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Abstract: Background: The mycobacterial PE_PGRS protein family is present only in pathogenic
strains of the genus mycobacterium, such as Mtb and members of the MTB complex, suggesting a
likely important role of this family in pathogenesis. Their PGRS domains are highly polymorphic and
have been suggested to cause antigenic variations and facilitate pathogen survival. The availability
of AlphaFold2.0 offered us a unique opportunity to better understand structural and functional prop-
erties of these domains and a role of polymorphism in Mtb evolution and dissemination. Methods:
We made extensive use of AlphaFold2.0 computations and coupled them with sequence distribu-
tion phylogenetic and frequency analyses, and antigenic predictions. Results: Modeling of several
polymorphic forms of PE_PGRS33, the prototype of the PE_PGRS family and sequence analyses
allowed us to predict the structural impact of mutations/deletions/insertions present in the most
frequent variants. These analyses well correlate with the observed frequency and with the phenotypic
features of the described variants. Conclusions: Here, we provide a thorough description of structural
impacts of the observed polymorphism of PE_PGRS33 protein and we correlate predicted structures
to the known fitness of strains containing specific variants. Finally, we also identify protein variants
associated with bacterial evolution, showing sophisticated modifications likely endowed with a
gain-of-function role during bacterial evolution.

Keywords: protein structure; tuberculosis; polymorphism; PE_PGRS

1. Introduction

The mycobacterial PE/PPE/PE_PGRS protein family occupies approximately 10% of
the coding capacity of the Mycobacterium tuberculosis (Mtb) genome [1,2]. The designation
of PE and PPE family is due to the presence of Pro-Glu (PE) and Pro-Pro-Glu (PPE) motifs
near the N-terminus of their gene products. PE and PPE families are further subdivided in
subfamilies depending on their C-terminal domains [3,4]. The PE_PGRS subfamily includes
the largest group of PE proteins and is present only in pathogenic strains of the genus
mycobacterium, such as Mtb and members of the MTB complex, M. marinum, M. ulcerans
and few other species, suggesting an important role for PE_PGRS proteins in mycobacterial
pathogenesis [1,2].

PE_PGRSs show a peculiar modular structure, including an (i) N-terminal PE domain,
highly homologous to the domain found in tens of others PE proteins, (ii) the polymorphic
glycine-rich domain (PGRS), and (iii) a C-terminal domain, contained by a subset of
PE_PGRS proteins that is unique for each protein and that varies in length from few tens
to more than one thousand amino acids [5]. The PGRS domains contain multiple tandem
repeats of GGA or GGN triplets that have been suggested to cause antigenic variations and
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aid in immune evasion mechanisms, thereby facilitating pathogen survival [1,6]. The fact
that PE_PGRS proteins localise on the mycomembrane where they are properly exposed to
interact with host components, lent support to this hypothesis [7,8] (see recent reviews for
more details and conceptual model of cellular localization [5,9]).

Due to the high content of Gly residues, PGRS domains have long been considered
highly disordered since a high content of glycine residues is typically associated to highly
flexible proteins [10]. Moreover, the alleged transition from a disordered to an ordered state
has been associated to the ability of Mtb to hijack host immune machinery for subsequent
pathogen survival [10]. Contrary to these presumptions, we have previously proposed
a structural model for PGRS domains as poly-glycine II (PGy) sandwiches, in which
Gly residues are not needed for the flexibility they may confer [5,9], but because they
preferentially adopt a PGy conformation [11] and are the sole residues to be sterically
allowed. PGy sandwiches are formed by left-handed antiparallel PGy helices, sharing a
similar conformation as poly-proline II [12,13], albeit stacked in two antiparallel groups,
with glycine always pointing inwards, where no other residue would fit. More recently, the
availability of AlphaFold2.0 offered a unique opportunity to better understand structural
and functional properties of these sibylline domains [14]. Consistent with our previous
models, AlphaFold2.0 predicts the structure of PGRS as PGy sandwich domains of modular
size, with a large variability in the number of constituting PGy helices. Despite their size
variability, PGRS domains all share similar structural features, that led us to describe them
as “molecular sails” (Section 3.1). Indeed, like sails, they are all flat with a distinguishable
straight edge made of short and regular loops rich in hydrophobic and aromatic residues
(the sail foot). On the opposite side they expose loops of variable amino acid composition
(the sail head).

