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Abstract: Leptospirosis is a zoonosis caused by the pathogenic bacteria of the genus Leptospira.
The identification of conserved outer membrane proteins among pathogenic strains is a major research
target in elucidating mechanisms of pathogenicity. Surface-exposed proteins are most probably the
ones involved in the interaction of leptospires with the environment. Some spirochetes use outer
membrane proteases as a way to penetrate host tissues. HtrA is a family of proteins found in various
cell types, from prokaryotes to primates. They are a set of proteases usually composed of a serine
protease and PDZ domains, and they are generally transported to the periplasm. Here, we identified
four genes—annotated as HtrA, LIC11111, LIC20143, LIC20144 and LIC11037—and another one
annotated as a serine protease, LIC11112. It is believed that the last forms a functional heterodimer
with LIC11111, since they are organized in one operon. Our analyses showed that these proteins
are highly conserved among pathogenic strains. LIC11112, LIC20143, and LIC11037 have the serine
protease domain with the conserved catalytic triad His-Asp-Ser. This is the first bioinformatics analysis
of HtrA proteins from Leptospira that suggests their proteolytic activity potential. Experimental
studies are warranted to elucidate this possibility.
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1. Introduction

Leptospirosis is an important zoonosis caused by the pathogenic bacteria of the genus Leptospira,
affecting humans and animals worldwide. The disease is responsible for causing more than 1 million
infections with 60,000 deaths per year [1]. Human infection occurs mainly through direct contact with
the urine or other biological fluids of infected animals or via indirect contact with contaminated soil
or water [2,3]. After contact with damaged skin or mucosa, leptospires can rapidly penetrate and
overcome host biological barriers, reaching target organs within 1 hour of infection [4], showing high
invasive potential.

The disease displays several clinical manifestations, ranging from asymptomatic, mild, and benign,
to more severe forms. The initial phase is characterized by fever, chills, headache and muscle pain, and it
can progress to a more severe condition, known as Weil’s syndrome. This condition is characterized
by hemorrhage, renal failure, and jaundice. Often, the initial symptoms can be confused with other
diseases, such as influenza and dengue, making it difficult to diagnose and possibly leading to the
patient’s death [5].
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The genus Leptospira includes helical-shaped bacteria, and phylogenetic analysis has revealed that
the genus can be divided into three clades associated with the level of pathogenicity of the species:
saprophytic (7), intermediate (5), and pathogenic (10) [6]. Besides genetic classification, leptospires can
also be serologically divided, regarding serogroup and serovar status, associated with the antigenic
heterogeneity of exposed lipopolysaccharides (LPS) [3]. The most frequent serovar detected in humans
in Brazil is L. interrogans serovar Copenhageni [7]. In 2004, Nascimento and colleagues [8] sequenced the
genome of this strain and observed the presence of two chromosomes. Chromosome I has 4,277,185 bp,
while chromosome II contains 350,181 bp. The number of genes found in this genome reflects the
ability of Leptospira to respond to diverse stimuli.

The identification of genes encoding conserved outer membrane or secreted proteins among
pathogenic strains is a major research goal to elucidate pathogenicity mechanisms. Some spirochetes
utilize proteases as a mechanism of dissemination in host tissues. Leptospira cells are able to subvert
host cell functions, especially the fibrinolytic system, to enhance their invasiveness. By capturing
circulating plasminogen (PLG) and inducing the endothelial secretion of its activator, leptospires can
generate plasmin (PLA) and thereby become proteolytically active bacteria. The in vitro degradation of
extracellular matrix (ECM) components, immune modulators and coagulation factors has been shown
by PLA-coated leptospires [9,10].

Besides the exogenously acquired degradation potential, some endogenous proteases have
also been demonstrated in pathogenic Leptospira, such as collagenases [11,12], thermolysins [13-15],
metalloproteases [16], and oligopeptidases [17]. However, by data-mining the available genome
sequences, it was observed that endogenous proteolytic potential remains unexplored. Proteins of the
high temperature requirement A (HtrA) family can be found in various cell types, from prokaryotes
to primates. They are a set of proteases generally transported to the periplasm, where they form
proteolytic active oligomers with an important function in protein quality control [18,19]. They usually
possess a trypsin-like serine protease catalytic domain, near the N-terminal and one or two PDZ
domains (named after the first three proteins in which the domain was observed; post-synaptic
density protein 95, Drosophila disc large tumor suppressor, and zonula occludens 1) at the C-terminal,
a sequence tag responsible for protein-protein interactions [20,21]. Bacterial HtrA proteases are
responsible for removing improperly folded proteins. The abnormal folded proteins are normally
found in harsh conditions such as extreme pH, elevated temperature and increased oxidative or osmotic
stress [22]. For a long time, it was believed that HtrA proteases were uniquely functional within
the bacterial periplasm [23]. However, aside from their housekeeping roles, the recently identified
secreted fractions of HtrAs can directly contribute to bacterial pathogenesis, an activity described for
Campylobacter jejuni [24] and Helicobacter pylori [25,26]. These HtrA proteins can be actively secreted
into the extracellular environment, where they are able to cleave host cell factors. Borrelia burgdorferi is
a spirochetal bacterium that is the etiological agent of Lyme disease. B. burgdorferi possesses an HtrA
(HtrABD) that has already been studied by several laboratories, and it is clear that this protease has
multiple and diverse proteolytic and chaperone functions [27,28]. These roles include the degradation
of ECM components such as fibronectin, e-cadherin, and proteoglycans [27] and several endogenous
proteins [29]. Accordingly, it is reasonable to predict that these proteins could play a similar role in
Leptospira spp.

Five genes annotated as probable HtrA protein-coding genes are found in the genome of
L. interrogans serovar Copenhageni: LIC11111, LIC11112, and LIC11037 (chromosome I); and LIC20143
and LIC20144 (chromosome II). They have been recently re-annotated as LIC_RS05730, LIC_RS05735,
LIC_RS05355, LIC_RS18720, and LIC_RS18725, respectively. The proteins encoded by the genes
LIC11111 and LIC20144 are annotated as HtrA2 and HtrA1-like protein, respectively, and they only
possess the PDZ domain; on the other hand, the proteins encoded by the genes LIC11112, LIC11037,
and LIC20143 are serine protease, HtrA- periplasmic trypsin-like serine protease and HtrAl-serine
protease, respectively. Unlike LIC11112, which does not have the PDZ sequence, LIC11037 and
LIC20143 code for PDZ and trypsin-like serine protease domains. Although these five proteins
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described so far are annotated as HtrA proteins, we believe that only LIC20143 and LIC11037 code for
true HtrA proteins because they bear both the serine protease and PDZ domain. This study aimed to
determine the in silico characteristics of these five HtrA proteins in different Leptospira species and to
discuss their possible role in virulence.

2. Methods

2.1. HtrAs Sequence Analysis Among Leptospira spp. and Functional Characterization

The LIC11111, LIC11112, LIC11037, LIC20143, and LIC20144 coding sequences (CDSs) were
selected from the L. interrogans serovar Copenhageni genome [8,30]. Amino-acid sequences of potential
HtrAs orthologs from 20 species of Leptospira were retrieved from the NCBI database through the Basic
Local Alignment Search Tool (BLAST) [31], specifically the protein-protein BLAST (BLASTp) analysis
against the non-redundant protein sequence database. For comparison purposes, the following species
were considered: L. interrogans serovar Copenhageni L1-130 (taxid:44275), L. kirschneri (taxid:29507),
L. noguchii (taxid:28182), L. alstonii (taxid:28452), L. weilii (taxid:28184), L. alexanderi (taxid:100053),
L. borgpetersenii (taxid:174), L. santarosai (taxid:28183), L. kmetyi (taxid:408139), L. fainei (taxid:48782),
L. broomii (taxid:301541), L. wolffii (taxid:409998), L. licerasiae (taxid:447106), L. inadai (taxid:29506),
L. wolbachii (taxid:29511), L. yanagawae (taxid:293069), L. biflexa (taxid:172), L. vanthielii (taxid:293085),
L. terpstrae (taxid:293075), and L. meyeri (taxid:29508). In addition, conservation analysis was performed
for all five genes studied. Table S1 contains all the Sequence IDs used in this study.

These protein sequences were analyzed using the TMHMM server v.2.0 [32] and the SMART
program [33] for prediction of transmembrane-helix and conserved domain, respectively. The CELLO
program [34] was used to predict protein localization and LipoP to search for the signal peptide
cleavage site. The DOOR 2.0 program was used to search for genes in operons [35].

