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Protein complex analysis

Protein complexes are either formed by groups of identical proteins (homomers) or
different proteins (heteromers), and their organization is important in performing specific
biological activities in a biological process [1]. Such complexes are subject to
evolutionary selection [2] and they have a degree of conservation between species. In an
interaction network, complexes may be identified by investigating densely connected
proteins, the so-called clusters [3]. To identify the clusters in the predicted networks, we
used the Markov Cluster Algorithm (MCL) with inflation parameter set to 3.0 [4]. We
used the implementation of the Cytoscape [5] plug-in ClusterMaker [3]. In addition, to
validate the interaction networks, a literature search was performed to verify the existence

of similar clusters in other organisms, in the form of operons or metabolic pathways.
Network Figures

All provided network pictures follow the same color coding to visualize further
information. The node size (from small to large) and color (in a range from yellow to light
green to dark green) encodes the node degree. The border size (from small to large) and
color (in a range of white, pink and dark red) represent the “Betweenness Centrality”
property. The edge color (from red to yellow to green) represents the confidence score of
the original interaction assigned by the database. The edge width, from thinner to wide,

represents the interaction score pair (ISP).

Ribosomal and RNA polymerase cluster

This complex comprises of protein-protein interactions (PPI) occurring during the

translational ~ process of ribosomes (ribosomal RNAs + protein) in



C. pseudotuberculosis (Cp). This complex is formed by 53 ribosomal proteins (RP) and
4 of the 5 proteins forming the RNA polymerases (RNAP). All proteins are conserved in
all C. pseudotuberculosis biovar ovis strains. The RPs in this complex are encoded by 23
rpl genes (rpIBICEMKAQSDNLTFPOVJRWUXY), 10 rpm genes (rpmAEHBDCGIF])
and 20 rps genes (rpsLBKIDEOJGCMHARSPNFQT) [6]. The RNAP proteins are
encoded by genes rpoA, rpoB, rpoC and rpoZ [7, 8] (Figure 1). The complex contains
operons containing genes encoding ribosomal proteins and genes encoding proteins that
form the subunits of RNAP: for instance, the rplKAJL-rpoBC operon encoding the
proteins of a large subunit of a ribosome and also the B and ' subunits of RNAP [7]. As
in all prokaryotes, the transcriptional and translational systems are coupled and
synchronized in space and time rendering RNAP and RP relevant for understanding the
dependence between these two processes [9]. Escherichia coli was the first organism
having the ribosomal component (rRNA + proteins) elucidated [10], and hence is being
widely used as a model for studies of ribosomal gene clusters in bacteria due to the
similarity in the formation and organization of these clusters. In C. glutamicum and C.
diphtheriae, eleven gene clusters encoding 42 ribosomal proteins have been described
and when comparing with the E. coli gene clusters, seven of the discovered Cp clusters
are organized in the same way and four cluster have highly similar proteins [11].

Several recent studies target the relationship between the ribosomal machinery and
RNAP. In one study, it was observed that the complex formed by the proteins encoded
by the genes nusG-rpsJ, bind RNAP to the 30S subunit of the prokaryotic ribosome [12].
In another study, the gene that encodes the S1 protein also binds to RNAP and stimulates
transcriptional activity [13]; these interactions are also observed in the predicted networks

presented here.



Figure 1. Network formed by the interaction of RNA polymerase and ribosomal proteins,
represented by their encoding gene.

One further important observation confirms the biological bias of the predicted
interaction network: a multitude of interactions of proteins encoded by genes rpoB, rpoC,
and rpoA with RP and in contrast, no interactions of the protein encoded by the gene rpoZ
with RP. This can be justified by the fact that rpoZ is a sigma factor responsible for
recognizing the binding site. After the protein beta subunits (B-encoded by rpoB gene),
beta' (B'- encoded by gene rpoC) and alpha (a-encoded by rpoA gene) form the RNAP,
rpoZ disconnects from the binding site. The network analysis can help us also select

molecular targets for possible drug action. The proteins encoded by rpoA gene, rpoB and



rpoC are highly connected to proteins of RP. Thus, they can potentially serve as candidate
targets for drug development. An example of a successful similar drug is the RNAP j
subunit inhibition (encoded by the rpoB gene) by antibiotic Rifampicin. There are also
antibiotics like tetracycline, paromomycin, spectinomycin and streptomycin that exert
their inhibitory activity on some proteins in the ribosomal 30S complex [14].

