PPIs predicted by both, sequence (e-value 1073,
sequence identity 60%, sequence coverage 70%) and domain (iPfam and/or 3DID) identity
is only 67.

2.3. Predicted Salmonella-Arabidopsis interactome

The total number of predicted PPIs based on all interolog evidence is ~15,9 million for
Arabidopsis (Table 1). The total number of predicted PPIs involving Sa/monella effectors
only in the ungrouped mode is 107,127 which decreases to 10,926 when grouping by
Salmonella gene symbol and analyzing as described above which corresponds to ~10.2% of
the ungrouped pairs. As with human, the majority of the predictions is based on domain
(iPfam and/or 3DID) evidence. The number of PPIs predicted based on sequence alone is
52. The intersection is 25. There are 33 of the 108 known Sa/monella effectors (Table S3) in
the set of predicted PPlIs.

2.4. Comparison of Salmonella effectors and their binding partners

Based on the above considerations, the two predicted interactomes that will be compared in
the following comprise 24,726 and 10,926 edges between human and Sa/monella proteins
and between Arabidopsis and Salmonella proteins, respectively. Within these, 38 Salmonella
effectors interact with 9,740 human proteins and 33 Sal/monella effectors interact with 4,676
Arabidopsis proteins. For ease of identification, we use gene symbols to represent
Salmonella proteins and uniprot entry names for host proteins.

30 Salmonella effectors are common for both networks, while the rest is unique for each
predicted interactome (see Table 3). In Table 3, the number of predicted interactions is given
for each Salmonella effector based on sequence and/or domain based predictions or the
intersection of the two. Despite most predictions being domain-based, the predictions for
SipB and SpvC with human proteins are inferred from sequence identity only. Unlike in the
Salmonella-human network, within the Salmonella- Arabidopsis interactions there is no
Salmonella effector having PPIs predicted based on sequence identity only.
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Analogous to SipB and SpvC being present only in the sequence-based predictions with one
organism, there are many other such examples, when looking at the domain-based
predictions. Unique to Arabidopsis are HilC, HilD and SirC. Unique to human are InvB,
InvG, Orf48, SipA, SpaK, and SpiA.

2.5. Predicted effector hubs

The effectors of Salmonellawith the highest number of edges (hubs) are SspH1, SspH2,
SIrP and SptP with more than 2,500 PPIs in the Sa/monella-human interactome and more
than 1,500 PPIs in the Salmonella- Arabidopsis interactome, respectively. Although not as
extreme, there are also several effectors with more than 500 predicted PPIs. These effectors
are InvG, Orf48, SipA, SseJ, SifB, SscB, SifA and SpvB for the Salmonella-human network
and SscB for the Salmonella- Arabidopsis network. In contrast to these hub proteins, several
effectors are predicted to interact with very few proteins, namely InvB, HilC, HilD, SirC,
PipB, PipB2, SipA, SipB, SpaK and SpvC, which are all predicted to interact with 6 or less
host proteins.

2.6. Predicted central role of SptP

The Salmonella effector that seems to play a central role is SptP, especially when
considering the domain-based predictions. On the one hand this effector is predicted to
interact with 2,560 and 1,561 unique human and Arabidopsis proteins, respectively.
Furthermore, SptP has common binding partners with 23 Salmonella effectors in the
Salmonella-human and 15 Salmonella effectors the Salmonella-Arabidopsis network thereby
sharing ~25% of its interaction partners in both interactomes (Supplementary Table S1).

2.7. Comparison of human and Arabidopsis proteins that are predicted to interact with the
same Salmonella effector

Next, we focused on the homologous proteins shared between Arabidopsis and human hosts
and their interaction with the same Sa/monella effector(s) by applying a sequence identity
and coverage cut-off of 50 %. 2,416 human proteins were similar to 1,507 Arabidopsis
proteins. Table 4 summarizes the Salmonella effectors that are involved in both interactomes
as well as the numbers of similar human and Arabidopsis proteins. Almost all Salmonella
effector proteins share at least one homologue binding partner in human and Arabidopsis.
The only effectors that are predicted to interact only with host binding partners that do not
reveal any sequence similarity between human and Arabidopsis proteins are PipB, PipB2
and SifA. Fig. 2 visualizes the intersection of the Sa/monella-human and the Sal/monella-
Arabidopsis predicted interactomes. It involves 27 Sa/lmonella effector proteins. Human and
Arabidopsis proteins are clustered into the same node according to their sequence similarity.
This illustration shows the many indirect connections between the Sa/monella proteins.
Furthermore, SptP, SspH1, SspH2 and SIrP are hub proteins each with more than 300
interacting host proteins. Finally, SscB is a central protein in the intersected network,
predicted to be engaged in interactions with more than 300 host proteins. Examples of
human and Arabidopsis proteins that share sequence similarity are given in Table S4.

