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Abstract

Results

Syphilis, caused by the pathogenic spirochete Treponema pallidum subsp.
pallidum (T. pallidum) poses a growing threat to global health; the World
Health Organization estimates an annual worldwide incidence of
approximately six million cases. These alarming trends emphasize the
pressing need for a vaccine against syphilis, which must target surface
exposed (i.e., antibody-accessible) extracellular loops (ECLs) of outer
membrane proteins (OMPs) expressed by geographically diverse strains of
T. pallidum. The vaccine development efforts need to proceed cooperatively
along three fronts. One is to perform topologically and structurally
characterization of predicted OM-embedded β-barrels in T. pallidum,
coupled with their protection studies in the experimental rabbit model. The
second is to implement advanced whole-genome sequencing (WGS)
methodologies to catalog sequence variability among β-barrels encoded by
geographically diverse T. pallidum clinical isolates. The third is to localize
sequence variability onto 3D structural models of β-barrels to investigate its
effect on functionality, antigenicity and immune evasion. Recently,
significant progress has been made in characterizing β-barrels (Radolf JD
et al., Curr Top Microbiol Immunol. 2018) and developing enrichment
methods for WGS of T. pallidum directly from syphilis chancres (Chen W et
al., JID 2020). To expedite the design of an ECL-driven vaccine against
syphilis, where sequence variability largely contributes to immune evasion,
we developed a pipeline to manually curate OMP-encoding genes from 74
geographically diverse T. pallidum strains and then performed Multiple
Sequence Alignments (MSAs) on the corresponding amino acid sequences
using Clustal Omega. Absolute site variabilities (ASVs) were computed from
each MSA using the Shannon Entropy method of the PVS (Protein
Variability Server) program. ASVs then were superimposed and visualized
on 3D models by using custom PyMOL scripts. From these analyses
emerged a wide spectrum of variability within T. pallidum OMPs, ranging
from fully conserved to highly variable. In many cases, variability localized
to ECLs containing predicted B-cell epitopes, thus providing evidence for
adaptive evolution in T. pallidum. However, all steps in our bioinformatics
analysis, from the manual curation of genes to mapping amino acid
substitution on 3D models, require multiple programs. The use of various
programs is a time-intensive and error-prone method, which prompted us
to compile all scripts into a single automated platform. Therefore, we have
initiated the design of a complied program “NucleVar” which will automate
all steps from Nucleotides (gene) curation to Variability's (amino acid
substitution) mapping on the 3D structures. The NucleVar platform will be
an effective tool that follows a “Genomics-to-Structural Vaccinology”
approach to select correct antigens for an effective vaccine against, not only
syphilis, but also other infectious diseases caused by different pathogens.
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The figure represents our present hand-operated pipeline and multiple programs' composition to list the sequence variability on 3D models of
T. pallidum OMPs. First, each OMP gene was manually curated from whole genome using its coordinates. Each gene was translated into amino
acids, and multiple sequence alignment (MSA) was obtained with previously sequenced T. pallidum genomes. Then, sequence variability in the
alignment was mapped onto the 3D-coordinates of structural models using the PVS server. Consequently, the visualization of the variability
onto the 3D structure was achieved by PyMOL. The quantification and mode of variability were manually analyzed. The whole step takes
approximate one-month to index the variability of one OMP gene using only 74 strain of T. pallidum.
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OMPs display a spectrum of variability between 32 strains of T. pallidum
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Identify variable OMPs/ECLs to assess antigenicity and broadly
protective vaccine candidates
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General applications
q Time saving, from months down to only hours for a comprehensive
analysis for hundreds of genomes.
q Enhanced organizations of data that can be easily to select specific data
sets to analyze and share with others.
q Ability to select desired script(s) at each level of the analysis process.

Importance of T. pallidum rare OMPs for protective immunity
T. pallidum’s OM consists of a unique molecular architecture, with a
paucity of unidentified OMPs observed by freeze fracture microscopy.
Importantly, human syphilitic serum contains antibodies which lead to
successful phagocytosis of the spirochete by human phagocytes and likely
leads to successful clearance of treponemes during infection. It is believed
that decoding T. pallidum OMPs that are targeted by the host’s natural
immune response, paired with a clear understanding of each OMP’s
topology and ECL amino acid variability, will lead to the identification of
vaccine candidates.

q Removes hurdles associated with locating numerous appropriate
analysis programs.
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TprC

q Simple to use, even for non-structural biologists or nonbioinformaticians.
q Useful for evaluating functional variability in any gene, in any species.

Using a hand-operated pipeline, we inventoried the sequence variability on 3D models of 24 OMPs of 32 T. pallidum strains. Interestingly, we
observed a broad variability spectrum between them; some OMPs (TP0859, a FadL ortholog; TP0126, TP0698 and TP0733, 8-stranded
barrels; TP0969, a TolC ortholog) are fully conserved, and a few β-barrels (C-terminal domain of TprJ and TprC) are highly variable. It is
worth mentioning that most of the variable residues were located in the ECLs of OMPs.
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