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Abstract
Pathogenic bacteria attack their host by secreting virulence factors that in various ways interrupt host defenses and damage
their cells. Functions of many virulence factors, even from well-studied pathogens, are still unknown. Francisella tularensis is
a class A pathogen and a causative agent of tularemia, a disease that is lethal without proper treatment. Here we report the
three-dimensional structure and preliminary analysis of the potential virulence factor identified by the transcriptomic analysis
of the F. tularensis disease models that is encoded by the FTT 1539 gene. The structure of the FTT 1539 protein contains two
sets of three stranded antiparallel beta sheets, with a helix placed between the first and the second beta strand in each sheet.
This structural motif, previously seen in virulence factors from other pathogens, was named the SHS2 motif and identified to
play a role in protein-protein interactions and small molecule recognition. Sequence and structure analysis identified FTT 1539
as a member of a large family of secreted proteins from a broad range of pathogenic bacteria, such as Helicobacter pylori and
Mycobacterium tuberculosis. While the specific function of the proteins from this class is still unknown, their similarity to
the H. pylori Tip-α protein that induces TNF-a and other chemokines through NF-kB activation suggests the existence of a
common pathogen-host interference mechanism shared by multiple human pathogens.
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ABSTRACT:
Pathogenic bacteria attack their host by secreting virulence factors that, in various ways, interrupt host
defenses and damage their cells. Specific functions of many putative virulence factors, even from wellstudied pathogens, are still unknown. Francisella tularensisis a class A pathogen and the causative agent of
tularemia, a rare but potentially lethal disease that can be treated only with specialized antibiotics. Here we
report the three-dimensional structure and preliminary analyses of the potential virulence factor, identified
by the transcriptomic analysis of the F. tularensis disease models, that is encoded by the FTT 1539 gene.
The structure of the FTT 1539 protein contains two sets of three-stranded antiparallel beta sheets, with a
helix placed between the first and the second beta strand in each sheet. This structural motif, previously
seen in virulence factors from other pathogens, was named the SHS2 motif and was identified to play a role in
protein-protein interactions and small molecule recognition. Sequence and structure analysis identifies FTT 1539 as a founding member of a novel family of secreted proteins from a broad range of pathogenic bacteria,
including Helicobacter pylori andMycobacterium tuberculosis. While the specific function of the proteins from
this class is still unknown, their structural similarity to the H. pylori Tip-α protein that induces TNF-α and
other chemokines through NF-κB activation suggests the existence of a common pathogen-host interference
mechanism shared by multiple human pathogens.
INTRODUCTION:
Francisella tularensis is a Gram-negative coccobacillus [1] that is the causative agent of tularemia (rabbit
fever), a disease that results in extreme respiratory illness and distress that can be fatal without treatment
[2]. Tularemia can be spread through bug bites or contracted through an airborne route. It was considered a
viable biological weapon and its actual use in WWII was claimed, even though this claim was later disputed
[3]. Despite extensive research onF. tularensis , we still do not fully understand its virulence mechanisms,
and the functions of many of its proteins are unknown. However, F. tularensis studies on mouse infection
models identified several proteins that were highly upregulated during infection and strongly reacted with
the mouse immune system. [4]. While most of these proteins have a known role in F. tularensispathogenicity,
one of the standouts was an uncharacterized protein encoded by a gene in the locus FTT 1539. In another
study in which mice were infected with F. tularensis type A strain FSC033 [5], the amounts of bacterial
proteins isolated from infected mice were compared to that in bacteria that were cultured in vitro and it was
found that the abundance of FTT 1539 increased by more than 4-fold [6, 7]. The protein FTT 1539 was also
shown to co-purify with the membrane fraction and to be recognized by antibodies as playing a role in cell
surface associations [8]. All these observations support the hypothesis that FTT 1539 may play a role in F.
tularensisvirulence, or more generally, in its interactions with the host. In addition, FTT 1539 is identified
as an immunodominant antigen, which suggests its possible use as a tularemia vaccine candidate [9].
To further our understanding of the possible role of the FTT 1539 protein as the F. tularensis virulence
factor, its structure was determined by the Center for Structural Genomics of Infectious Diseases (CSGID)
and its coordinates were deposited to the Protein Data Bank (PDB) with the code 4QVR. In this paper we
describe the structure and provide genomic analyses of FTT 1539.
RESULTS:
The locus FTT 1539 (also spelled FTT1539) of the Francisella tularensis strain Schu S4 genome encodes
a protein with 511 amino acid residues, which we will refer to as the FTT 1539 protein. Initial sequence
analysis, including Hidden Markov Model (HMM) analysis with Pfam [10], did not indicate homology to any
well characterized proteins and thus in the genomics databases it is described as a “conserved hypothetical
protein”. Below we present the results of the sequence and structure analyses of this protein.