Similar to the sequence-based comparison of the host proteins, we analyzed the human and
Arabidopsis proteins that are predicted to interact with the same Sa/monella effector by
means of domains composition. For each human-Arabidopsis PP1 comparison, the
percentage of shared Pfam domains was calculated in relation to the total number of
domains of the human protein or the Arabidopsis protein, respectively (Fig. 3). 4,919 human
proteins predicted to interact with Sa/monella effectors share all their domains with
Arabidopsis proteins that are predicted to interact with the same Sa/monella proteins. There
are 3,313 Arabidopsis proteins sharing all their domains with human proteins. Interestingly,
2,559 human proteins did not share any of their domains with Arabidopsis proteins, while
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only 120 Arabidopsis proteins did not share any of their domains with human proteins. This
difference could be explained by the nature of the data: most of the predictions are obtained
based on domain interactions reported between domains in high-resolution three
dimensional structures. As the Protein Data Bank [17] contains more domain structures
related to human and other mammalian proteins than for plant proteins, using this inference
method a higher number of predictions is retrieved for human than for Arabidopsis.
Furthermore, there are more human-specific domains than there are for Arabidopsis.

Currently, more than 60 % of the Arabidopsis thaliana protein-coding genes are
uncharacterized [4]. Thus, the comparison approach utilized here may contribute to
elucidating possible functions of Arabidopsis proteins for which direct functional
information is lacking.

2.8. Identification of proteins involved in pathogenicity using GUILD

Network biology recently proved its use in identifying candidate genes associated with a
disease based on the observation that proteins translated by phenotypically related genes
tend to interact, the so called guilt-by-association principle [18]. GUILD [submitted] is a
network-based prioritization framework of methods that was used here to unveil genes
associated with the infection of hosts by Sal/monella. Using GUILD to obtain Salmonella
and host proteins that may be important during Sa/monella infection and host response is
one possibility to filter the predicted subnetworks between Sal/monella effectors and host
proteins on the one hand and all possible interactions between Sa/monellaand its host on the
other hand to identify interesting and so far undiscovered target candidates in pathogenicity.
Four examples of host proteins with high GUILD-rankings that are predicted to interact with
Salmonella effector proteins are described below. The top GUILD-ranked Sa/monella and
host proteins are listed in Table 6 and examples are discussed below in subsections (a)—(d).

(a) BarA may interact with human Synaptotagmin-like protein 3—One of the
predicted interactions that is ranked highly by GUILD is between the Salmonella protein
BarA and the human Synaptotagmin-like protein 3. Synaptotagmin-like proteins 1, 2 and 3
(SYTLL1-3) have been identified as a specific and direct binding partners of the GTP-bound
form of Rab27A /n vitroand in vivo [19]. Rab27A has been reported to be essential for
exocytosis of granules from polymorphonuclear leukocytes [19]. Rab27A-deficiency leads
to diminished secrection of myeloperoxidase in mice and it was proposed that SYTL1 and
Rab27A are necessary for release of this enzyme [20]. Myeloperoxidase produces e.g.
HOCI, a bactericidal oxidant [21]. Thus, it might be that Sa/monellaimpairs vesicle
trafficking and release of cytotoxic components by interacting with SYTL3.

(b) Salmonella dampens immune response by blocking IL18R1—The Secretin_N
domain of Sa/monella proteins InvG, Orf48 and SipA is predicted to interact with the
immunoglobulin-like domain (V-set) of Interleukin-18 receptor 1 (IL18R1). IL18R1 belongs
to the Interleukin-1 Receptor/Toll-Like Receptor Superfamily. This receptor has been shown
to be expressed on intestinal epithelial cells. Studies with Cryptosporidium parvum, a
parasitic protozoan, revealed that expression of antimicrobial peptides due to signaling
through this receptor upon response to IL18 may contribute to innate defense against this
pathogen [22]. Secondly, 1L18 is known to stimulate IFNgamma production in T cells and
natural killer cells which contributes to innate and adaptive immune responses. Moreover
stimulation of IL18R1 leads to NF-kB activation [23]. Thus, the predicted interaction of the
Salmonella proteins InvG, Orf48 and SipA with IL18R1 may block signaling through this
receptor, thereby preventing an immune response. This is in line with the observation that
Salmonella effector proteins AvrA, Ssel, SseL and SspH1 are said to dampen the immune
response by inhibiting activation of NF-kB [24-26].

Chem Biodivers. Author manuscript; available in PMC 2013 May 01.
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(c) Salmonella invasion of the host cell—Salmonella proteins SopE, SopE2 and SptP
are predicted to interact with Arabidopsis Rac-like GTP-binding proteins. This is in line
with the findings that the same Salmonella effectors interact with human GTPase Racl.
Interaction of the guanine nucleotide exchange factor (GEF) SopE with human Racl leads to
activation of this small GTPase, resulting in the stimulation of actin polymerization [27].
This along with other processes contributes to actin modification and membrane ruffling
promoting the internalization of the bacteria into the host cell. Once Sa/monella has been
taken up by the cell, the process of actin remodeling is reversed by SptP. SptP inactivates
Racl and down-regulates signaling through this GTPase [28]. To our knowledge, it is not
known if the activation or down-regulation of Rac-like GTP-binding proteins is important
for the response of Arabidopsis or other plants to pathogen infection.