PE_PGRS33 is among the most studied proteins of the family and is known to promote
cell death and increase mycobacterial survival in macrophages, as demonstrated by heterol-
ogous expression in M. smegmatis, in a process mainly governed by its PGRS domain [7,15].
Its PE domain is responsible for protein translocation on the mycobacterial outer membrane
so that the PGRS domain is exposed to the extracellular side [7,8], where it is available
to interact with host components. It has been demonstrated that PE_PGRS33 plays im-
munomodulatory activities by directly interacting with Toll-like receptor 2 (TLR2), which
triggers the secretion of several chemokines and cytokines, including TNFe, induces entry
into macrophages and cell necrosis [16-19]. PE_PGRS33-mediated immunomodulatory
properties were shown to depend on the PGRS domain [15,16,19].

To investigate the extent of PE_PGRS33 polymorphisms, genetic characterisation of
the pe_pgrs33 gene on Mtb clinical isolates was performed, with the identification of SNSP
(synonymous Single Nucleotide Polymorphisms, with no variation in protein sequence) and
nSNP (non-synonymous Single Nucleotide Polymorphisms), insertions and deletions of
one or more bp (indels) in the coding gene. The pe_pgrs33 gene was shown to exhibit a low
ratio of substitution rates at nonsynonymous versus synonymous sites (AN /dS ratio) but
many in-frame indels, with 30% of the analysed strains containing large indels [17,20,21].

Interestingly, several strains harboured a frameshift indel and a premature stop codon,
resulting in a protein reduced in length at the C terminus by ~30%. Although the impact of
pe_pgrs polymorphisms on TB pathogenesis requires further inspection, it appears that large
indels do not lead to a complete loss of protein function. Therefore, to better understand
the effect of genetic diversity on the PE_PGRS protein family, we analysed the impact of
most frequently observed polymorphisms of PE_PGRS33 on the protein structure and we
seek to correlate structural changes with evolution and variant frequencies.

2. Materials and Methods
2.1. Selection of PGRS Sequence Study Set

Data on polymorphisms and indels occurred in the pe_pgrs33 gene were obtained by a
total of 1024 Mtb clinical isolates retrieved by six main studies as reported in
Supplementary Table S1 [16,17,20,22-24]. Phylogenetic information was available only for
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the Mtb clinical isolates reported in some studies [17,22,23]. Both polymorphisms and indels
were annotated based on the nomenclature introduced by Talarico et al. [20] and reported
in Supplementary Table S2 with the indication of the variations in genomic position and
aminoacidic sequence. Different alleles showing the same aa sequence were grouped based
on the functional impact on the PE_PGRS33 protein and included in the same PGRS variant
group. Frequency of each protein variant was then calculated and reported in Section 3.2.
We related features on Rv1818c genomic variations (non-synonymous SNPs, deletion and
insertions) to Mtb lineage by using characterised strains and corresponding information
retrieved by McEvoy et al. and Camassa et al. [17,23].

2.2. Three-Dimensional Structures of PGRS Domains and Their Analysis

Three-dimensional structures of selected PGRS and C-terminal domains were com-
puted using the Colab server (https://colab.research.google.com/github/sokrypton/Col
abFold/blob/main/AlphaFold2.ipynb, accessed on 3 January 2023). This server predicts
protein structures starting from their sequences using a slightly simplified version of Al-
phaFold v2.0 (AF) [25]. The reliability of the AF predictions was assessed both by the Local
Distance Difference Test (LDDT) score and by the Predicted Aligned Error (PAE) score. The
predicted pLDDT score (0-100) is a per-residue confidence score, with values greater than
90 indicating high confidence, and values below 50 indicating low confidence. PAE gives a
distance error for every pair of residues, i.e., an estimate of position error at residue x when
the predicted and true structures are aligned on residue y. Values range from 0 to 35 A. If
the relative position of two domains is confidently predicted, then the PAE values will be
low (less than 5 A). Structure superpositions were performed using the DALI software [26].
All structures were analysed and displayed using PyMOL [27].

2.3. T- and B-Cell Epitope Predictions

T-cell epitope prediction was performed using the software NetMHClIIpan-4.1, which
allows predict binding to all human MHC class II isotypes [28]. The human MHC locus (in
humans called HLA for human leukocyte antigens) is extremely polymorphic and encodes
thousands of different HLA class II molecules, including HLA-DR, HLA-DP and HLA-DQ
molecules. The method is based on artificial neural networks and has been trained on more
than 50,000 quantitative peptide-binding measurements covering HLA-DR, HLA-DP and
HLA-DQ, as well as two murine molecules. Strong binders (SB) were selected based on a
%Rank score (lower than 1%), a transformation that normalises prediction scores across
different MHC molecules. %Rank value of 1% means that a queried sequence obtained
a prediction score that corresponds to the top 1% scores obtained from random natural
peptides. Among best ranking epitopes we selected these with a predicted binding affinity
to MHCII lower than 50 nM [28].