Sequence and Phylogenetic Analysis
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Francisella tularensis protein FTT 1539 defines a large novel protein family, with at least 532 homologs
identified in the NCBI refseq database [11] with an iterative PSI-BLAST [12] search. Most of its homologs
were found within the Francisella genus, with more distant ones found among several human pathogens,
especially pathogens of the gastrointestinal tract such as Vibrio parahaemolyticus ,Salmonella enterica or
Campylobacter jejuni. None of the homologs were experimentally characterized and most bore the name
“hypothetical protein” suggesting the need for further research on this protein family. Sequence similarity
within the Francisellagenus was high (over 50% sequence identity) and it dropped to around 20% for the
homologs from other genera, suggesting a genus specific expansion in Francisella species.
Analysis with the distant homology prediction algorithms FFAS [13] and HHpred [14] suggested that the Cterminus of FTT 1539 may contain a domain that could be a distant homolog of the Pfam LPP20 lipoprotein
family (PF02169.16) such as Lpp20 (HP1456) fromHelicobacter pylori (PDB code 5OK8). In addition, FFAS
dot plot analysis (see Figure 1) also suggested the existence of an internal repeat with the C-terminal LPP20like domain showing weak sequence similarity to the N-terminal part of the FTT 1539 protein.
Structure Determination
The structure of the FTT 1539 protein was determined using the high throughput structure determination
pipeline at the Center for Structural Genomics of Infectious Diseases (CSGID). Data was collected to 2.30
Å resolution and a model with R-factor 0.174 (R-free of 0.224) was deposited to the PDB with the code
4QVR. The structure determination protocol is described in the Methods section.
Structure analysis
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The experimentally determined structure presented a complex α/β fold consisting of 9 long and 3 short
helices and two independent, antiparallel, twisted beta sheets with the 132 topology, shown in Figure 2 in
mauve and red, respectively, together with a conserved helix inserted between the first and second strand.
The second beta sheet has an additional short beta strand (b4), so its topology may be also described as
1243.
Structure comparison using the Dali [15] and FATCAT [16] algorithms confirmed the presence of an internal
repeat (Figure 2 and 3) and its similarity to the LPP20 proteins. Database searches among other PDB
structures identified hundreds of proteins with statistically significant structural similarity to the structure
of FTT 1539. The top of the list contained several secreted or cell surface proteins from human pathogens
such as HP1454 (PDB ID:4KZS), HP1456 (PDB ID: 5OK8), Tip-αN34 (PDB ID: 2WCQ) and Tip-αN25
(PDB ID: 3VNC) fromHelicobacter pylori and calcium dodecin (Rv0397) fromMycobacterium tuberculosis
(PDB ID: 3ONR). More distant similarities to other proteins from the SHS2 Pfam clan were also found in
the search. The similarity to the Tip-α proteins is especially interesting, as they are known to induce human
TNF-α and have carcinogenic effects [17].
The motif repeated in the FTT 1539 protein, consisting of the three-stranded antiparallel beta sheets, with
a helix inserted between the first and the second beta strand, was previously identified in the bacterial
ATPase FtsA (Pfam family PF14450), the archaea-eukaryotic RNA polymerase subunit Rpb7p (Pfam family
PF03876), the GyrI-like small molecule binding domain (Pfam family PF06445), and the archease protein
family MTH1598/Tm1083-like (Pfam family PF01951) [18], together forming an SHS2 clan. Interestingly,
proteins from the GyrI family also contain a tandem repeat of this motif. The N-terminus half of the tandem
repeat in the FTT 1539 protein is more similar to the “classical” SHS2 motif. We hypothesize that after
duplication, one repeat, the N-terminal one, retained its structure (and possibly function) while the second
repeat located at the C-terminus diverged and possibly lost its function.
The protein with the structure most similar to that of FTT 1539 identified by the FATCAT algorithm was
the Helicobacter pylori protein HP1454 (PDB ID:4KZS) [19], with an RMSD (Root Mean Square Deviation)
of 2.58 Å over the length of 157 amino acids in the pairwise structural alignment. The protein HP1454
contains 3 distinct domains, but the region similar to the structure of FTT 1539 consists of the N-terminal
Domain I containing a classical SHS2 motif – a three-stranded antiparallel β-sheet with a single α-helix
inserted between the first and second beta strand [19]. This SHS2 motif is highlighted in Figure 3. The Nterminal domain of HP1454 is extracellular and has structural and potential functional similarities to Tip-α
proteins, which are classified as carcinogenic factors. Although the significance of this functional similarity
is still unclear, it has been suggested that this motif is involved in protein-protein interactions due to its
cellular localization [19]. The second most similar structure belongs to the H. pylori protein LPP20 (HP1456)
(PDB ID: 5OK8), with an RMSD of 3.03 Å over the length of 125 amino acids [20]. The LPP20 protein was
the founding member of the Pfam LPP20 protein family which was initially characterized as a non-essential
class of lipoproteins [21]. Other members of this family are virulence factors that are bound to the outer
membrane of the bacteria and secreted and transported via vesicles [20]. H. pylori LPP20 was also found to
play a role in cancer suppression by reducing the expression of E-cadherin in gastric cancer cells [20].