(d) Interaction of SpvB with Arabidopsis actin proteins—It is known that SpvB
interacts with mouse G-actin [29]. This interaction leads to the inhibition of actin
polymerization based on the ADP-ribosyltransferase activity of SpvB. This is thought to
result in reduced vacuole-associated actin polymerizations around the Sa/monella-containing
vacuole as well as disruption of the host cells’ cytoskeleton and induction of apoptosis [29].
To our knowledge, a similar mechanism of bacteria infecting plants is not known. However,
targeting of plant actin by effector proteins of other phytopathogenic bacteria as well as
actins playing a role in defense against pathogens is well established. The Pseudomonas
syringae effector AvrPphB is believed to target the plant actin cytoskeleton in order to
inhibit cellular trafficking processes [30]. The Arabidopsis protein that appears to respond to
the effector is the Actin-Depolymerizing Factor (ADF), AtADF4. AtADF4 binds to G-actin
and thereby prevents actin polymerization but also binds F-actin promoting
depolymerization, believed to be one line of host defense against Pseudomonas syringae
[31].

2.9. Putative roles of Salmonella effectors in suppressing host defense response based on
predicted interactions

A number of key observations are outlined in sections (a)—(d), below.

(a) SptP may target the JAK/STAT signaling pathway—The model predicts the
interaction of SptP with JAK1 (JAK1_HUMAN, Q4LDX3_HUMAN), JAK2
(JAK2_HUMAN, Q506Q0_HUMAN, Q8IXP2_HUMAN) and JAK3 (JAK3_HUMAN,
Q8N1E8 HUMAN). These predictions are based on the contact between the Y_phosphatase
domain of SptP and the Pkinase_Tyr domain of JAK proteins and additionally the SH2
domain of JAK2 (iPfam and 3DID). Moreover, the interaction of SptP with human STAT
proteins (STAT1 HUMAN, STAT2_ HUMAN, Q6LD48_ HUMAN, STAT3_HUMAN,
B5BTZ6_HUMAN, STAT4 HUMAN, E7TEWJ5_HUMAN, Q53587_HUMAN,

STA5A HUMAN, Q8WWS9 HUMAN, STA5B_HUMAN, STAT6_HUMAN) based on
the interaction of the Y_phosphatase domain with the SH2 domain is predicted.

JAK proteins associate with cytokine receptors and mediate signal transduction by
phosphorylation and thereby activation of STAT proteins which are transcription factors that
regulate the transcription of selected genes in the cell nucleus. Rodig et al. demonstrated that
JAK1 is essential for mediating biological responses induced by certain cytokine receptors
[32]. For example, JAK1 deficient mice do not respond to INFalpha, IFNgamma and 1L-10
[33]. This would indicate the possibility that Sa/monella may interfere with the ability of the
host cell to respond to cytokine signaling. Indeed, this was found to be the case in
macrophages [34].
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(b) SIrP, SspH1 and SspH2 are predicted to interact with Toll-like receptors
(TLRs)—The Sal/monella effectors SIrP, SspH1 and SspH2 are predicted to interact with
human TLR1 to 10 (TLR1_HUMAN, TLR2_HUMAN, ..., TLR10_ HUMAN). The
prediction is based on the interaction of the LRR_1 domains of both binding partners
(iPfam). TLRs are involved in mediating immune responses to bacteria, NFKB activation,
cytokine secretion and inflammatory responses. TLRs recognize a variety of microbial
components, e.g TLR4 — lipopolysaccharides, TLR5 — flagellin, and thereby trigger
antimicrobial responses of immune cells. Several TLR have been shown to be responsible
for recognition of Salmonella. Salmonella enterica Choleraesuis is recognized by pig TLR5
and TLR1/2 [35]. TLR5-mediated recognition of Salmonella plays a role in many host
species. Recent findings demonstrated that single amino acid exchanges in Sa/monella
flagellin alter species-specific host response (human, mouse, chicken) [36] as well as the
occurrence of SNPs in TLR5 and TLR2 of different pig populations [35]. Beside those
receptors TLR4, TLR9 (and/or TLR3) are involved in Salmonella enterica Typhimurium
recognition [37]. On the other hand Sa/monella requires TLRs for its virulence as bacteria
cannot replicate in the absence of TLR2, 4 and 9. There is evidence that TLR-mediated
acidification is necessary to induce SPI-2 encoded genes [37]. Flagellin also triggers defense
signaling in plants, indicating that these effectors may play a similar role in plants. Domain-
based comparison of TLR5_HUMAN with all Arabidopsis proteins that are predicted to
interact with the same Sal/monella proteins as TLR5 revealed that human TLR5 shares all its
domains with 56 Arabidopsis proteins. The shared domains are the TIR-domain (PF01582),
the LRR_1-domain (PF00560) and the LRR_4-domain (PF12799) which overlaps with the
LRR_1-domain. These Arabidopsis proteins mainly comprise putative or uncharacterized
disease resistance proteins (Table 5). Further implications of TLRs are discussed below.