2.2. Protein Alignment

The phylogenetic relationships were constructed with sequences obtained in this study
(Table S1), using the maximum-likelihood method and JTT model [36], using MegaX software [37,38].
Node support for the resulting phylogenetic tree was evaluated by 1000 bootstrap replicates to
determine the robustness of the finding [39]. Aiming to search for the conserved amino acids in the
serine protease domain present in the LIC20143, LIC11112, and LIC11037 an alignment was performed
by using the PROMALS3D alignment program [40].

2.3. Three-Dimensional (3D) Structure and the Search for Conserved Domains

To investigate the position of the catalytic triad and PDZ regions in the structure of the proteins
coded by LIC11111, LIC11112, LIC20143, LIC20144, and LIC11037, the 3D structure of these proteins
was modeled by submitting the linear sequences to the I-TASSER [41] web server. I-TASSER web
server generated a total of five models of each target protein. The models with the best confidence
score and Z-score were chosen and then visualized using the PyMOL molecular graphics system for
all five sequences. Zooming the probable catalytic triads, also using PYMOL software, shows the
predicted positions of the three amino acids.

3. Results

3.1. Conservation Analysis in Leptospiral Strains

The CDS of each HtrA protein was selected from the genome of L. interrogans serovar Copenhageni
based on in silico analysis (Table S1). The evolutionary history for LIC11111, LIC11112, LIC20143,
LIC20144, and LIC11037 proteins was inferred by using the maximum likelihood method. The trees
with the highest log likelihood are shown (Figure 1). The percentage of replicate trees in which
the associated taxa clustered together in the bootstrap test (1000 replicates) are shown next to the
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branches, only percentages higher than 60 were considered. Initial trees for the heuristic search were
obtained automatically by applying Neighbor-Join and BioN]J algorithms to a matrix of pairwise
distances estimated using the JTT model, and then selecting the topology with superior log likelihood
value. This analysis was performed with amino acid sequences from 20 pathogenic, intermediate
and saprophyte species of Leptospira for each gene. Evolutionary analyses were conducted in MEGA
X [37,38]. The saprophyte group (shown in green) for all five proteins share a common evolutionary
ancestor with high bootstrap percentage. Interestingly, some intermediate (shown in blue) share a
history with pathogenic (shown in red) strains, for example L. santarosai and L. licerasiae for LIC11111
share a direct common ancestor. L. interrogans, L. noguchii, and L. kirschneri also share a common
ancestor for all five genes analyzed.
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Figure 1. Evolutionary analysis by maximum likelihood method among Leptospira strains for (A)
LIC11111, (B) LIC11112, (C) LIC20143, (D) LIC11037, and (E) LIC20144. Amino acids sequences
from proteins encoded by the five genes were analyzed in silico by BLASTp with sequences available
in the GenBank database and were used to perform evolutionary history by using the maximum
likelihood method on MegaX. The phylograms generated show a high degree of identity between
pathogenic species, whereas the saprophytic species presented a lower conservation of the target
sequences. The percentage of trees in which the associated taxa clustered together in the bootstrap test
(1000 replicates) is shown next to the branches, only values higher than 60 were considered.
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3.2. Distribution of HtrAs of Pathogenic, Intermediate, and Saprophytic Leptospira Strains

To determine how conserved amino acid sequences of HtrAs are among leptospiral groups
(pathogenic, intermediate, and saprophytic), we carried out an extensive study using BLAST analysis.
The five identified HtrAs sequences (LIC11111, LIC11112, LIC11037, LIC20143, and LIC20144) were
submitted to GenBank and compared with the sequence database of 20 selected species of Leptospira [42].
We compared amino acid sequences, crossing each species with each other. When comparison was
within the same leptospiral group, similarity was high, as shown in Figures 2 and 3 for LIC11112 and
LIC20143, respectively. However, when the pathogenic species were compared with the intermediate
and saprophytic species, similarities decreased. This indicated that these proteins were highly conserved
in their own group. The same analysis was performed with LIC11111, LIC11037, and LIC20144 proteins,
and the results are shown in Figures S1-S3, respectively.

L. L. L L. L. L. L. L. L L L. L. L L. L L. L. L L L
inferrogans| noguchii| kirschreri| alstoni | weilli | af: deri| il i| kmetyi | fainei | broomi | wollfii | licerasie| inadai i vanthielii|{erpstrae| meveri | biflexa
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Figure 2. Amino acid sequence identities of LIC11112 from 20 different Leptospira strains. The image
was generated comparing the sequence of the protein encoded by LIC11112 from L. interrogans serovar
Copenhageni with other 20 species (pathogenic, intermediate, and saprophytic). Similarity is shown in
red above 80%, in yellow between 50% and 80% and in green below 50%.

3.3. Features of the HtrA Proteins

To better investigate the five genes encoding HtrA proteins, a compilation of characteristics was
generated depicting: strains, amino acid number and sequence of SPI cleavage sites, transmembrane
regions, amino acids corresponding to serine protease, PDZ domain location within the amino acid
number, size in amino acids and cellular localization (Table 1). Four species of different groups were
selected to do this analysis: L. interrogans and L. borgpetersenii (pathogenic), L. licerasiae (intermediate),
and L. biflexa (saprophytic). As we can see in Table 1, both LIC11111 and LIC11112 have cleavage sites
in all four species studied, while LIC11037 only in L. biflexa. For LIC20143 and LIC20144 the cleavage
sites in all species except L. borgptersenii and L. biflexa, respectively. The sequence in which the cleavage
occurs is also specified in Table 1. All the genes except LIC11111 and LIC20144 possess a serine protease
domain, being that for LIC11112 these domains are also absent in the intermediate and saprophyte
species. The in silico analysis for cellular localization of the proteins predicted that all of them, except
LIC11037 and LIC20144 in L. biflexa, that showed localization at the outer membrane. All proteins
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possess a PDZ domain with the exception of LIC11111 in L. biflexa, LIC11112 in L. interrogans and
L. borgpetersenii, and LIC20144 in L. biflexa.
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Figure 3. Amino acid sequence identities of LIC20143 from 20 different Leptospira strains. The image
was generated comparing the sequence of the protein encoded by LIC20143 from L. interrogans serovar
Copenhageni with other 20 species (pathogenic, intermediate, and saprophytic). Similarity is shown in
red above 80%, in yellow between 50% and 80%, and in green below 50%.
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Table 1. Features of HtrAs Coding Sequences.

7 of 17

Gene Locus Strain Cleavage Sites Sequence Transmembrane Region  Serine Protease = PDZ Domains Size (aa)  Cellular Localization
L. interrogans 24-25 VPLKA/ETILV - - 175-280 445 Outer membrane
LIC11111 L. borgpetersenii 31-32 GPLKA/ETILV - - 182-287 452 Outer membrane
L. licerasiae 23-24 ENVEA/KADSE - - 206-293 458 Outer membrane
L. biflexa 22-23 SNLIA/EEFED - - - 454 Outer membrane
L. interrogans 20-21 FQLSA/QNGNT - 55-230 - 484 Outer membrane
Inside (1-4)
LIC11112 L. borgpetersenii 23-24 FHLPA/QNGNS TMhelix (5-24) 32-230 - 482 Outer membrane
Outside (25-482)
L. licerasiae 21-22 FPVFS/QTNGN - - 489 Outer membrane
L. biflexa 20-21 HSAFS/QTESE - - 237-338 485 Outer membrane
Inside (1-6)
L. interrogans TMhelix (7-24) 68-256 270-353 365 Outer membrane
Outside (25-365)
Inside (1-6)
L. borgpetersenii TMhelix (7-26) 71-259 273-356 368 Outer membrane
Outside (27-368)
LIC11037 Inside (1-8)
L. licerasiae TMhelix (9-31) 69-257 271-354 366 Outer membrane
Outside (32-366)
Inside (1-6)
L. biflexa 33-34 EIRSA/VTKLF TMhelix (7-29) 72-260 289-357 375 Inner membrane
Outside (30-375)
Inside (1-19)
L. interrogans 38-39 SGIYA/VENPL TMhelix (20-39) 56-243 252-345 504 Outer membrane
Outside (40-504)
C L. borgpetersenii 54-241 258-343 502 Outer membrane
LIC20143 L. licerasine 21-22 LPLFS/EERSD 29-225 232-327 486 Outer membrane
Inside (1-26)
L. biflexa 51-52 STSHA/EPNGQ TMhelix (27-49) 69-249 265-356 515 Outer membrane
Outside (50-515)
L. interrogans 19-20 FEVLA/EISSK - - 263-343 527 Outer membrane
LIC20144 L. borgpetersenii 19-20 LGVFA/EKVES - - 263-343 525 Outer membrane
L. liceraseae 21-22 SGVSA/KKPKP - - 243-323 508 Outer membrane
L. biflexa - - - - - 490 Cytoplasmatic
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3.4. 3D Structure Model and Domain Architecture