B-cell epitope prediction was performed using BepiPred-3.0 [29], a tool which utilises
protein language models (LMs), trained on large datasets of protein sequences and struc-
tures. Best epitopes were mapped on the model structure using PyMol [27]. Moreover,
structure-based B-cell epitope predictions were performed using PGRS33 AlphaFold2.0
model and the software ElliPro [30], which is trained on antibody—protein binding sites.

3. Results
3.1. Main Distinctive Features of PE_PGRS Structures

Modelling of PE_PGRS proteins using AlphaFold2.0 provided us with key information
to unveil the structural determinants of the peculiar features of these enigmatic proteins.
Consistent with previous data, all modelled structures present a PE domain with an o-
helical conformation, followed by the PGRS domain. Between the two domains, and
conserved in the entire family, is the GRPLI motif (Figure 1) [5,14].
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Figure 1. A schematic view of PE_PGRS33 structure. (A) Cartoon representation of PE_PGRS33
Alphafold2 model. (B) A scheme of domain boundaries and localisation of head and foot residues.

The PE domain is represented in purple, the GRPLI motif in blue, head residues in green, foot residues
in orange.

Focusing on PGRS domains, the predicted structure of the PGRS33 domain (or
more precisely of the PE_PGRS33 variant expressed by the Mtb reference strain H37Ryv,
PGRS332!1R) is formed by 27 Gly-rich PGy helices, stacked in two antiparallel groups. As
previously described by us [14], a typical feature of PGRS domains is that they present
a fully hydrophobic “sail foot”, which we proposed to be important for mycomembrane
insertion. A single PGy helix spans from three triplets at the N-terminal edge of the PGRS33
sail to a maximum of five triplets at its “head”. As shown in Figure 2, the PGy sandwich is
stabilised by hydrogen bonds involving backbone atoms of glycine residues (N—H-O and
C—H-O). This feature and the high propensity of Gly to form PGy conformations explains
the high abundance of Gly residues in PGRS domains, as Gly is pointing inwards and is the
sole residue to be sterically allowed (Figure 2). Moreover, there is an uneven distribution of
hydrophobic and aromatic residues, which are mainly located at the sail “foot”, where they
form an extended and compact hydrophobic surface (Figure 2A). These types of residues
are also frequently localised on {3 turn loops (Figure 1) and sporadically on the side of
PGRS, where they likely play a role in interactions with the host.
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Figure 2. Structural features of PGRS33 domain and its GRPLI motif. (A) Surface and cartoon
representations of PGRS33 domain (variant of the Mtb H37Rv reference strain). Hydrophobic residues
are drawn in stick representation; those belonging to the hydrophobic foot in orange. A representative
GGA triplet (308-310) is drawn in blue; the inset shows a detail of hydrogen bonding interactions
formed by GGA triplets. (B) Stick representation of the GRPLI motif of PE_PGRS33 and of its
interacting residues.

Inasmuch as modelled structures of PE_PGRS proteins were unavailable until the
advent of AlphaFol2.0, the role of the GRPLI motif and the reasons for its strict sequence
conservation were hitherto unknown. Analysis of the PE_PGRS33 structure provided an
answer to this enduring question (Figure 2B). Indeed, the GRPLI motif plays an important
role in stabilising the PGRS sail structure through hydrogen bonding and hydrophobic
interactions. Specifically, (i) the full conservation of Gly114 of the GRPLI motif is likely to be
ascribed to its torsional angles (¢ = 62°, 1 = 5°), which are typical of Gly oy, conformation
of the Ramachandran plot [31]; (ii) Arg115 side chain forms a hydrogen bonding interaction
with the carbonyl oxygen of Gly135, and acts as a lock to stabilise the PGy sandwich fold;
(iii) Pro116 adopts backbone torsion angles in the typical antiparallel 3-sheet region of
the Ramachandran plot (¢ = —70, { = 150), in a conformation restricted by the side chain
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pyrrolidine ring (the role of Pro116 may be to confer rigidity to the GRPLI motif, to offer a
conformational lock); (iv) Leul17 side chain forms hydrophobic interactions with the side
chain of Leu138 and takes part to the sail hydrophobic foot and (v) a similar hydrophobic
interaction is observed between Ile118 and Ile139.