(c) SIrP, SspH1, SspH2 and SptP are predicted to interact with the
Arabidopsis protein with EFR—The LRR_1 domain of SlIrP, SspH1 and SspH2 may
interact with the LRR_1 and/or the LRRNT _2 domain (iPfam) of EFR (EFR_ARATH, LRR
receptor-like serine/threonine-protein kinase EFR or Elongation factor Tu receptor) whereas
the Y_phosphatase domain of SptP is predicted to interact with the Pkinase_Tyr domain of
this Arabidopsis protein (iPfam and 3DID). EFR is a plant pathogen recognition receptor
(PRR) that binds the PAMP (pathogen associated molecular pattern) elf18 peptide of
elongation factor EF-Tu and thereby triggers the host defense [38]. The Pseudomonas
syringae effector AvrPto is known to bind EFR which inhibits PAMP-triggered immunity
and thereby promotes virulence [39]. It is possible that a similar mechanism is used by
Salmonella.

(d) Interaction of Salmonella effectors with Arabidopsis disease resistance
proteins—Another PPI that may be based on the contact between two LRR_1 domains is
the interaction of SIrP, SspH1 and SspH2 with RPS2 (RPS2_ARATH, Disease resistance
protein RPS2 or Resistance to Pseudomonas syringae protein 2). Based on the same domain
interaction and additionally on the interaction between LRR_1 (SIrP, SspH1, SspH2) and
LRRNT _2 (RPP27) these Salmonella effectors are also predicted to interact with other
Arabidopsis disease resistance proteins. These are RPP1 (D9IW02_ARATH, Recognition of
Peronospora parasitica 1), RPP4 (Q8S4Q0_ARATH, Disease resistance protein RPP4),
RPP5 (004264 _ARATH, Downy mildew resistance protein RPP5) and RPP27
(Q70CT4_ARATH, RPP27 protein). Plant disease resistance proteins specifically recognize
pathogenic avirulence proteins (Avr) and share high structural and functional similarity with
mammalian TLRs [40]. Arabidopsis RPS2 recognizes Pseudomonas syringae AvrRpt2 and
thereby triggers a defense response. A homologue with 58 % identity in the functional
domain, AvrRpt2EA, is present in Erwinia amylovora and has been shown to contribute to
virulence [41]. RPP1, RPP4, RPP5 and RPP27 are known to contribute to disease resistance
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against the Peronospora parasitica, the causal agent of downy mildew, and recognize a
variety of avirulence proteins (ATR Arabidopsis thaliana recognized proteins) resulting in
host resistance (for details see [42]).

2.10. Topological network analysis

The network topology of the different predicted Sa/monella-host networks was analyzed by
in-depth analysis of its components and clusters. Components refer to sub-networks in
which any two nodes are connected to each other by paths. Clusters are groups of nodes in
the network having a high connectivity between them. We measured different parameters
relating the properties of these bipartite graphs (Table 7). Pathogen-host PPI networks are
bipartite graphs because they are composed of two independent sets of proteins (namely
from two different species) having edges (predicted interactions) between them. There are
no predicted interactions between proteins within the same species, which makes these
networks different from intraspecies interactomes. The following parameters are listed in
Table 7: 1) number of connected; 2) number of and average clustering coefficient applied to
bipartite graphs, split into Sa/monella and host proteins; 3) network density coefficients,
split also by pathogen and host proteins; 4) scale-free network properties, based on number
of predictions for each protein (node degree).

All predicted networks contained few components and clusters containing a large number of
proteins and several components and cluster with few proteins. Predictions based only on
domain composition produced more unconnected networks (i.e. having more components),
while sequence-based predictions produced a more connected network. The number of
components containing known Sa/monella effectors is low, indicating that effectors are
found in a small number of groups. The same pattern was observed when clustering.
Clustering coefficients and network densities were very similar when comparing the human
and Arabidopsis networks, as well as when comparing sequence and domain based inference
methods. In contrast, these parameters change when applied to the intersection network
(Table 7), probably due to the smaller size of this network.

PPI network topologies are generally characterized by a low number of highly connected
hubs, and a large number of proteins with few connections, referred to as a scale-free
network topology [43]. A power-law distribution of the number of PPIs is a characteristic of
a scale-free network. This distribution was indeed observed here with statistical significance
(P < 0.01), except the prediction based on the intersection of sequence-based and domain-
based methods. In this case, a power-law distribution was fit with a value of P < 0.05.
Probably this difference is due to the small size of the network.

2.11. Functional enrichment analysis

Interacting proteins are likely to share biological processes or share similar locations
compared to non-interacting proteins [44]. The results are shown in Table S5. Three clusters
of the Sa/monella-human sequence-based predicted network are significantly enriched with
GO-terms. Two human proteins of cluster40, SAHH2 and SAHH3, are annotated with the
GO-terms “adenosylhomocysteinase activity” and “trialkylsulfonium hydrolase activity”.
The GO-term “interleukin-8 binding” is significant for cluster2 and associated with the
human proteins CXCR1 and CXCR2. Proteins in clusterO are annotated with 36 unique GO-
terms which allow the proteins to function e.g. in antigen processing and presentation, the
MHC complex, translation and protein disassembly (Table S5).