3D structure prediction of LIC11037, LIC20143, LIC20144, LIC11111, and LIC11112 proteins was
modeled using the I-TASSER web server. The Figure 4 was generated using the PyMOL program.
The proteolytic domains are shown in red, while PDZ domains are in blue. The signal peptide is shown
in orange, and the regions with unknown functions are in green. The active triad is indicated by yellow
sticks. The serine protease domain is present in LIC20143, LIC11112, and LIC11037 and is zoomed in
for better visualization of the three amino acid residues responsible for the active region: a histidine
(His), an aspartic acid (Asp) and a serine (Ser) residue, as described previously [20]. LIC20143 has
His-93, Asp-124, and Ser-203; LIC11112 His-77, Asp-108 and Ser-188; and LIC11037 His-111, Asp-141,
and Ser-215. Only the LIC11112 protein lacks the PDZ domain according to the in silico analyses.
The domain architecture for all proteins is illustrated in Figure 5 and is based on the organization of
HtrABDb, used as a reference of HtrA. The color of the scheme follows the same pattern shown in the 3D
structure model (Figure 4), except for LIC11037, which has a transmembrane region depicted in purple.

LIC20143 LIC20144

,.\‘i’ =
&

LIC11111

LICI1112

LIC11037

Figure 4. 3D theorical model of LIC20143, LIC20144, LIC11112, LIC11111, and LIC11037 from
L. interrogans serovar Copenhageni. The 3D model was generated by I-TASSER and visualized by
PyMOL. The regions in red represent the serine protease domain, in blue the PDZ domain and in orange
the signal peptide region. The catalytic triad (histidine, aspartate, and serine; HDS) is represented as
yellow sticks with the correspondent position number of the residue. The regions in green do not have
any known function.
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B. burgdorferi (00} Ao T 474 aa
LIC11111 . ——————————————————————————————————— . 445 2a
LIC11112 . rrrrrrrrr ——————————————————————————————————————— 484 aa
Lic20143 (@) HDS e 504 aa
LIC20144 . e - 445 aa
LIC11037 I DS e 365 aa

Figure 5. Domain sequence architecture. Schematic representation of the domain organization of the
five proteins discussed here. HtrA from B. burgdorferi used as a reference showing the signal peptide,
serine protease and PDZ domains, common to this family of proteins. The regions in red represent the
serine protease domain, in blue the PDZ domain, in orange the signal peptide region and in purple the
transmembrane region. The catalytic triad (histidine, aspartate, and serine; HDS) is in the yellow box.

3.5. Operon Properties

LIC11111 and LIC11112 occur in an operon together with two more genes, LIC11110 and LIC11113,
these two genes are annotated as histidine kinase response regulator hybrid protein and hypothetical
protein, respectively. LIC20143 and LIC20144 are also in operon together with LIC20142, annotated as
adenine phosphoribosyl transferase. Since LIC11111 only has the PDZ domain and LIC11112 only has
serine protease, the fact that they occur in an operon together suggests the organization of a complete
functional HtrA heterodimer. This proposal is illustrated in Figure 6, in which the stop codon (TGA)
at the C-terminal of LIC11112 ends with the beginning of the start codon (ATG) at the N-terminal of
LIC11111. Serine protease and PDZ domains are depicted in LIC11112 and LIC11111, respectively.
Also shown is a putative Shine-Dalgarno sequence upstream LIC11112. “Termination reinitiating”
(TeRe) was reported to mainly occur in eukaryotes [43] but also in bacteria [44].

LICI1112
1 | LIC11111
, S '
S5 **TTCGACGTGGAGGCGGACGAATGAAATTTTATTTTTTCA - [RERYAR, -+ 3'
Putative Shine-Dalgarmo Start codon

Licrimn

}

Functional complete HtrA

Figure 6. Operon properties. LIC11112 and LIC11111 are presented in an operon. The regions of
the serine protease and PDZ domains are indicated in the red and blue box, respectively. The stop
codon of LIC11112 and start codon of LIC11111 are indicated, with the putative Shine-Dalgarno
sequence highlighted.

3.6. Search for Serine Protease Domain by Alignment

Besides whole-protein alignment, the sequence of serine protease domain alone was investigated
among the 20 species of Leptospira selected. The search for similarities of the catalytic triad was
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performed because in silico analysis showed that three of the five proteins studied here possessed
a serine protease domain. To better investigate the amino acids responsible for the catalytic triad,
an alignment was performed. Figures 54-S6 show the alignment highlighting the three amino acids
responsible for the serine protease domain: His-Asp-Ser (H-D-S) residues for the LIC20143, LIC11112,
and LIC11037 proteins, respectively. These amino acids are conserved in all 20 selected species,
from pathogenic to saprophytic, for the three proteins.

3.7. Serine Protease Domain Alignment for LIC20143, LIC11112, and LIC11037

After we searched for conserved amino acids belonging to the serine protease domain and
discovered that LIC20143, LIC11112, and LIC11037 have the catalytic triad, we did an alignment to
see if these three proteins could be aligned one with the other. We found that the triad is conserved
between these sequences, even though the rest of the coding sequence is diverse (Figure 7).

LIC20143 1  MTAILSFSFRIWNKIFFKKANRFFSLGFILFIQSG-----——=--———-————————— IYAVENPLPFDEL 48
LIC11112 1 M---———---—- SKKVF---—-- LNILILLSIFQL-———-———=-————————————— SAQNGNTADLKVL 31
LIC11037 1 MEWIRSLPV--FNGILL------ AVLILILIFPKDCSLSSIFYGKKPISPREQKNATEIQNSFRNVYRLA 62

LIC20143 49 RKGVVQIRVYSQAVNP---FTPWTTDAVRAGSGTGFLIGN-KRILTN. SNAKFVQVQRYNQTEWYGV 114
LIC11112 32 LDGVVIIRSDTFSEKED--QDNYSEKSILRDAGTGMIISG-NRILTN. SNSSYLKVKHFNSSKFYKA 98
LIC11037 63 KDSVVSIRTKKSESITSPYHYFDFRNERLASFGSGFFVHEKGYI IEDAESIEVITSNG-SIHPA 131

LIC20143 115 KILHLAHD VLEAENPEFYKDSRDLQL-GEIPELNSPLIVVGYPIGGNKVSVTRGIVSRKDQSVYSH 183
LIC11112 99 EVQYLGFD ILKVEEDEFFSGVEPLEISEVSPALGSNLLILGYPGGDENITLENGNVSRVERVRYSF 168
LIC11037 132 KYIGSHE IALLKIREGSGLRAVV-FGD-SDRIEVGDWAIAIGSPFGLER-SFSVGVVSAKYREDLD- 197

LIC20143 184 SAVDSHLVLQVDAAINPG PAIQD-DKVVGVAFQVATKG---ENIGYLIPTNVIRHFLKDIEDGKYD 249
LIC11112 169 SGLDYRKAIRVNANIIPG PAIQN-GRVVGITFQVSQSQ---GNVAYLIPPEIINHFLKDVEDGTYH 234
LIC11037 198 --ETGQAHIQTDSMINPGS PLLNIYGEVIGINRLIRSETGRNSGISFAIPSNYALKIIRMIESNQGR 265

LIC20143 250 GYVELGVRTLNSF-NVFLRKAKGIPDHLEGVFVSKVLKNGSA-ENHLKEGDFLLEIDGQPIGKNGTVMQD 317
LIC11112 235 GFPFPGFSFQNGH-SSSLKSYLKIPEGLNGILINTIYPDSSF-SDLLQPEDFVYKIDNSYLDGDGGIMDE 302
LIC11037 266 HIRSAILGVMATVPLPDHRIALGIPESWNGVLVYDMDPQSSAELGGIRRYDFILEANGTPIKNINDL--- 332

LIC20143 318 KDARVDFVEIVDNKHAGDKISFKLYREGKEISVSFPARRMSDFDFMRNQYDRSYDFEMIGGLLFQEISRD 387
LIC11112 303 IGGFI--GDLIEEKFIGDHIKLFFYRNGKNYKVEGTLKRVPTLDIYRQQONKSSSFLS-GGFLFQPVNRAL 369
LIC11037 333 ------- REQVGIVGLGGKIKLRIYREKSMQELSIKLIQK--—--—-——-————-—————————————————— 365

LIC20143 388 LITSWGRSGNTSGGSQLLYRFFYFIEDGLNRTKKTDVVLYRKLSHPVNSSSDYFVNMILESVNGIPVGEL 457
LIC11112 370 AGGDSKR----- LESSLRYHYSYYIQDELYRFTDRDILLSGIYPDPLNSKYASYRYKILESINDRTPSDL 434
LIC11037  mmmm oo e e e e e e o

LIC20143 458 KDLKKILKESKDKYLRLKFLDIQVPLILNREEAEKADEKIRKIYGLE--- 504

LIC11112 435 EDFKSLWKKFYGGTISLKFRGVNLPIILDQDTIDKINIRIKKRFDVEADE 484

LICLL03T o
Figure 7. Alignment of the LIC20143, LIC11112, and LIC11037 of L. interrogans serovar Copenhageni.
Alignment was done using the PROMALS3D tool, which aligns the sequences considering the amino
acid sequence and protein domains. The amino acids histidine (H), aspartic acid (D) and serine (S) are
highlighted showing that they are conserved in these three proteins.