Oligopeptide transport system cluster

The Opp transporters belonging to the ABC transporters family (ATP-binding cassette)
were identified and characterized in several bacterial species, both in gram-positive and
gram-negative [15, 16]. This system consists of five protein subunits: OppA, responsible
for the peptides capture of extracytoplasmic means; OppB and OppC form the
transmembrane channel through which the oligonucleotides will be transported to the
intracellular environment; OppD and OppF are located in the bacterial cytoplasm and are
responsible for the hydrolysis of ATP molecules generating power for the process of
internalizing peptides [16]. From a genetic point of view, the genes encoding these
subunits are organized as an operon oppABCDF [17] (Figure 2). In bacteria, the main
function of Opp is the peptide acquisition utilized as carbon and nitrogen source. In E.
coli, it was demonstrated that this system is associated with the residues internalization
of various amino acid types [18]. A study of Lactococcus lactis has shown that the
presence of a functional peptide transport system is required for the growth of bacteria in
milk [19]. According to the generated interaction network, the Opp system is directly
linked to the protein dihydrodipicolinate synthase (nanL) participating in L-lysine
biosynthesis suggesting that this system may be associated with amino acids
biosynthesis [20]. To date, no study was conducted to demonstrate the role of the Opp
system in the transport of essential and nonessential amino acids in C.

pseudotuberculosis. However, was shown that the Opp system contribute to the adhesion
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Figure 2. Network formed by the interaction of Opp proteins, represented by their
encoding genes

process of this pathogen [21]. In Moraxella catarrhalis, it was demonstrated that the Opp
system is also involved in the acquisition of arginine and contributes to the fitness and
persistence of the pathogen in the respiratory tract [22]. These studies demonstrate the

versatility of the Opp system in pathogenic bacteria.
Cobalamin biosynthesis cluster

Cobalamin (CBL - Vitamin B12) is synthesized by a number of Archaea and Bacteria [23,
24]. However, the prosthetic group CBL is essential for the enzymatic activity of several
enzymes in all three biological domains [25]. In Bacteria and Archaea, the functional
dependency is present in the CBL methionine synthase, ribonucleotide reductase,

glutamate, methylmalonyl-coA mutases, ethanolamine ammonia lyase, etc. [26]. The
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Figure 3. Network formed by the interaction of Cob proteins, represented by their
encoding genes

biosynthesis pathways of CBL cofactors, chlorophyll and haem begin with the compound
5-aminolevulinic acid (ALA). This, through some enzymatic steps, is converted into
Uroporphyrinogen I11, the last common intermediate compound for tetrapyrrolic products
[25, 27, 28]. In the predicted PPI network for C. pseudotuberculosis we can observe in
the CBL complex the presence of several holoenzymes (HemABCDEL) interconnected
with the holoenzymes (CobABDFGHJKLMNOQST) (Figure 3). This suggests a co-
evolutionary dependence between these two systems. For cobalamin production, multiple
steps and structural rearrangement of transmethylation are required [26]. In C.
pseudotuberculosis, these reactions are catalyzed by 15 cob genes, with most of them
being in the main cob operon, while the remaining genes (cobA, cobB, cobC and cobD)
are not present in the main operon. This fact may indicate the contribution of these genes
to external assimilation of vitamin Bi> precursors or secondary processes of de novo
biosynthesis, as identified in Pseudomonas denitrificans [23]. The cbi gene cluster

(cobinamide), responsible for CBL biosynthesis by an anaerobic pathway [29], is absent



in the network; so we can postulate that C. pseudotuberculosis might solely use the

aerobic pathway as an alternative to produce CBL [26].
Iron uptake and intracellular regulation cluster

This complex is responsible for the capture process and intracellular regulation of iron
(Fe). Fe is an essential cofactor for diverse enzymatic activities that work in different
metabolic processes (e.g., DNA replication, ATP synthesis, DNA repair and respiration
etc.) in all eukaryotic organisms and various prokaryotes [30-32]. In pathogenic bacteria
such as C. pseudotuberculosis, the Fe* ions acquisition system, contributes to the survival
and virulence of the microorganism [33, 34]. A single bacterium can have multiple Fe
acquisition systems. This feature is used as a strategy to acquire Fe from different sources
and in low availability of this cofactor [35]. Thus, the complex represents these multiple
systems and consists of 22 proteins encoded by genes fagABCD, ciuABCD, fecCDE (CD),

hmuUVTO, htaA, pstA, fhuD, fpeC1, hemE and dtxR (Figure 4).
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Figure 4. Network formed by the interaction of Iron uptake proteins, represented by their
encoding genes.



During the infection process, C. pseudotuberculosis is able to survive and multiply within
macrophages and hence escape from the host immune system response [32]. The use of
distinct or multiple siderophores (SIDS) [36] synthesized by C. pseudotuberculosis or
captured from the external environment [31] is a crucial factor for this ability. In C.
pseudotuberculosis, the SIDS are synthesized by genes fagD [37] (represented in the
network) and ciuE [32] (not present in the network). The reason for this might be that
these SIDS compete for the Iron ion (Fe®) with iron transporters used by the macrophage
[31]. Another source of Fe™ originates from the transfer of the prosthetic group heme-Fe
to the inside of C. pseudotuberculosis through hmuT receiver whose interactions between
hmuT and hemE can be seen in the network. Once heme-Fe is transported inside, it suffers
a degradation process, releasing Fe™. In this process of degradation, hmuO operates in the
cleavage of the tetrapyrrole ring of the group Heme-Fe [37]. Additionally, the protein
Cell-surface hemin receptor (htaA) exclusively interacts with proteins encoded by the
hmuTUV genes, responsible for hemin binding and transport. These interactions agree
with the literature evidence on C. diphtheriae [38]. These observations suggest that (a) the
interaction network is consistent and (b) that C. pseudotuberculosis can use the same
strategy for iron acquisition as C. diphtheriae. In the network, there are also other systems
for capturing iron, such as: Fag, Fec and Ciu proteins, as part of C. pseudotuberculosis
strategy to acquire Fe™. The successful ‘Trojan Horse’ strategy to combat resistant
bacteria uses the iron uptake system to enter and kill the cell. The idea is based on the
synthesis of the siderophore-drug complex, thus making the iron acquisition pathways
through siderophore as potential targets for drug delivery [39]. Recently, a detailed review
about iron acquisition strategies of gram-positive pathogens was published where the
same cluster proteins are identified, confirming the integrity of the predicted interaction