Eight of the 13 Salmonella effector-containing clusters in the Sa/monella-human network
are significantly enriched with 329 unique GO-terms. When building logical and functional
related groups of the most prominent GO-terms enriched within one cluster, the results can
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be summarized as follows: Cluster0 harbors proteins that play a role in the MHC protein
complex, small GTPase mediated signaling and protein kinase activity. Proteins in clusterl
dominantly play a role in processes and molecules related to gene expression and cellular
component disassembly. The five human protein of cluster186 for which GO-terms are
enriched are UBC, UBB, UB2L3, RL40 and RS27. These proteins function in cell cycle
regulation, ubiquitination, antigen processing and presentation, TLR signaling as well as
kinase and ligase activity. Many proteins of cluster3 are associated with proteolysis,
peptidase and serine hydrolase activity. Cluster38 comprises protein related to transferase
activity and several metabolic processes. In cluster5 e.g. the GO-term “actin binding” as
well as those pointing at phosphatase activity are enriched. Proteins in cluster?
predominantly are associated with cell adhesion. 665 proteins of cluster8 are integral
membrane proteins of which many are annotated to have receptor activity (Table S6).

Finally, we calculated the functional enrichment in the GUILD dataset. To this end, the
union networks of sequence- and domain-based predictions, was subjected to GUILD
analysis (see above). Those host proteins with the top 100 GUILD-netscores were selected.
In the case of the human proteins, the highly ranked GUILD proteins function in cell death
and apoptosis as well as immune response, cytokine production and secretion, protein
secretion, transport and localization, peptidase activity and kinase cascades (Table S7).
Annotations for the top 100 GUILD-scored Arabidopsis proteins are quite different from
those for the human ones. When analyzing the over-representation of GO-terms related to
biological processes only, only 19 of the top-scored proteins reveal a GO-term annotation.
These are “protein tetramerization”, “ATP hydrolysis coupled proton transport”, “energy
coupled proton transport, against electrochemical gradient” and “small GTPase mediated
signal transduction” (Table S8a). Because of this low number of process terms presumably
due to the lesser annotation of Arabiopsis proteins as compared to human proteins, we
subsequently included all GO-terms in the analysis. This resulted in enrichment of
Arabidopsis proteins with GO function annotations, such as “GTP binding”, “phosphatase
activity” and ATPase activity (Table S8b).

3. Conclusions

The present work demonstrates that retrieval of putative interactions based on sequence and
domain similarity to known interactions are valuable in predicting host-pathogen
interactions. First, the model presented successfully predicted a set of gold standard
Salmonella-host PPIs. Furthermore, so far undiscovered interactions between Sa/monella
effector proteins and host targets were predicted and used successfully to formulate
biological hypotheses. These include helping identify conserved or distinguishing
mechanisms used by Sa/monella when infecting and proliferating in humans and plants. We
specifically suggested a number of putative mechanisms by which Salmonella proteins may
suppress the immune response elicited by the host, for both, plant and human hosts. Finally,
this approach may also be useful to predict the function of so far uncharacterized proteins.

Interolog information has been used previously to predict PPIs, both for intraspecies and
interspecies predictions [16][45]. With particular relevance to this work, Krishnadev et al.
[13] obtained a list of predicted interactions between human host and Sa/monella using a
conceptually similar approach. However, there are a number of differences that should be
highlighted. Numerous publications show that there is low overlap in public PPI repositories
[46]. As a consequence, by using a single database of PPIs chosen by Krishnadev ef a/. as
opposed to a database in which several resources are integrated as is done in the BIANA
framework [47] employed here, one would expect to obtain a larger number of predicted
pairs. More specifically, in the work of Krishnadev et a/. DIP was used as the source for
protein pairs and iPfam was used to identify homologues. In contrast, we have integrated
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interactions from 10 different resources instead of just DIP, and furthermore included
domain relationships from 3DiD, where interactions can be structurally modeled. Finally,
Krishnadev et al. used only Sa/monella enterica Typhimurium, while we applied it to
different Sa/monella species and two different hosts (human and Arabidopsis). This enables
the user with the flexibility of searching for interactions for a specific Sa/monella species.
Since the approach is general, this work can easily be extended to comparison of other hosts.

While a number of interesting biological hypotheses were derived from the predictions,
these have to be seen with caution as they are only based on sequence and domain similarity.
Although similar proteins often can interact with the same or similar proteins, there a many
examples where it has been shown that very similar proteins do not interact with the same
target protein. In the specific case of Salmonella-host interactions, for example, SspH1 is
known to bind to PKN1 but as shown by immunoprecipitation, SspH2 and SIrP do not
interact with this protein [26]. Vice versa SspH2 binds Filamin A and Profilin-1 whereas
these interactions could not be shown for SspH1 and SIrP in a yeast-2-hybrid experiment
[48]. One more example is the interaction between PipB2 and KLC which could not be
detected for PipB using co-immunoprecipitation [49].

The quality of the putative interactomes could further be improved by combining this
method with other computational approaches and by including other biological data sources,
e.g. transcriptomic other -omics or localization data, in the predictions. This would reduce
the number of false positive predictions. In any case, predicted interactions require
experimental validation.

To enable other users to benefit from the models developed and stimulate experimentalists
to inspect and validate the predicted interactions, a web interface is available at http://
sbi.imim.es/web/SHIPREC.php.