4. Discussion

The role of HtrA in bacterial virulence has been linked to increased fitness of pathogens due
to resistance against stress conditions during infection. In recent years, it was discovered that
HtrAs could also be involved in multiple host-pathogen interactions because these proteins can
be secreted by the bacteria into the environment [25,45,46]. These extracellular proteins can target
surface proteins of host cells to promote virulence by processing adhesins and ECM components [47].
Proteases of the HtrA family are found in multiple microbes, including archaea, Gram-negative and
Gram-positive bacteria [48]. HtrA is essential for the virulence of various pathogens including Yersinia
enterocolitica, Klebsiella pneumoniae, Chlamydia trachomatis, Salmonella enterica, Listeria monocytogenes,
Legionella pneumophila, Shigella flexneri, Burkholderia cenocepacia, and B. burgdorferi [49-56]. It has been
reported that the inactivation of HtrA proteins in S. typhimurium, K. pneumoniae, and Streptococcus
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pneumoniae reduces bacterial virulence in experimental animals [57,58]. Interestingly, HtrA protein
from S. flexneri (DegP) has demonstrated an important role in acid resistance, since it needs to survive
in human stomach and, therefore, has been fundamental for an efficient intercellular spread [54].
On the other hand, HtrA from L. monocytogenes has been shown as an important factor in biofilm
formation [56].

E. coli have three genes annotated as proteases of the HtrA family (degP, degQ, degS) [59,60],
while L. interrogans serovar Copenhageni have five genes related to the HtrA family. The genome
of Leptospira spp. consists of two circular chromosomes and they have higher replicon content
variation when compared to other spirochaetes. Possibly, this variability is associated with their
ability to adapt in a wide range of hosts and environments [61]. As example, L. borgpetersenii has a
smaller genome compared to L. interrogans and, although they causes similar clinical symptoms in
infections, the transmission modes are different [62]. L. borgpetersenii does not need some genes that
are important to live in an external environment, because the transmission of L. borgpetersenii occurs
via direct host-to-host contact. Interestingly, the five genes studied here share high similarity with
L. borgpetersenii, suggesting that HtrA could be more active in the host infections.

Genome data mining constitutes a rich source of information regarding putative virulence factors,
including proteases. The annotated HtrA sequences in the L. interrogans serovar Copenhageni genome:
LIC20143 and LIC20144, both found in an operon in chromosome II, LIC11111 and LIC11112, likewise
in an operon, but in chromosome I, and LIC11037. As LIC11111 codes for a protein containing only a
PDZ domain, we hypothesize that the co-expression of the serine protease coded by LIC11112 could
render a functional heterodimer, constituting a complete HtrA holoenzyme (as shown in Figure 6).
We suggest that a different translation coupling mechanism, namely TeRe, could be the way in which
these two genes are translated [63]. This mechanism has been mainly studied in eukaryotic RNA
viruses, where the same ribosome (or at least the same small subunit) that terminates an upstream
gene initiates translation of a nearby or overlapping downstream gene [43,64]. In bacteria, it is not
known whether the small subunit or the large subunit of the ribosome is involved, but TeRe has
been proposed to operate [44]. LIC11112 and LIC11111 have a four-nucleotide overlap (ATGA),
consistent with the TeRe mechanism, especially because the downstream of LIC11112, there is a
putative Shine-Dalgarno (SD) sequence, which has been proposed to play an important role in the
reinitiating step. Although LIC20143 has both PDZ and serine protease domains, as LIC20144 has
only PDZ, perhaps the co-expression of LIC20143 coded serine protease may be involved in some
regulatory mechanism that would help to form a functional molecule, but this hypothesis remains to
be investigated.

Comparable sequences to HtrA proteins are found in all 20 leptospiral species studied here,
and it is worth mentioning that despite their genome annotation, only LIC20143 and LIC11037 possess
both PDZ and serine protease domains, typical of HtrA proteins. PDZ is a domain responsible for
protein—protein interaction, and it is usually about 90 residues with 5-6 3-strands and 2 o-helixes [65-69].
The three proteins that we found to possess this domain have the same characteristics in terms of size
and secondary structures.

According to in silico analyses, the proteins are highly conserved among pathogenic strains.
Since HtrAs are potentially important in bacterial dissemination and actively contribute to the release
of inflammatory cytokines in B. burgdorferi infection [47], it is possible that HtrA proteins of Leptospira
could contribute to bacterial virulence. Primarily, HtrA proteins display chaperone and processing
roles [70]. For instance, borrelial HtrA (HtrAB, BB0104) is an immunogenic protease whose fundamental
structural unit is a trimer and has various proteolytic and chaperone functions [71]; HtrABb selectively
degrades several endogenous proteins, including the virulence factor BB0323, which is processed
by HtrABb into two N- and C-terminal peptides [72]. It has been demonstrated that the presence of
functional HtrA protein is necessary for various bacterial species to withstand stressful conditions,
such as heat shock or oxidative stress [59,73,74]. It has been shown that HtrA protein is important
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for survival in the host and/or virulence of several bacterial pathogens such as S. enterica serovar
Typhimurium [53], L. monocytogenes [56], K. pneumoniae [50], and Y. enterocolitica [52].

High-throughput transcriptome data based on next-generation sequencing (NGS) has revealed
how leptospiral CDSs respond when encountering environmental/host cues. RNAseq data obtained
from virulent L. interrogans intraperitoneally implanted in rats by dialysis membrane chamber (DMC),
in comparison to the in vitro cultivated virulent strain, revealed important transcriptome changes in
the microenvironment that most approaches the in vivo infection [74]. LIC11111 and LIC11112 were
upregulated comparably in DMC (1.81- and 1.84-fold change, respectively), once again suggesting
co-transcription; furthermore, both proteins were detected in a quantitative proteome study [75].
High levels of LIC11037, LIC20143, and LIC20144 transcripts were found in DMC-containing virulent
leptospires [74], and like LIC11111 and LIC11112, were also detected and quantified in proteomics
study [75], suggesting that these HtrA proteins could participate in infection.

Despite their putative intracellular chaperone roles, it has become evident that HtrA proteins
are involved in the pathogenesis of various microorganisms, targeting and degrading host molecules,
independently of their cellular location. The serine protease domains that we found in silico contain
the conserved catalytic triad, suggesting that the leptospiral HtrA could be involved in degrading host
components during infection, contributing to bacterial virulence. In H. pylori, a functional HtrA is able
to cleave components of the epithelial intercellular junction, such as E-cadherin [26] and claudin-8 [76],
favoring the crossing of the epithelial barrier upon infection. Several bacteria have been reported to
transport HtrA to the extracellular space, including Gram-negative and Gram-positive pathogens
such as H. pylori, Campylobacter jejuni, B. burgdorferi, Bacillus anthracis, and Chlamydia species [25,45,77].
However, how these proteins cross the bacterial outer membrane has not yet been elucidated [48].
Eshghi and colleagues [78] explored the composition and quantity of exoproteins of pathogenic
L. interrogans. The authors were able to identify both LIC20143 and LIC20144 proteins as being secreted.
LIC11111, LIC11112, and LIC11037 proteins could not be identified, which could have been due to the
lower protein abundance in relation to the latter two [75]. Thus, the exact cellular location of these
proteins remains to be determined experimentally.