network. Iron, being an important substance for the survival of gram-positive bacteria,



and the mechanisms of iron acquisition, transportation and processing naturally become
important areas of study enabling the development of new strategies to combat these
organisms [40].

Cell division and peptidoglycan biosynthesis

In various bacteria exist a coupling and fine coordination between the processes related
to cell division (cytokinesis), the formation of the peptidoglycan layer that makes up the
cell walls, and DNA replication and segregation systems [41, 42]. We identified 36
proteins of C. pseudotuberculosis involved in this process and depict their predicted
interactions in Figure 5. The FtsZIWHY XE proteins are reported to be involved in cell
division [41, 43] and the MurAFDEGIBC proteins in the biosynthesis of peptidoglycans
[44]. In the cytokinesis process, the FtsZ protein plays a central role in the formation of
the cytoplasmic membrane ring constriction and in the anchoring and recruitment of
another protein set related to the cell division process [41, 43]. In the network, the FtsZ
protein is highly connected making it a central element of the recruitment activity and
anchoring. As FtsZ is the main component of the cell division process, there is a need to
maintain a harmony with the enzymes relating to the new cell wall synthesis [45]. In the
C. pseudotuberculosis network, these enzymes are mainly represented by
MurABCDEFGI and mraY proteins, related to the synthesis of new multilayer
peptidoglycans cell walls [46]. Indeed, our predicted network also shows a possible
harmony between the components responsible for the peptidoglycan biosynthesis and the
FtsZ protein. It is worth noting the role of the FtsW protein in nascent peptidoglycan
transport to the outside of the plasma membrane. In the network, we observe the presence
of the proteins encoded by the genes parA, parB and smc which are related to the
chromosome partitioning process; soj is associated with ATPase activity and scpA related

to the condensation process and the bacterial chromosome segregation during cytokinesis.
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Figure 5. Network formed by the interaction of proteins involved in cell division and
peptidoglycan biosynthesis, both represented by their encoding genes.

These proteins mainly interact with FtsZ, showing that FtsZ serves as a support for these
proteins to perform their activities accordingly. Complementary approaches using PPI
networks can be of great value to overcome the challenge of battling the increasing
number of resistant pathogenic bacteria. Thus, the organization and the connection
between the network elements can help to identify and to select new molecular targets for
the development of more effective therapies. Currently, there are several compounds
being synthesized and directed to act in the inhibition of peptidoglycan synthesis and in

cell division steps [47]. For example, compounds such as fosfomycin (phosphomycin),



4-thiazolidinone and phosphinic acid derivatives act as inhibitors of MurA, MurB and
MurCDEF respectively [44]. In this case, the bacterium dies by failing to form the
peptidoglycan layers. Inhibitors directed to block the beginning of cell division by
preventing the formation of the constriction ring have been explored and tested. For
instance, the sanguinarine inhibitor is not specific to FtsZ although it shows inhibitory
activity [47]. Therefore, further studies are needed to find more efficient inhibitors and
most promising targets against various bacteria, especially against C. pseudotuberculosis.
In general, the clusters whose proteins are described in the literature (although in other
organisms), demonstrate the consistency of our predicted interaction network, indicating
that the interactions may truly occur in Cp ovis. An example are the proteins of the iron
acquisition cluster which were also identified in a recent review [40]. It is common that
some proteins occur in several clusters, possibly exerting different functions in each
cluster. For instance, this is the case of Iron uptake, Cobalamin biosynthesis and Heme
clusters, whose cooperation was characterized and described in other organisms [33].

Likewise, clusters or interactions not previously described or only poorly characterized
in the literature might lead to novel and relevant insights about Cp ovis. From the cluster
analysis, we conclude the following: (a) some proteins, operons and interaction
participants in the clusters are well described in the literature for other gram-positive
organisms, indicating that the predicted interaction networks are biologically feasible for
Cp ovis and (b) although some proteins and operons are well described in the literature,
in some cases, the interactions between these elements are not. Hence, the interaction
network has the potential to contribute additional information leading to a better
understanding of Cp ovis. The lack of information in the literature especially for non-

model organisms renders such a predicted PPI network a powerful tool.
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