Experimental Part

Prediction of interactions based on homology detection and domain assignment

Salmonella-Host (Salmonella-human and Salmonella-Arabidopsis) interacting proteins have
been predicted using the interologs approach [16]. The hypothesis of this approach is that
two proteins (A and B) interact if it exists a known interaction between two proteins (A" and
B’) such that A is similar to A" and B similar to B”. Proteins A and B are named target
proteins and A" and B” template proteins. The basis of the hypothesis is to assume the
similar behavior of homolog proteins. However, other approaches have only required the
similarity of the residues of interface of the interaction [50], which means that non-
homologous proteins can also reproduce the same interaction. Therefore, we have used two
different criteria to measure this similarity. The first approach uses sequence similarity
between proteins based on the sequence alignment. We align the sequences of two proteins
to measure their similarity as a function of the percentage of identical residues and the
percentage of their sequence being aligned (i.e. using 60 % identity and 70 % of the total
length of the target protein and 90 % of the template). In the second approach we measure
the similarity of the target sequences (A and B) with PFAM domains as a function of the e-
value calculated with the package HMMER [51]. This results in the assignation of one or
several PFAM domains to the target sequences. Then, we use the database of iPfam and
3DiD to check for domain-domain interactions. We hypothesize that A interacts with B if a
domain A" can be assigned to A and a domain B’ to B such that A" and B” are interacting
domains in iPfam or 3DiD. Furthermore, it has been shown that the specificity of some
interactions depends on a set of interacting domains [52]. Therefore, the most restrictive set
of predictions will be those for which both criteria of similarity are required, using stringent
values of sequence identity, coverage and domain assignation (Fig. 4).
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The last step to generate the network of interactions between proteins of Sa/monella and
human and between Sa/monellaand Arabidopsis is a clustering of similar pairs. Pairs of
interactions can be grouped by gene symbol or by sequence similarity. Grouping by gene
symbol is obtained by joining all PPIs containing Sa/monella proteins that correspond to the
same gene symbol (see the correspondence between gene symbols and Uniprot entry name
in Table S2). Grouping by sequence similarity is obtained by joining all pairs of PPIs for
which the similarity of their sequences is calculated with an alignment and this shows more
than 95 % identical residues and for more than 90 % of the sequence length.

Database sources

Protein sequences of Sa/monella, Human and Arabidopsis were extracted from the Uniprot
Knowledgebase [53]. In order to avoid missing proteins annotated only in one or few
subspecies of Salmonella, we considered all proteins belonging to a taxon inside the
Salmonella genus (taxonomy ID 590) to generate a virtual Sa/monella proteome. For Human
and Arabidopsis proteomes we took all proteins of the taxon 9,606 and 3,702, respectively.

PPIs used as templates for the prediction were extracted using BIANA framework [47] that
integrates 10 different databases: DIP [54], HPRD [55], IntAct [56], MINT [57], MPact
[58], PHI_base [59], PIG [60], BioGRID [61], BIND [62] and VirusMINT [63]. Using the
integration of multiple sources instead of a single source allows a more comprehensive view
of interactions and enlarges the set of predictions (as it is known different databases contain
a high number of non-overlapping PPIs [46] [http://www.omicsonline.com/Archive/
HTMLJuly2008/JPB1.166.html].

Domain-domain interactions used as templates were extracted from the union of the 3DID
[64] and iPfam [65] databases. Both databases define interactions between Pfam domains for
which high-resolution three-dimensional structures are known. Also, the use of more than a
single source allowed a more comprehensive view of known domain-domain interactions.

Gold standard

A dataset of known Salmonella-host protein-protein interactions (PPIs) was obtained by
intensive literature and database search screening more than 2,200 journal articles and over
100 databases [15]. This yielded a set of 59 direct and three indirect Salmonella-host PPls
involving 22 Salmonella effectors and 50 host proteins. Of those 62 PPIs 38 have been
reviewed before (Haraga et al. 2008 [66], McGhie et al. 2009 [67], Heffron ef al. 2011 [25])
but only 16 can be found in databases including only 6 that are listed in the databases DIP,
IntAct, PIG and/or BIND whereas the others are found in the descriptions of the uniprot
database (www.uniprot.org). This dataset only contains interactions that have been verified
by us based of the reliability of the experiments described in the journal article(s). Thus, this
dataset of Salmonella-host PPIs represents the most complete Sa/monella-host interactome
available to date [15].

Parameters used for homology detection and domain assignment

PPI inference between Sa/monella and host proteins has been done by sequence similarity
with known interacting pairs as follows: Alignments were done using PSI-BLAST with an
e-value cutoff threshold of 1073. 90 % of the template sequence and 20 % of the target were
aligned, and the alignment had a minimum of 20 % of identical residues. For assigning Pfam
domains we used an E-value cutoff of 10 obtained with HMMER 3.0 [51] and the Pfam A
database [68].

Chem Biodivers. Author manuscript; available in PMC 2013 May 01.


http://www.omicsonline.com/Archive/HTMLJuly2008/JPB1.166.html
http://www.omicsonline.com/Archive/HTMLJuly2008/JPB1.166.html

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Schleker et al.