Rapid penetration, tissue invasion, and dissemination of virulent leptospires in susceptible hosts
are major determinants for the success of infection. Mechanisms to overcome host barriers, such as
ECM and immune defense, including the complement system, can ensure the prompt establishment
of leptospires in target organs, predominantly kidneys [3]. The kinetics of leptospiral infection in
hamsters revealed that bacteria could be detected in all organs 1 hour after intraperitoneal inoculation [4].
These results suggest a potent proteolytic activity associated with this pathogen. However, the way
in which HtrA proteins are involved in this activity remains to be elucidated by in vitro and in vivo
studies. Taken together, our in silico analysis points out that these five proteins, comparable to their
counterparts in other pathogens, may have a role in leptospiral pathogenesis, most probably by
degrading host components. These findings warrant further bench studies to better characterize these
HtrA proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/2414-6366/5/4/179/s1,
Figure S1: Amino acid sequence identities of LIC11111 from 20 different Leptospira strains. The image was generated
comparing the sequence of the protein encoded by LIC11112 from L. interrogans serovar Copenhageni with other
20 species (pathogenic, intermediate and saprophytic). Similarity is shown in red above 80%, in yellow between
50% and 80% and in green below 50%. Figure S2: Amino acid sequence identities of LIC11037 from 20 different
Leptospira strains. The image was generated comparing the sequence of the protein encoded by LIC11112 from
L. interrogans serovar Copenhageni with other 20 species (pathogenic, intermediate and saprophytic). Similarity
is shown in red above 80%, in yellow between 50% and 80% and in green below 50%.; Figure S3: Amino acid
sequence identities of LIC20144 from 20 different Leptospira strains. The image was generated comparing the
sequence of the protein encoded by LIC11112 from L. interrogans serovar Copenhageni with other 20 species
(pathogenic, intermediate and saprophytic). Similarity is shown in red above 80%, in yellow between 50% and 80%
and in green below 50%. Figure S4: Alignment of the LIC20143 of L. interrogans serovar Copenhageni with other
Leptospira species. Alignment was done using the PROMALS3D tool, which aligns the sequences considering
the amino acid sequence and protein domains. The amino acids Histidine (H), Aspartic acid (D) and Serine
(S)-highlighted-are present in all 20 species of Leptospira selected in this study and represent the residues essential
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to the catalytic activity. Figure S5: Alignment of the LIC11112 of L. interrogans serovar Copenhageni with other
Leptospira species. Alignment was done using the PROMALS3D tool, which aligns the sequences considering
the amino acid sequence and protein domains. The amino acids Histidine (H), Aspartic acid (D) and Serine
(S)-highlighted-are present in all 20 species of Leptospira selected in this study and represent the residues essential
to the catalytic activity. Figure S6: Alignment of the LIC11037 of L. interrogans serovar Copenhageni with other
Leptospira species. Alignment was done using the PROMALS3D tool, which aligns the sequences considering
the amino acid sequence and protein domains. The amino acids Histidine (H), Aspartic acid (D) and Serine
(S)-highlighted-are present in all 20 species of Leptospira, except the Histidine that it is not present in L. vanthielle,
selected in this study and represent the residues essential to the catalytic activity. Table S1: NCBI Accession IDs of
all CDS for LIC11111, LIC11112, LIC20143, LIC20144 and LIC11037. They are displayed as follows: in red the
pathogenic strains, in blue the intermediate ones and in green the saprophyte. All CDS were retrieved from the
NCBI database through the Basic Local Alignment Search Tool (BLASTp).

Author Contributions: All authors participated in the literature revision, discussion and preparation of manuscript,
including figures. All authors have read and agreed to the published version of the manuscript.

Funding: The following Brazilian agencies: FAPESP (grant no. 2014/50981-0), CNPq (grant no. 301229/2017-1),
and Fundacao Butantan, financially supported this work; B.B.D., L.G.VE, and A .ET. have fellowships from
FAPESP (2018/21959-8; 2017/06731-8 and 2016/11541-0, respectively). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

Acknowledgments: We are grateful to all the members for support on this project.

Conflicts of Interest: The authors declare that they have no competing interests.

References

1. Costa, F.; Hagan, J.E.; Calcagno, ].; Kane, M.; Torgerson, P.; Martinez-Silveira, M.S.; Stein, C.; Abela-Ridder, B.;
Ko, A.I Global Morbidity and Mortality of Leptospirosis: A Systematic Review. PLoS Negl. Trop. Dis. 2015,
9, €0003898. [CrossRef] [PubMed]

2. Levett, PN. Leptospirosis. Clin. Microbiol. Rev. 2001, 296-326. [CrossRef] [PubMed]

3. Bharti, A.R.; Nally, ].E.; Ricaldi, ].N.; Matthias, M.A.; Diaz, M.M.; Lovett, M.A.; Levett, PN.; Gilman, R.H.;
Willig, M.R.; Gotuzzo, E.; et al. Leptospirosis: A zoonotic disease of global importance. Lancet Infect. Dis.
2003, 3, 757-771. [CrossRef]

4. Wunder, E.A; Figueira, C.P; Santos, G.R.; Lourdault, K.; Matthias, M.A.; Vinetz, ].M.; Ramos, E.; Haake, D.A ;
Picardeau, M.; dos Reis, M.G.; et al. Real-time PCR reveals rapid dissemination of Leptospira interrogans
after intraperitoneal and conjunctival inoculation of hamsters. Infect. Immun. 2016, 84, 2105-2115. [CrossRef]

5.  Faine, S.; Adler, B.; Bolin, C.; Perolat, P. Leptospira and Leptospirosis, 2nd ed.; MediSci: Melbourne, Australia,
1999.

6.  Picardeau, M. Virulence of the zoonotic agent of leptospirosis: Still terra incognita? Nat. Rev. Microbiol. 2017,
15,297-307. [CrossRef]

7. de Faria, M.T.; Calderwood, M.S.; Athanazio, D.A.; McBride, A.J.A.; Hartskeerl, R.A.; Pereira, M.M.; Ko, A.L;
Reis, M.G. Carriage of Leptospira interrogans among domestic rats from an urban setting highly endemic for
leptospirosis in Brazil. Acta Trop. 2008, 108, 1-5. [CrossRef]

8.  Nascimento, A.L.T.O.; Verjovski-Almeida, S.; Van Sluys, M.A.; Monteiro-Vitorello, C.B.; Camargo, L.E.A;
Digiampietri, L.A.; Harstkeerl, R.A.; Ho, PL.; Marques, M.V,; Oliveira, M.C.; et al. Genome features of
Leptospira interrogans serovar Copenhageni. Brazilian |. Med. Biol. Res. 2004, 37, 459-477. [CrossRef]

9. Vieira, M.L.; Alvarez-Flores, P; Kirchgatter, K.; Romero, E.C.; Alves, L].; De Morais, Z.M.; Vasconcellos, S.A.;
Chudzinski-Tavassi, A.M.; Nascimento, A.L.T.O. Interaction of leptospira interrogans with human proteolytic
systems enhances dissemination through endothelial cells and protease levels. Infect. Immun. 2013, 81,
1764-1774. [CrossRef]

10. Oliveira, R.; Domingos, R.F,; Siqueira, G.H.; Fernandes, L.G.; Souza, N.M.; Vieira, M.L.; de Morais, Z.M.;
Vasconcellos, S.A.; Nascimento, A.L.T.O. Adhesins of Leptospira interrogans Mediate the Interaction to
Fibrinogen and Inhibit Fibrin Clot Formation In Vitro. PLoS Negl. Trop. Dis. 2013, 7, €2396. [CrossRef]

11. Kassegne, K.; Hu, W.; Ojcius, D.M,; Sun, D.; Ge, Y.; Zhao, ]J.; Yang, X.F; Li, L.; Yan, J. Identification of
collagenase as a critical virulence factor for invasiveness and transmission of pathogenic leptospira species.
J. Infect. Dis. 2014, 209, 1105-1115. [CrossRef]


http://dx.doi.org/10.1371/journal.pntd.0003898
http://www.ncbi.nlm.nih.gov/pubmed/26379143
http://dx.doi.org/10.1128/CMR.14.2.296-326.2001
http://www.ncbi.nlm.nih.gov/pubmed/11292640
http://dx.doi.org/10.1016/S1473-3099(03)00830-2
http://dx.doi.org/10.1128/IAI.00094-16
http://dx.doi.org/10.1038/nrmicro.2017.5
http://dx.doi.org/10.1016/j.actatropica.2008.07.005
http://dx.doi.org/10.1590/S0100-879X2004000400003
http://dx.doi.org/10.1128/IAI.00020-13
http://dx.doi.org/10.1371/journal.pntd.0002396
http://dx.doi.org/10.1093/infdis/jit659

Trop. Med. Infect. Dis. 2020, 5, 179 14 of 17

12.