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The most interesting similarity found was to the structure of theHelicobacter pylori protein Tip-α (Tumor
necrosis factor α (TNF-α) inducing protein) (PDB IDs: 2WCQ, 3VNC) with an RMSD of 3.08 Å over
the length of 136 amino acids. Tip-α is an unusual virulence factor, being able to penetrate gastric cells
and stimulate the production of the TNF- α and simultaneously activate the NF-κB pathway [17], finally
resulting in a strong carcinogenic effect. Tip-α is highly expressed during bacterial infection [22] and forms
homodimers in its active state.
Finally, another pairwise alignment between the structure of calcium dodecin (Rv0397) from Mycobacterium
tuberculosis (PDB ID: 3ONR) and the structure of FTT 1539 had an RMSD of 2.19 Å over the length of 137
amino acids. Calcium dodecin is also classified as a member of the SHS2 clan and is involved in secretion and
signaling of proteins that help regulate the life cycle of bacteria [23]. The structural fold of calcium dodecin
allows it to form a pocket-like motif which binds calcium and is similar to metal or flavin binding sites [23].
CONCLUSION/DISCUSSION:
The analysis presented here highlights the presence of a common structural motif in a large group of diverse
secreted proteins from a broad range of human pathogens such as Franciscella tularensis ,Helicobacter pylori
and Mycobacterium tuberculosis . Although the sequence identity between these proteins is low, their overall
structure contains the signature SHS2 motif and they all are secreted or located on the bacterial cell surface
during infection and were broadly classified as virulence factors. Interestingly, most of these proteins also
form homodimers. This suggest that the tandem duplication in FTT 1539 could be important for its function,
mimicking the dimer arrangement of other proteins from this clan. Of these proteins only 3VNC has been
functionally and structurally characterized and the location of matched regions in the structures of the FTT 1539 and the homologs discussed here suggests a possible similarity in their function and pathogenicity.
The genome of F. tularensis contains components homologous to Type I, IV and VI secretion systems [24],
suggesting a mechanism for how the FTT 1539 protein can be secreted. Analogies with the function of Tip-α
and connecting fragmentary knowledge of the functions of other proteins from this group allows us to propose
that FTT 1539 may be involved in interactions with the host inflammatory pathways, and the suppression
of the inflammatory immune response activation through intracellular molecules such as TNF-α [24].
METHODS:
Cloning, expression, purification, crystallization, data collection, structure solution and refinement
The FTT 1539 encoding gene from Francisella tularensis subsp. tularensis SCHU S4 strain (gi: 56708571;
residues 1-476 was cloned [25], expressed [26], purified [27], set up for crystallization, screened, data was
collected and structure was solved using the standard CSGID protocol, as described before [28] (see Supplementary Tables 1-5 with data on cloning and expression (Table S1), purification (Table S2), crystallization
(Table S3), data collection (Table S4) and structure refinements (Table S5)). The structure was deposited
to the Protein Data Bank (https://www.rcsb.org/) with the PDB code 4QVR.
Sequence and structure analysis
Sequence similarity was identified using Position-Specific Iterated BLAST (PSI-BLAST) [12] on the set of
“Refseq” dataset, and the algorithm went through 12 iterations until convergence.
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Protein with similar structured we identifies by structure comparison programs DALI [15] and FATCAT [16]
searching the PDB database. The structure visualization was done with PyMOL [29] and Chimera [30].
A multiple protein structure alignment was performed on the POSA (Partial Order Structure Alignment)
server [31], which provided a superimposed PDB file of all studied proteins to view and individual structurers
were visualized using PyMOL.
The FATCAT server was used [16] to calculate pairwise alignments to obtain RMSD values and database
similarity searches.
The clan and the family of the FTT 1539 protein we identified using the Pfam database of protein family
Hidden Markov Models (HMM) [10] and the local installation of the HMMER [32]. Pfam HMM identified
the SHS2 domain found in the N-terminus of the FTT 1539 protein, and the Pfam database provided details
of the nine other members of the SHS2 clan discussed here, such as GyrI-Like, Tip-alpha, and Dodecin type
proteins.
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