Page 12

Selected sub-networks

The full predicted network of interactions of proteins from Sa/monella interacting with
proteins of the host (human or Arabidopsis) is very large. To ease interpretation of the
predictions, we have designed several filters to select specific sub-networks of interest, and
these subnetworks are referred to specifically in the text: a) subnetwork containing
interactions with known effectors of Sa/monella invasion; b) subnetwork containing
interactions with transmembrane proteins (likely involved in the pathogen invasion of the
host cell); ¢) subnetwork of interacting pairs sharing similar functions; and d) subnetwork
containing interactions with known and predicted effectors and relevant proteins for
Salmonella invasion.

Subnetwork of known Salmonella effectors

The most interesting predicted interactions are those in which known Sal/monella effectors
are involved, as these proteins are known to enhance pathogen virulence and to alter
functions in the host. A list of 59 known Salmonella effectors has been used to filter the
prediction set.

Subnetwork of transmembrane proteins

The recognition between pathogens and hosts is mostly due to surface structures [69].
Consequently, in order to select interactions that could be involved in the Salmonella-human
and Salmonella-Arabidopsis recognition, we applied the TMHMM software [70] to predict
transmembrane proteins and to select the subnetwork containing these proteins.

Subnetwork with functional annotation

Predicted Salmonella-host interactions were filtered if the involved proteins shared similar
GO terms. A GO term is considered similar if they are equal or if there is a parenthood
relation in the GO ontology hierarchy.

Subnetwork with relevant proteins of Salmonella invasion

The GUILD method [submitted] was used to identify genes associated with the infection of
hosts by Salmonella. The GUILD framework has been applied to the predicted networks of
Human and Salmonella obtained with the union of sequence and domain based prediction
methods, in which gold standard Sa/monella-host interactions found by literature search and
known interactomes of host and Sa/monella were added (both reported in source databases
described above). The method requires a set of proteins (or genes) known to be associated
with a phenotype. We have used the list of known effectors of Sa/monellato infer new
putative effectors or proteins of the host that are relevant for the invasion based on ranked
GUILD scored.

Network topology analysis

To calculate topological parameters of the network, we have used the networkx.bipartite
module of Python [71]. To study possible topological modules in the network, we have
divided the network in connected components and clusters. Components consist on
subnetworks in which every node is connected to the other nodes of the subnetwork by a
path (i.e. there does not exist a path between two nodes from different components).
Topological clusters consist of groups of nodes of the network being highly connected
between them. We have clustered the networks by using the MCL algorithm, using a
granularity coefficient of 1.7 [72]. Scale-freeness of the networks has been calculated as
described by Khanin er al. [43].
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Functional enrichment analysis

Functional relations in the network modules were analyzed by using the functional
enrichment algorithm, FuncAssociate 2.0 [73], applied to the clusters containing known
Salmonella effectors and the top scoring GUILD proteins.

Browser of the dataset of predicted cross-talk between Salmonella and hosts (human,
Arabidopsis)

The predictions are available at http://shi.imim.es/web/SHIPREC.php. Users can browse
them with the ability to filter the data:

1. Salmonella and host proteins. It is possible to filter transmembrane predicted
proteins or specific groups of proteins (identified or excluded by gene symbol or
uniprot accession identifiers, having a specific annotated functionality, domain or
keyword). For Sa/monella proteins, it is also possible to show only known effectors
or virulence factors, and to select which Sa/monella subspecies to use. For host
proteins, the user has to select which host to use (human or Arabidopsis). Also,
Salmonella and host proteins can be selected according to top ranked GUILD
scores. PPIs can be grouped in sets of proteins of each partner of the interaction
with similar sequence (using 95 % sequence identity and 90 % sequence length) or
by gene symbol.

2. Prediction conditions. It is possible to select the prediction method (based on
sequence similarity or based on known interacting domains) and the conditions
used to obtain them. The user can combine results from both methods by wnion or
Intersection.

3. Predicted interactions. Predicted interaction pairs can be filtered according to GO
annotation terms of involved proteins (biological process, cellular component or
molecular function).

4. Output. The result of the applied filter and selection criteria entered by the user, is a
table with the details of each prediction, and the details of the PPI template used for
inference.

Interactome prediction and analysis

The Salmonella-host interactomes described and analyzed here in detail have been obtained
by applying the following parameters using the web interface: union of sequence identity (e-
value 1073, sequence identity 60 %, sequence coverage 70 %) and domain (iPfam and/or
3DID) identity for all Sa/monella species; restrict to only Salmonella effectors and virulence
factors; group Sa/monella proteins by gene symbol. The received PPI dataset has been
edited by deleting gene symbol duplicates. This was necessary as some Salmonella effectors
had two or more gene symbols which were ordered in different ways depending on the
Salmonella serovar. E.g. the three gene symbols of SpvC (SpvC, MkaD, MkfA) were
ordered in five different ways which resulted in duplications of PPIs. All these different
entries were substituted by SpvC. The final step was the analysis and visualization of the
obtained datasets with Cytoscape 2.8. [74].

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.

Recovery of known Salmonella-host interactions using the model based on sequence

identity.
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Intersection network of Salmonella effector proteins interacting with similar human and
Arabidopsis proteins.
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Similarity between human and Arabidopsis proteins based on domain composition.
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Similarity between human and Arabidopsis proteins based on sequence identity.