13.

14.

15.

16.

17.

18.
19.
20.
21.
22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Janwitthayanan, W.; Keelawat, S.; Payungporn, S.; Lowanitchapat, A.; Suwancharoen, D.; Poovorawan, Y.;
Chirathaworn, C. In vivo gene expression and immunoreactivity of Leptospira collagenase. Microbiol. Res.
2013, 168, 268-272. [CrossRef] [PubMed]

Chura-Chambi, R.M.; Fraga, T.R.; da Silva, L.B.; Yamamoto, B.B.; Isaac, L.; Barbosa, A.S.; Morganti, L.
Leptospira interrogans thermolysin refolded at high pressure and alkaline pH displays proteolytic activity
against complement C3. Biotechnol. Rep. 2018, 19, e00266. [CrossRef] [PubMed]

Amamura, T.A.; Fraga, T.R.; Vasconcellos, S.A.; Barbosa, A.S.; Isaac, L. Pathogenic Leptospira secreted
proteases target the membrane attack complex: A potential role for thermolysin in complement inhibition.
Front. Microbiol. 2017, 8, 958. [CrossRef] [PubMed]

Fraga, T.R.; Courrol, D.D.S.; Castiblanco-Valencia, M.M.; Hirata, 1.Y.; Vasconcellos, S.A.; Juliano, L.;
Barbosa, A.S.; Isaac, L. Inmune evasion by pathogenic Leptospira strains: The secretion of proteases
that directly cleave complement proteins. J. Infect. Dis. 2014, 209, 876-886. [CrossRef]

da Silva, L.B.; Menezes, M.C.; Kitano, E.S.; Oliveira, A.K.; Abreu, A.G.; Souza, G.O.; Heinemann, M.B.;
Isaac, L.; Fraga, T.R; Serrano, S.M.T.; et al. Leptospira interrogans secreted proteases degrade extracellular
matrix and plasma proteins from the host. Front. Cell. Infect. Microbiol. 2018, 8, 92. [CrossRef]

Anu, P.V,; Madanan, M.G.; Nair, A.J.; Nair, G.A.; Nair, G.PM.; Sudhakaran, P.R.; Satheeshkumar, P.K.
Heterologous Expression, Purification and Characterization of an Oligopeptidase A from the Pathogen
Leptospira interrogans. Mol. Biotechnol. 2018, 60, 302-309. [CrossRef]

Ingmer, H.; Brondsted, L. Proteases in bacterial pathogenesis. Res. Microbiol. 2009, 160, 704-710. [CrossRef]
Gottesman, S. Proteases and their targets in Escherichia coli. Annu. Rev. Genet. 1996, 30, 465-506. [CrossRef]
Pallen, M.].; Wren, B.W. The HtrA family of serine proteases. Mol. Microbiol. 1997, 26, 209-221. [CrossRef]
Clausen, T.; Kaiser, M.; Huber, R.; Ehrmann, M. Htra proteases: Regulated proteolysis in protein quality
control. Nat. Rev. Mol. Cell Biol. 2011, 12, 152-162. [CrossRef]

Frees, D.; Brondsted, L.; Ingmer, H. Bacterial proteases and virulence. Subcell. Biochem. 2013, 66, 161-192.
[CrossRef] [PubMed]

Harrer, A.; Boehm, M.; Backert, S.; Tegtmeyer, N. Overexpression of serine protease HtrA enhances disruption
of adherens junctions, paracellular transmigration and type IV secretion of CagA by Helicobacter pylori.
Gut Pathog. 2017, 9, 40. [CrossRef] [PubMed]

Boehm, M.; Hoy, B.; Rohde, M.; Tegtmeyer, N.; Baek, K.T.; Oyarzabal, O.A.; Brendsted, L.; Wessler, S.;
Backert, S. Rapid paracellular transmigration of Campylobacter jejuni across polarized epithelial cells
without affecting TER: Role of proteolytic-active HtrA cleaving E-cadherin but not fibronectin. Gut Pathog.
2012, 4, 3. [CrossRef] [PubMed]

Lower, M.; Weydig, C.; Metzler, D.; Reuter, A.; Starinzki-Powitz, A.; Wessler, S.; Schneider, G. Prediction
of extracellular proteases of the human pathogen Helicobacter pylori reveals proteolytic activity of the
Hp1018/19 protein HtrA. PLoS ONE 2008, 3, e3510. [CrossRef]

Hoy, B.; Lower, M.; Weydig, C.; Carra, G.; Tegtmeyer, N.; Geppert, T.; Schroder, P.; Sewald, N.; Backert, S.;
Schneider, G.; et al. Helicobacter pylori HtrA is a new secreted virulence factor that cleaves E-cadherin to
disrupt intercellular adhesion. EMBO Rep. 2010, 11, 798-804. [CrossRef]

Russell, T.M.; Delorey, M.].; Johnson, B.].B. Borrelia burgdorferiBbHtrA degrades host ECM proteins and
stimulates release of inflammatory cytokines in vitro. Mol. Microbiol. 2013, 90, 241-251. [CrossRef]
Coleman, J.L.; Toledo, A.; Benach, J.L. Borrelia burgdorferi HtrA: Evidence for twofold proteolysis of outer
membrane protein p66. Mol. Microbiol. 2016, 99, 135-150. [CrossRef]

Coleman, J.L.; Toledo, A.; Benach, J.L. HtrA of Borrelia burgdorferi leads to decreased swarm motility and
decreased production of pyruvate. MBio 2018, 9, e01136-18. [CrossRef]

Nascimento, A.L.T.O.; Ko, A.l; Martins, E.A.L.; Monteiro-Vitorello, C.B.; Ho, PL.; Haake, D.A.;
Verjovski-Almeida, S.; Hartskeerl, R.A.; Marques, M.V.; Oliveira, M.C.; et al. Comparative Genomics
of Two Leptospira interrogans Serovars Reveals Novel Insights into Physiology and Pathogenesis. . Bacteriol.
2004, 186, 2164-2172. [CrossRef]

Altschul, S.F; Gish, W.; Miller, W.; Myers, E.W.; Lipman, D.]J. Basic local alignment search tool. ]. Mol. Biol.
1990, 215, 403-410. [CrossRef]

Krogh, A.; Larsson, B.; Von Heijne, G.; Sonnhammer, E.L.L. Predicting transmembrane protein topology with
a hidden Markov model: Application to complete genomes. . Mol. Biol. 2001, 305, 567-580. [CrossRef]
[PubMed]


http://dx.doi.org/10.1016/j.micres.2012.12.005
http://www.ncbi.nlm.nih.gov/pubmed/23305770
http://dx.doi.org/10.1016/j.btre.2018.e00266
http://www.ncbi.nlm.nih.gov/pubmed/29992100
http://dx.doi.org/10.3389/fmicb.2017.00958
http://www.ncbi.nlm.nih.gov/pubmed/28611756
http://dx.doi.org/10.1093/infdis/jit569
http://dx.doi.org/10.3389/fcimb.2018.00092
http://dx.doi.org/10.1007/s12033-018-0073-8
http://dx.doi.org/10.1016/j.resmic.2009.08.017
http://dx.doi.org/10.1146/annurev.genet.30.1.465
http://dx.doi.org/10.1046/j.1365-2958.1997.5601928.x
http://dx.doi.org/10.1038/nrm3065
http://dx.doi.org/10.1007/978-94-007-5940-4_7
http://www.ncbi.nlm.nih.gov/pubmed/23479441
http://dx.doi.org/10.1186/s13099-017-0189-6
http://www.ncbi.nlm.nih.gov/pubmed/28770008
http://dx.doi.org/10.1186/1757-4749-4-3
http://www.ncbi.nlm.nih.gov/pubmed/22534208
http://dx.doi.org/10.1371/journal.pone.0003510
http://dx.doi.org/10.1038/embor.2010.114
http://dx.doi.org/10.1111/mmi.12377
http://dx.doi.org/10.1111/mmi.13221
http://dx.doi.org/10.1128/mBio.01136-18
http://dx.doi.org/10.1128/JB.186.7.2164-2172.2004
http://dx.doi.org/10.1016/S0022-2836(05)80360-2
http://dx.doi.org/10.1006/jmbi.2000.4315
http://www.ncbi.nlm.nih.gov/pubmed/11152613

Trop. Med. Infect. Dis. 2020, 5, 179 15 0f 17

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Letunic, I; Doerks, T.; Bork, P. SMART: Recent updates, new developments and status in 2015. Nucleic Acids
Res. 2015, 43, D257-D260. [CrossRef] [PubMed]