3.2. Structural Consequences of PGRS Polymorphisms

The sequence diversity of pe_pgrs genes of Mtb observed in several studies suggested
that the corresponding surface exposed proteins might be responsible for polymorphisms
and antigenic variability [1,6]. Sequencing of the pe_pgrs33 gene in Mtb clinical isolates
confirmed the presence of tens of alleles, with different small and large in frame indels,
SNPs and nsSNPs mainly occurring in the region coding the PGRS domain [17,23,24,32,33].
Despite these polymorphic regions, pe_pgrs genes, and pe_pgrs33 in particular, were found
to have a dN/dSratio < 1, suggesting that a purifying selection is acting on pe_pgrs33 [17,21].
However, the lack of knowledge on the structure of the PGRS domain and more specifically
of the GGX repeats, has not allowed hypotheses of structural and functional consequences
of these multiple indels.

To address these issues, we have grouped all the pe_pgrs33 alleles sequenced in dif-
ferent studies using the nomenclature introduced by Talarico et al. [20] (Supplementary
Tables S1 and S2) and systematically collected all the available information on the pe_pgrs33
alleles obtained from more than 1000 Mtb clinical isolates, with the indication, when avail-
able, of the corresponding Mtb lineages for each allele (Supplementary Tables S1 and S2).
In this nomenclature, the different alleles and corresponding protein variants are compared
to the Mtb H37Rv strain. We then grouped the alleles coding for identical PE_PGRS33
protein variants, so to assess the frequency and distribution of the proteins in the Mtb
clinical isolates. As shown in Figure 3, most of the Mtb clinical isolates of the collection
analysed express two types of PE_PGRS33 variants (PE_PGRS33!!RV and PE_PGRS332!2),
that are associated with Mtb clinical strains of lineages 2 and 3. The few Mtb strains of
the ancient lineage 1 show the PE_PGRS33%%¢ and PE_PGRS33%'?? variants. It must be
noted that since the collection of Mtb clinical isolates included in these tables cannot be
considered representative of the Mtb strains circulating at global level, the frequency of
each PE_PGRS33 variant can be used only as a proxy of each variant “success” or “fitness”.
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Figure 3. Frequency of the PE_PGRS33 variants as calculated in a collection of 1024 Mtb clinical
isolates. PE_PGRS33 variants were functionally classified based on the impact of polymorphisms and
indels on aminoacidic sequence. A red dotted line is drawn at 1% frequency.
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Based on the relative frequency of each variant, their association with certain Mtb
lineages and clades, and the feature of each polymorphism, we made extensive use of
Alphafold2.0 to predict the structures of selected PGRS33 variants (Table 1), assuming
the protein of Mtb H37Rv (PGRS?IRY) a5 a reference [14]. To evaluate the reliability of
models, we used both pLDDT and PAE scores (See Section 2). All computed structures are
characterised by high reliability, apart from the connecting regions between PE and PGRS
domains, which are predicted to be highly flexible.

Table 1. Selected observed polymorphisms in PE_PGRS33. Alleles are numbered according to
Talarico et al. [20].

PE_PGRS33 Variants Lineage Frequency (%) Type of Protein Polymorphism Reference
PGRS332Rv L4 34.87
PGRS332112 L4 22.08 I4: 3-residues insertion (414-GGA-416) [17]
PGRS3321160 L1-L3-L4 8.60 16: 3-residues insertion (408-AGG-410) [16,22,24]
PGRS3321156 L4 1.27 D24: 3-residues deletion (AG214-A216) [17,23]
PGRS33?113 L4 4.30 D10:3-resiudes deletion (AA215-G217) [20]
513: Proll6Leu
D2: 12-residues deletion (AG139-L161)
all29
PGRS33 LTEAIMAN 1.76 D14: STOP codon at position 374 [17,20]
I4: 3-residues insertion (414-GGA-416)
D14: STOP codon at position 374
all26 p
PGRS33 LTEATIND 8.60 I4: 3-residues insertion (414-GGA-416)
. I4: 3-residues insertion (414-GGA-416)
all45 _
PGRS33 L5-L6 Animal 0.29 $22: Gly233Ser [17]
D2: 12-residues deletion (AG139-L161))
all46 -
PGRS33 L5-L6 AFRI 0-10 I4: 3-residues insertion (414-GGA-416) [16,20,33]
PGRS332l148 0.10 D20: 30-residues deletion (AG184-G213) [16]
PGRS332149 0.10 D21 91-residues deletion (AL237-G327) [16]
PGRS3321150 0.10 D22: 32-residues deletion (AG372-A403) [16]
PGRS3321151 0.10 D23: 48-residues deletion (AG196-D243) [16]