Salmonella effector A B C D
BarA 41 20 340 321
HilA 2 1 102 69
InvC 16 16 15 17
Orf408 4 5 13 35
PipB 0 0 1 5
PipB2 0 0 1 5
SifA 0 0 631 27
SifB 190 104 890 49
SirA 9 9 177 248
SirP 222 154 2,630 1,519
SopA 13 14 6 17
SopB 10 5 30 37
SopE 190 104 265 22
SopE2 190 104 265 22
Spal 16 16 15 17
SpiR 38 19 329 319
SptP 312 200 2,248 1361
SpvB 241 136 396 32
SsaN 16 16 15 17
SscB 248 148 832 373
SseA 6 2 153 106
SselJ 73 51 1,427 446
SspA 12 11 121 156
SspH1 222 154 2,630 1,519
SspH2 222 154 2,630 1519
SsrA 38 19 329 319
SsrB 4 3 161 230
TtrB 43 23 82 115
TtrR 4 3 161 246
TtrS 34 16 176 248
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Arabidopsis proteins that share domains with human TLR5.

Table 5

Uniprot entry name  Protein name Gene name
Q9SZ66_ARATH Putative disease resistance protein (TMV N-like) F16J13.80
QIFKR7_ARATH Disease resistance protein-like

Q9FKB9_ARATH Disease resistance protein

QIFGW1_ARATH Disease resistance protein-like

Q9SSPO_ARATH Similar to downy mildew resistance protein RPP5 F3N23.6
Q9ZVX6_ARATH Disease resistance protein (TIR-NBS-LRR class), putative
A7LKN2_ARATH TAO1

QILSV1_ARATH Disease resistance protein RPP1-WsB

004264_ARATH Downy mildew resistance protein RPP5 RPP5
B7U887_ARATH Disease resistance protein RPP1-like protein R7

B7U885_ARATH Disease resistance protein RPP1-like protein R5

B7U884_ARATH Disease resistance protein RPP1-like protein R4

B7U888_ARATH Disease resistance protein RPP1-like protein R8

QIM285_ARATH Disease resistence-like protein T22K7_80
QIMIN7_ARATH Disease resistance protein homlog T18B22.70
049470_ARATH Resistance protein RPP5-like F24J7.80
Q9SCZ3_ARATH Disease resistance-like protein F26013.200
Q9FI14_ARATH Disease resistance protein-like TAO1
Q9ZSN4_ARATH Disease resistance protein RPP1-WsC

Q9ZSN5_ARATH Disease resistance protein RPP1-WsB

Q9ZSN6_ARATH Disease resistance protein RPP1-WsA

QOWQ93_ARATH Putative uncharacterized protein At1g72840

Q9FMB7_ARATH Disease resistance protein-like

A7LKN1_ARATH TAO1

QIFTA6_ARATH T7N9.23

QOWVG8_ARATH Disease resistance like protein

Q9SUK3_ARATH Disease resistance RPP5 like protein dl4500c
Q9CAEO_ARATH Putative disease resistance protein; 17840-13447 F24D7.6
Q9CAD8_ARATH Putative disease resistance protein; 27010-23648 F24D7.8
QI9FKN9_ARATH Disease resistance protein

049468_ARATH Resistence protein-like F24J7.60
Q9FHFO_ARATH Disease resistance protein-like

QIFTA5_ARATH T7N9.24

Q8S8G3_ARATH Disease resistance protein (TIR-NBS-LRR class), putative
Q9SW60_ARATH Putative uncharacterized protein AT4g08450 C18G5.30
Q8GUQ4_ARATH TIR-NBS-LRR SS14

QIFGT2_ARATH

Disease resistance protein-like
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Uniprot entry name

Protein name Gene name

QYFH20_ARATH

Disease resistance protein-like

QICAK1L_ARATH

Putative disease resistance protein; 24665-28198 T12P18.10

QIFNJ2_ARATH

Disease resistance protein-like

QICAKO_ARATH

Putative disease resistance protein; 28811-33581 T12P18.11

QYFKE2_ARATH

Disease resistance protein RPS4

Q9FFS5_ARATH

Disease resistance protein-like

B7U882_ARATH

Disease resistance protein RPP1-like protein R2

B7U883_ARATH

Disease resistance protein RPP1-like protein R3

B7U881_ARATH

Disease resistance protein RPP1-like protein R1

Q7FKSO_ARATH

Putative disease resistance protein At1g63880/T12P18_10

048573_ARATH

Disease resistance protein-like T19K24.2

QOWNV7_ARATH

Resistence protein-like

QIMIPL_ARATH

Disease resistance protein homolog T18B22.30

023536_ARATH

Disease resistance RPP5 like protein dl4510c

COKJS9_ARATH

Disease resistance protein (TIR-NBS-LRR class)

Q9FN83_ARATH

Disease resistance protein-like

Q56YL9_ARATH

Disease resistance-like protein At3g44400

QYFKE5_ARATH

Disease resistance protein RPS4

QIMSX8 ARATH

Putative disease resistance protein T6K12.16
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