Yu, C.-S; Lin, C.-J.; Hwang, J.-K. Predicting subcellular localization of proteins for Gram-negative bacteria
by support vector machines based on n-peptide compositions. Protein Sci. 2004, 13, 1402-1406. [CrossRef]
[PubMed]

Mao, X.; Ma, Q.; Zhou, C.; Chen, X.; Zhang, H.; Yang, J.; Mao, E; Lai, W.; Xu, Y. DOOR 2.0: Presenting
operons and their functions through dynamic and integrated views. Nucleic Acids Res. 2014, 42, D654-D659.
[CrossRef]

Jones, D.T.; Taylor, W.R.; Thornton, ].M. The rapid generation of mutation data matrices from protein
sequences. Bioinformatics 1992, 8, 275-282. [CrossRef]

Kumar, S.; Stecher, G.; Li, M,; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis
across computing platforms. Mol. Biol. Evol. 2018, 35, 1547-1549. [CrossRef]

Stecher, G.; Tamura, K.; Kumar, S. Molecular evolutionary genetics analysis (MEGA) for macOS. Mol. Biol.
Evol. 2020. [CrossRef]

Felsenstein, ]J. Confidence Limits on Phylogenies: An Approach Using the Bootstrap. Evolution 1985, 39,
783-791. [CrossRef]

Pei, J.; Grishin, N.V. PROMALS3D: Multiple protein sequence alignment enhanced with evolutionary and
three-dimensional structural information. Methods Mol. Biol. 2014, 1079, 263-271. [CrossRef]

Zhang, Y. I-TASSER server for protein 3D structure prediction. BMC Bioinform. 2008, 9, 40. [CrossRef]
Fouts, D.E.; Matthias, M.A.; Adhikarla, H.; Adler, B.; Amorim-Santos, L.; Berg, D.E.; Bulach, D.; Buschiazzo, A.;
Chang, Y.F; Galloway, R.L.; et al. What Makes a Bacterial Species Pathogenic?:Comparative Genomic
Analysis of the Genus Leptospira. PLoS Negl. Trop. Dis. 2016, 10, e0004403. [CrossRef] [PubMed]

Powell, M.L. Translational termination-reinitiation in RNA viruses. Biochem. Soc. Trans. 2010, 38, 1558-1564.
[CrossRef] [PubMed]

Karamyshev, A L.; Karamysheva, Z.N.; Yamami, T; Ito, K.; Nakamura, Y. Transient idling of posttermination
ribosomes ready to reinitiate protein synthesis. Biochimie 2004, 86, 933-938. [CrossRef] [PubMed]

Wu, X,; Lei, L.; Gong, S.; Chen, D.; Flores, R.; Zhong, G. The chlamydial periplasmic stress response serine
protease cHtrA is secreted into host cell cytosol. BMC Microbiol. 2011, 11, 87. [CrossRef]

Bumann, D.; Aksu, S.; Wendland, M.; Janek, K.; Zimny-Arndt, U.; Sabarth, N.; Meyer, T.E; Jungblut, P.R.
Proteome analysis of secreted proteins of the gastric pathogen Helicobacter pylori. Infect. Immun. 2002, 70,
3396-3403. [CrossRef]

Gherardini, F.C. Borrelia burgdorferi HtrA may promote dissemination and irritation. Mol. Microbiol. 2013,
90, 209-213. [CrossRef]

Backert, S.; Bernegger, S.; Skorko-Glonek, J.; Wessler, S. Extracellular HtrA serine proteases: An emerging
new strategy in bacterial pathogenesis. Cell. Microbiol. 2018, 20, €12845. [CrossRef]

Pedersen, L.L.; Radulic, M.; Doric, M.; Abu Kwaik, Y. HtrA homologue of Legionella pneumophila:
An indispensable element for intracellular infection of mammalian but not protozoan cells. Infect. Immun.
2001, 69, 2569-2579. [CrossRef]

Cortés, G.; De Astorza, B.; Benedi, V.J.; Alberti, S. Role of the htrA gene in Klebsiella pneumoniae virulence.
Infect. Immun. 2002, 70, 4772-4776. [CrossRef]

Flannagan, R.S.; Aubert, D.; Kooi, C.; Sokol, P.A.; Valvano, M.A. Burkholderia cenocepacia requires a
periplasmic HtrA protease for growth under thermal and osmotic stress and for survival in vivo. Infect.
Immun. 2007, 75, 1679-1689. [CrossRef]

Li, S.R; Dorrell, N.; Everest, PH.; Dougan, G.; Wren, B.W. Construction and characterization of a Yersinia
enterocolitica O:8 high-temperature requirement (htrA) isogenic mutant. Infect. Immun. 1996, 64, 2088-2094.
[CrossRef] [PubMed]

Humphreys, S.; Stevenson, A.; Bacon, A.; Weinhardt, A.B.; Roberts, M. The alternative sigma factor, o(E),
is critically important for the virulence of Salmonella typhimurium. Infect. Immun. 1999, 67, 1560-1568.
[CrossRef]

Purdy, G.E.; Hong, M.; Payne, S.M. Shigella flexneri DegP facilitates IcsA surface expression and is required
for efficient intercellular spread. Infect. Immun. 2002, 70, 6355-6364. [CrossRef]


http://dx.doi.org/10.1093/nar/gku949
http://www.ncbi.nlm.nih.gov/pubmed/25300481
http://dx.doi.org/10.1110/ps.03479604
http://www.ncbi.nlm.nih.gov/pubmed/15096640
http://dx.doi.org/10.1093/nar/gkt1048
http://dx.doi.org/10.1093/bioinformatics/8.3.275
http://dx.doi.org/10.1093/molbev/msy096
http://dx.doi.org/10.1093/molbev/msz312
http://dx.doi.org/10.1111/j.1558-5646.1985.tb00420.x
http://dx.doi.org/10.1007/978-1-62703-646-7_17
http://dx.doi.org/10.1186/1471-2105-9-40
http://dx.doi.org/10.1371/journal.pntd.0004403
http://www.ncbi.nlm.nih.gov/pubmed/26890609
http://dx.doi.org/10.1042/BST0381558
http://www.ncbi.nlm.nih.gov/pubmed/21118126
http://dx.doi.org/10.1016/j.biochi.2004.08.006
http://www.ncbi.nlm.nih.gov/pubmed/15667944
http://dx.doi.org/10.1186/1471-2180-11-87
http://dx.doi.org/10.1128/IAI.70.7.3396-3403.2002
http://dx.doi.org/10.1111/mmi.12390
http://dx.doi.org/10.1111/cmi.12845
http://dx.doi.org/10.1128/IAI.69.4.2569-2579.2001
http://dx.doi.org/10.1128/IAI.70.9.4772-4776.2002
http://dx.doi.org/10.1128/IAI.01581-06
http://dx.doi.org/10.1128/IAI.64.6.2088-2094.1996
http://www.ncbi.nlm.nih.gov/pubmed/8675311
http://dx.doi.org/10.1128/IAI.67.4.1560-1568.1999
http://dx.doi.org/10.1128/IAI.70.11.6355-6364.2002

Trop. Med. Infect. Dis. 2020, 5, 179 16 of 17

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Gloeckl, S.; Ong, V.A,; Patel, P.; Tyndall, ].D.A.; Timms, P; Beagley, KW.; Allan, J.A.; Armitage, CW.;
Turnbull, L.; Whitchurch, C.B.; et al. Identification of a serine protease inhibitor which causes inclusion
vacuole reduction and is lethal to Chlamydia trachomatis. Mol. Microbiol. 2013, 89, 676-689. [CrossRef]
[PubMed]

Wilson, R.L.; Brown, L.L.; Kirkwood-Watts, D.; Warren, TK.; Lund, S.A.; King, D.S.; Jones, K.E; Hruby, D.E.
Listeria monocytogenes 10403S HtrA is necessary for resistance to cellular stress and virulence. Infect. Immun.
2006, 74, 765-768. [CrossRef] [PubMed]

Chatfield, S.N.; Strahan, K.; Pickard, D.; Charles, 1.G.; Hormaeche, C.E.; Dougan, G. Evaluation of Salmonella
typhimurium strains harbouring defined mutations in htrA and aroA in the murine salmonellosis model.
Microb. Pathog. 1992, 12, 145-151. [CrossRef]

Ibrahim, Y.M.; Kerr, A.R.; McCluskey, J.; Mitchell, T.J. Control of virulence by the two-component system
CiaR/H is mediated via HtrA, a major virulence factor of Streptococcus pneumoniae. J. Bacteriol. 2004, 186,
5258-5266. [CrossRef]