3.2.1. Non-Synonymous Mutations (SNPs)

Sequence analyses of the PE_PGRS33 variants from the 1024 Mtb clinical isolates
also identifies many SNPs in the PGRS33 domain, albeit with an overall low frequency
(below 2%), and only one SNP in the GRPLI motif (L116P). Notably, in most of the cases,
mutations of Gly correspond to the lowest frequency (0.10%), consistent with the key role
of Gly residues in PGy folds. Sporadically, a higher frequency (between 0.3% and 0.4%)
is observed when Gly residues are replaced by small residues (Gly to Ser). Only in two
cases, G210D and G388D, mutations to a bulkier residue are tolerated. However, these
mutations do not occur in the PGy body, but in 3 turn loops (Figure 4B), where a higher
conformational freedom allows for accommodation of bulky residues.
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nsSNP Protein Variant  Fi %! i change in aa protein domain

A 510 PGRs®'*® 0.10 28 g>a 10 Ala>Thr PE

s11 PGRS™' 0.10 47 >t 16 Thr->lle PE

s12 PGRs*"*® 0.10 196 a>c 66 Ser>Arg PE

513 PGRS™'® 1.76 347 >t 116 Pro-leu GRPLI

s14 PGRS*'** 0.98 529 t>g 177 Ser>Ala  PGRS (sail exposed loop)

s15 PGRS™ 0.10 599 g>¢ 199  Gly>Ala PG, body

S16 PGRs™1348 0.89 701 t>c 234 Val>Ala PG, body

517 PGRS™" 0.29 820 g>a 272 Gly>Ser PGy, body

s18 PGRS™'® 0.10 959 g>¢ 318  Gly>Ala PG, body

s19 PGRs™307% 0.78 1166 ga 388 Gly>Asp  PGRS (sail exposed loop)

520 PGRS*"*7° 1.56 1172 >t 391 Thrlle  PGRS (sail exposed loop)

s21 PGRs™'*® 0.10 1484 a>g 495  Asn->Ser last PG, sandwich

s22 PGRS*“5¢7 0.39 697 g>a 232 Gly->Ser PG, body

s23 PGRs™'® 0.10 278 c>a 92 Ala>Asp linker

s24 PGRs*'>* 0.10 665 g>a 222 Gly->Asp PG, body

S25 PGRS™'? 0.10 493494  aa->gc  164-165 Asn->Ala PG, body

526 PGRS"5%7% 0.20 235 g>a 78 Ala>Thr PE domain

s29 PGRs*'® 0.20 629 g>a 210 Gly>Glu  PGRS (sail exposed loop)

$30 PGRs™'®® 0.10 1219 t>a 407 Phe>lle PGRS (sail foot)

s32 PGRS™™ 0.10 320 >t 107 Ala>Phe linker

$33 PGRS™'™ 0.10 689 g>c 229 Gly>Ala PG, body

s34 PGRs™” 0.10 1367 ga 454 Gly->Asp PG, body

B G210 D§ r G388D
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Figure 4. SNPs on PE_PGRS33 protein. (A) Frequencies of SNPs in PE_PGRS33 and (B) localisation
of Gly mutations on the structure of PGRS332!R¥. Gly mutations are shown as red (frequency 0.10)
and orange (frequency > 0.10) balls. (Frequency%! in panel A reports pe_pgrs33 allele frequencies as
indicated in Supplementary Table S1 and shown in Figure 3).

3.2.2. The PGRS PGy Sandwich Domain Can Tolerate Large Deletions and Insertions

A peculiar feature of the PGy sandwich domains is their modular nature, with a
large variability in the number of PGy helices which compose PGRS sandwiches, since
the hydrogen bonding network connecting PGy helices (Figure 2) repeats symmetrically
along the PGy sandwich. Indeed, PGRS domains vary in size from the small sandwiches of
PE_PGRS17, —18, —11 and —35 (7, 10, 11, 11 helices) to the medium sized as in PE_PGRS33
and —47 (27 and 29, respectively) to large ones as in Wag22 (54 helices).