Lipinska, B.; Zylicz, M.; Georgopoulos, C. The HtrA (DegP) protein, essential for Escherichia coli survival at
high temperatures, is an endopeptidase. J. Bacteriol. 1990. [CrossRef] [PubMed]

Waller, PR.H.; Sauer, R.T. Characterization of degQ and degS, Escherichia coli genes encoding homologs of
the DegP protease. J. Bacteriol. 1996, 178, 1146-1153. [CrossRef]

Picardeau, M.; Bulach, D.M.; Bouchier, C.; Zuerner, R.L.; Zidane, N.; Wilson, PJ.; Creno, S.; Kuczek, E.S.;
Bommezzadri, S.; Davis, ].C.; et al. Genome sequence of the saprophyte Leptospira biflexa provides insights
into the evolution of Leptospira and the pathogenesis of leptospirosis. PLoS ONE 2008, 3, e1607. [CrossRef]
Bulach, D.M.; Zuerner, R.L.; Wilson, P.; Seemann, T.; McGrath, A.; Cullen, P.A.; Davis, J.; Johnson, M.;
Kuczek, E.; Alt, D.P; et al. Genome reduction in Leptospira borgpetersenii reflects limited transmission
potential. Proc. Natl. Acad. Sci. USA 2006, 39, 14560-14565. [CrossRef] [PubMed]

Huber, M.; Faure, G.; Laass, S.; Kolbe, E.; Seitz, K.; Wehrheim, C.; Wolf, Y.I.; Koonin, E.V.; Soppa, J.
Translational coupling via termination-reinitiation in archaea and bacteria. Nat. Commun. 2019, 10, 4006.
[CrossRef] [PubMed]

Powell, M.L.; Brown, T.D.K,; Brierley, I. Translational termination-re-initiation in viral systems. Biochem. Soc.
Trans. 2008, 36, 717-722. [CrossRef] [PubMed]

Nourry, C.; Grant, S.G.N.; Borg, J.P. PDZ domain proteins: Plug and play! Sci. STKE 2003, 2003, RE7.
[CrossRef]

Hung, A.Y.; Sheng, M. PDZ domains: Structural modules for protein complex assembly. J. Biol. Chem. 2002,
277,5699-5702. [CrossRef]

Fan, ].S.; Zhang, M. Signaling complex organization by PDZ domain proteins. Neurosignals 2002, 11, 315-321.
[CrossRef]

Sheng, M.; Sala, C. PDZ Domains and the Organization of Supramolecular Complexes. Annu. Rev. Neurosci.
2001, 24, 1-29. [CrossRef]

Van Ham, M.; Hendriks, W. PDZ domains—Glue and guide. Mol. Biol. Rep. 2003, 30, 69-82. [CrossRef]
Zarzecka, U.; Harrer, A.; Zawilak-Pawlik, A.; Skorko-Glonek, J.; Backert, S. Chaperone activity of serine
protease HtrA of Helicobacter pylori as a crucial survival factor under stress conditions. Cell Commun. Signal.
2019, 17, 161. [CrossRef]

Kariu, T.; Yang, X.; Marks, C.B.; Zhang, X.; Pal, U. Proteolysis of BB0323 results in two polypeptides that
impact physiologic and infectious phenotypes in Borrelia burgdorferi. Mol. Microbiol. 2013, 88, 510-522.
[CrossRef]

Spiess, C.; Beil, A.; Ehrmann, M. A temperature-dependent switch from chaperone to protease in a widely
conserved heat shock protein. Cell 1999, 97, 339-347. [CrossRef]

Wonderling, L.D.; Wilkinson, B.J.; Bayles, D.O. The htrA (degP) Gene of Listeria monocytogenes 104035
Is Essential for Optimal Growth under Stress Conditions. Appl. Environ. Microbiol. 2004, 70, 1935-1943.
[CrossRef] [PubMed]


http://dx.doi.org/10.1111/mmi.12306
http://www.ncbi.nlm.nih.gov/pubmed/23796320
http://dx.doi.org/10.1128/IAI.74.1.765-768.2006
http://www.ncbi.nlm.nih.gov/pubmed/16369036
http://dx.doi.org/10.1016/0882-4010(92)90117-7
http://dx.doi.org/10.1128/JB.186.16.5258-5266.2004
http://dx.doi.org/10.1128/JB.172.4.1791-1797.1990
http://www.ncbi.nlm.nih.gov/pubmed/2180903
http://dx.doi.org/10.1128/JB.178.4.1146-1153.1996
http://dx.doi.org/10.1371/journal.pone.0001607
http://dx.doi.org/10.1073/pnas.0603979103
http://www.ncbi.nlm.nih.gov/pubmed/16973745
http://dx.doi.org/10.1038/s41467-019-11999-9
http://www.ncbi.nlm.nih.gov/pubmed/31488843
http://dx.doi.org/10.1042/BST0360717
http://www.ncbi.nlm.nih.gov/pubmed/18631147
http://dx.doi.org/10.1126/stke.2003.179.re7
http://dx.doi.org/10.1074/jbc.R100065200
http://dx.doi.org/10.1159/000068256
http://dx.doi.org/10.1146/annurev.neuro.24.1.1
http://dx.doi.org/10.1023/A:1023941703493
http://dx.doi.org/10.1186/s12964-019-0481-9
http://dx.doi.org/10.1111/mmi.12202
http://dx.doi.org/10.1016/S0092-8674(00)80743-6
http://dx.doi.org/10.1128/AEM.70.4.1935-1943.2004
http://www.ncbi.nlm.nih.gov/pubmed/15066783

Trop. Med. Infect. Dis. 2020, 5, 179 17 of 17

74.

75.

76.

77.

78.

Caimano, M.J.; Sivasankaran, S.K.; Allard, A.; Hurley, D.; Hokamp, K.; Grassmann, A.A.; Hinton, ].C.D.;
Nally, J.E. A Model System for Studying the Transcriptomic and Physiological Changes Associated
with Mammalian Host-Adaptation by Leptospira interrogans Serovar Copenhageni. PLoS Pathog. 2014,
10, €1004004. [CrossRef] [PubMed]

Malmstrém, J.; Beck, M.; Schmidt, A.; Lange, V.; Deutsch, E.W.; Aebersold, R. Proteome-wide cellular protein
concentrations of the human pathogen Leptospira interrogans. Nature 2009, 460, 762-765. [CrossRef]
Tegtmeyer, N.; Wessler, S.; Necchi, V.; Rohde, M.; Harrer, A.; Rau, T.T.; Asche, C.I.; Boehm, M.; Loessner, H.;
Figueiredo, C.; et al. Helicobacter pylori Employs a Unique Basolateral Type IV Secretion Mechanism for
CagA Delivery. Cell Host Microbe 2017, 22, 552-560. [CrossRef]

Boehm, M.; Haenel, I.; Hoy, B.; Brendsted, L.; Smith, T.G.; Hoover, T.; Wessler, S.; Tegtmeyer, N. Extracellular
secretion of protease HtrA from Campylobacter jejuni is highly efficient and independent of its protease
activity and flagellum. Eur. J. Microbiol. Immunol. 2013, 3, 163-173. [CrossRef]

Eshghi, A.; Pappalardo, E.; Hester, S.; Thomas, B.; Pretre, G.; Picardeau, M. Pathogenic Leptospira interrogans
exoproteins are primarily involved in heterotrophic processes. Infect. Immun. 2015, 83, 3061-3073. [CrossRef]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1371/journal.ppat.1004004
http://www.ncbi.nlm.nih.gov/pubmed/24626166
http://dx.doi.org/10.1038/nature08184
http://dx.doi.org/10.1016/j.chom.2017.09.005
http://dx.doi.org/10.1556/EuJMI.3.2013.3.3
http://dx.doi.org/10.1128/IAI.00427-15
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Methods 
	HtrAs Sequence Analysis Among Leptospira spp. and Functional Characterization 
	Protein Alignment 
	Three-Dimensional (3D) Structure and the Search for Conserved Domains 

	Results 
	Conservation Analysis in Leptospiral Strains 
	Distribution of HtrAs of Pathogenic, Intermediate, and Saprophytic Leptospira Strains 
	Features of the HtrA Proteins 
	3D Structure Model and Domain Architecture 
	Operon Properties 
	Search for Serine Protease Domain by Alignment 
	Serine Protease Domain Alignment for LIC20143, LIC11112, and LIC11037 

	Discussion 
	References