Consistently, two high frequency variants (Figure 3) contain large deletions, such as
PE_PGRS33%!'?° (frequency 8.60%, 14; D14) and PGRS*'?’ (frequency 1,76%, 14; D2; D14; S13).
Of note, deletion D14 results from a 1 bp deletion that causes an out of frame downstream
the 337 aa residues and a “shorter” protein (374 aa) (see discussion). Structural analysis
of these variants” models supported the ability of the PGy; sandwich domain to preserve
its structure despite the loss of large portions. Indeed, the deletion D14 in PE_PGRS33?21126
determines the reduction in size of the PGRS33 sail to 15 PGy helices, therefore large
enough to form a stable PGy sandwich domain (Figure 5A). Indeed, smaller PGy sandwich
domains exist in nature, with five or six antiparallel PGy helices stacked in two antiparallel
sheets, as in the case of the PGy domain of the antifreeze protein sfAFP [34]. Moreover, the
additional deletion of the region G139-L161 (D2) in PE_PGRS33%1%?, corresponding to two
entire anti-parallel PGy helices, leaves the structure and the distribution of hydrophobic
residues unaltered, with the sole effect of further reducing the PGy sandwich domain to
13 PGy helices (Figure 5B).
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Figure 5. (A) Cartoon representation of PGRS3321126 (orange) and (B) PGRS3321129 (cyan). The region
G139-L161 of PGRS33?1126 (panel (A)) deleted in PGRS33%29 i drawn in dark grey. In both variants, a
flexible region (white, pLDDT score < 50) originates from the D14 frameshift change. PE_PGRS33*2°
also contains the nsSNP P116L, as reported below.

3.2.3. Large Deletions Affect Inmunomodulation

A previous study of naturally occurring PE_PGRS33 gene sequence variations found
that large insertions and deletions in the PE_PGRS33 gene significantly decreased the
stimulation of TNF-« production, but small insertions and deletions as well as SNPs did
not show a significant difference in stimulation of TNF-a production compared to the
H37Rv-type PE_PGRS33 [16].

We analysed the predicted structural effects of the four immunomodulating dele-
tions PE_PGRS33*8 PE_PGRS33™?, PE_PGRS33?1%0 and PE_PGRS33215! [16]. Of these,
PE_PGRS33%!48 and PE_PGRS33%®! present the deletion of two PGy helices (Figure 6). A
larger deletion characterises PE_PGRS33%, where the missing 91 residues form 6 PGy
helices (Figure 6). In all these cases, we observed that the effect of deletions did not alter
the properties of the PGRS sandwich, albeit shortened of the deleted helices. Indeed, all
inter-chain hydrogen bonds as well as the hydrophobic foot are well preserved. It is inter-
esting to note that all deletions correspond to an even number of PGy helices; this is the
main feature that would allow PGy sandwich full structure preservation upon deletion.

PGRS33°!1

PGRS332148

LKL LK
R

S

~'bG372-A403

AG184-G213

/) PGRs337IRv

AL237-G327

AN
&
v
i’
AN
UsiSie
PR
Y

PGRS332/150

Figure 6. Cartoon representations of the effect of structure-preserving immunomodulating deletions
on PGRS33 sandwich fold. Deleted regions are mapped on the wild type PGRS33 in the central panel.
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A peculiar case is that of the PE_PGRS3321149, Indeed, different than in all other alleles,
where an even number of PGyy helices were deleted, this allele is characterised by the
deletion of three PGy helices (Figure 7). This deletion is still predicted to preserve the
PGy fold. Indeed, it is worth noting that inter-chain hydrogen bonding interactions are
predicted to involve only the protein backbone atoms, and therefore do not depend on the
protein sequence. The deletion of entire GGX PGy triples ensures the proper positioning of
Gly residues along the PGy helices. However, the conservation of the hydrophobic foot
and the proper positioning of hydrophobic residues in the PGy 3-turn loops requires the
deletion of an even number of helices. The predicted structural effect of a deletion of an odd
number of helices produces is an upside-down inversion of the PGyy fold downstream the
deleted portion. Consequently, the hydrophobic foot is positioned like in the PGRS33?!!Rv
at the N-terminal region of the deleted G196-D243 region, whereas it is predicted to be
located on the opposite side in the rest of the molecule (Figure 7).

G196-D243 Hydrophobic foot

&W’ Q EXgalg
N ,S/

D
IMIIIN Q )s « w S5
DO . 5§ SN

Wt

J \vl ¥

Hydrophobic foot

PGRS332/IRv
PGRS332/49
Figure 7. Cartoon representations showing the structural modification predicted by AlphaFold2.0
upon deletion of G196-D243. In the left panel, the three portions of PGRS332!IRv 114-195, 196-243
and 244-498 are drawn in grey, black and slate blue, respectively. The same colour code is kept in the
right panel, displaying the structure of PGRS33214G196-D243 Hydrophobic residues belonging to the
foot are drawn in stick representation.

All these findings suggest that the PGRS PGy sandwich fold well tolerates even
large deletions, without significant distortions. Indeed, even in the peculiar case of the
PE_PGRS33%%, the modelled PGRS33 structure remains stabilised by all hydrogen bonds
which characterise PGy domains. However, while keeping the PGy structural features,
the deletion of PGy helices in PGy sandwich may result in weaker immunostimulatory
activity (reduced TNF-c), possibly due to the involvement of the deleted portions in TLR-2
interaction [17]. Consistently, an anomalous concentration of hydrophobic residues, typi-
cally located on the PGRS “foot” or on [3 turns, characterise the central L237-G327 region.
Nevertheless, the fact that these PGRS variants have been detected only in one Mtb iso-
late (frequency < 0.1%, see Table 1 and Figure 4A) indicates that they are among the less
successful, likely due to the significant impairment of the PE_PGRS33 immunomodula-
tory properties.

3.3. PE_PGRS33 Embeds T-Cell and B-Cell Epitopes

Epitope prediction was performed to identify those epitopes with high affinity of
binding to MHCII, as the identification of peptides that bind to the MHCII molecules is of
great importance for the design of new vaccines and immunotherapies. Using the software
NetMHClIIpan-4.0, we identified several epitopes with high affinity to the MHCII complex,
including HLA-DR, HLA-DP and HLA-DQ molecules [28]. Epitope prediction to detect
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epitopes recognised by MHCI, using the program NetMHCpan-4.1, produced no significant
results. An overall number of 14 unique epitopes, binding to more HLA molecules, were
found to display a binding affinity to MHCII molecules < 50 nM (Table 2). Of these, nine
belonged to the PE domain and five to the PGRS domain of PE_PGRS33 (Table 2). Moreover,
the PE domain contains epitopes with high binding affinity to the DRB1*0101 allele, which
is the most common and widely distributed allele in human population [35,36]. This finding
is consistent with a previous work, showing that the majority of predicted human T cell
epitopes in PE_PGRS proteins are confined to the conserved PE domain [21].

Table 2. Predicted PE_PGRS33 T-cell epitopes with MHClII-epitope affinity < 50 nM.

Epitope Position Peptide MHC Affinity (nM)
68 QAALFHEQFVRALTA HLA-DPA10103-DPB12301 27.43
HLA-DPA10103-DPB10201 16.01
HLA-DPA10103-DPB10401 27.43
59 AQAYQALSAQAALFH HLA-DRB1_0101 4.85
HLA-DRB1_0102 33.73
HLA-DQA10501-DQB10301 39.33
.E 83 GAGSYAAAEAASAAP HLA-DRB1_0101 16.17
5 HLA-DQA10501-DQB10301 18.76
B 73 HEQFVRALTAGAGSY HLA-DRB1_0101 5.38
HLA-DQA10501-DQB10301 49.65
78 RALTAGAGSYAAAEA HLA-DQA10102-DQB10602 50.02
102 LDVINAPALALLGRP HLA-DQA10102-DQB10602 23.61
22 GSTIGTANAAAAVPT HLA-DQA10505-DQB10301 14.46
25 IGTANAAAAVPTTTV HLA-DQA10501-DQB10301 10.71
27 TANAAAAVPTTTVLA HLA-DQA10505-DQB10301 12.32
172 GGNVASGTAGFGGAG HLA-DQA10501-DQB10301 37.44
g 190 GLLYGAGGAGGAGGR HLA-DQA10501-DQB10301 37.58
% 281 GLLFGAGGVGGVGGD HLA-DQA10501-DQB10301 30.13
Z 371 AGLLVGAGGAGGAGA HLA-DQA10501-DQB10301 26.33
E 452 DGGAGGGAILVGNGG HLA-DQA10501-DQB10301 39.33

PE_PGRS33 was previously observed to play a role in humoral response, with the
PGRS domain as the main responsible of antibody generation. Indeed, anti-PE_PGRS33
serum was shown to be able to neutralise the proinflammatory activity of PE_PGRS33
in vitro [3]. Furthermore, mice immunised with native recombinant PE_PGRS33 were able
to restrict M. smegmatis in vivo [3]. To understand which regions of the PGRS33 structure
are involved in antibody recognition, we predicted B-cell epitope location using a two-
fold approach (See Methods). B-cell epitope prediction using BepiPred3.0, identified no
possible epitopes in the PE domain, whereas epitopes are predicted in correspondence to
most exposed 3 turn loops between PGy-helices (Figure 8). Strongest epitopes are located
at the C-terminal side of the PGRS33 domain (Figure 8). This finding was confirmed by
structure-based epitope prediction with ElliPro, with the strongest epitope between residues
455-498 (Table 3).
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Figure 8. (A) Prediction of B-cell epitopes using BepiPred-3.0 and (B) mapping of most relevant
epitopes (score > 0.15) on PGRS33 structure.

Table 3. Structure based predicted B-cell epitopes, according to ElliPro (score threshold 0.70).

Antigenic Region Residues Ellipro Score
AGGGAILVGNGGNGGNAGSGTPNGSAGTGGAGGLLGKNGMNGLP 455-498 0.77
LGRPLIGNGANGAPGTGANGGDGGILIGNGGAGGSGAAGMPG 113-154 0.77
GRAGGGVGGIG 203-213 0.74
GGNVASGTAG 172-181 0.71

4. Discussion

Structural characterisation of PE_PGRS proteins has been a major challenge due the
peculiar structure of the GGX repeats that occupy the PGRS domain. We have recently
proposed the organisation of these GGX repeats in tightly packed PGy sandwiches [5,9],
a structural organisation supported by the AlphaFold prediction software [14]. Many
PE_PGRS proteins show extensive polymorphisms, mostly resulting from insertions and
deletions in their respective genes. The classical and best studied example is the pe_pgrs33
gene, that has been sequenced in more than 1000 Mtb clinical isolates collected in different
parts of the world. In this study, we aimed to investigate the structural and functional con-
sequences of pe_pgrs33 polymorphisms on the predicted PGRS structure, also considering
the frequency, and therefore the potential success, of the different allele/protein variants.
Our experimental and methodological approach also provides a new view on the evolution
of PE_PGRS33 in MTB complex.

As we previously proposed, the organisation of the PGRS domains in PGy; sandwiches,
consisting of tightly packed PGy helices, provides a plastic structure that can tolerate large
indels, while maintaining proper localisation of the unique amino acids that are found in



Biomolecules 2023, 13, 812

13 0f 18

the loops between the helices [9,14]. Interestingly, most PGRS variants detected with high
frequency among the analysed Mtb clinical isolates present small insertions or deletions
of three residues, thus leaving unaltered the predicted H-bonding patterns in the PGy
domain (as, for example 14, 16, I7, D5, D10 and D24). Although Mtb strains circulating at
global level can vary, the data used for this study are gathered from multiple independent
studies [16,17,20,22-24], and indicate an important trend among all PE_PGRS33 variants.
For instance, the Mtb clinical isolates sequenced in Wang et al. [24] have been isolated in
China and mainly include Lineage 2 Mtb strains. Most of these strains have the PGRS*'RY
variant or the PGRS0 variant, that contains the 16 insertion. These data well agree with
experimental findings showing that small indels do not affect the immunomodulatory
properties of PE_PGRS33 [16,17,22].

Instead, important determinants for structure preservation are (i) that inter-PGyy helices
hydrogen bonding patterns are preserved, a requirement that does not depend on the
sequence (since only main chain atoms are involved) and (ii) high preservation of the Gly
residue of the GGX triplets, given the preference of Gly for the PGy conformation and
(iii) full preservation of the first Gly residue of the GGX triplets, since this Gly residue
points inside the PGy; sandwich, where no other residue would fit. In addition to this,
the preservation of the fully hydrophobic “sail foot” of the PGRS requires that an even
number of PGy helices are deleted or inserted. In this view, short insertions (or deletions)
of GGX triples may be accommodated by prolonging (or shortening) the 3 turn loop close
to the mutation. These structural observations are in line with the low frequencies of
protein variants were these structural constrains have been violated due to nsSNP or indels
(Figure 4A).

Machine-learning prediction algorithms such as AlphaFold2.0 can produce remarkably
accurate protein models, albeit with possible regions of low confidence [25]. To be sure
that all PGRS predicted structures presented high levels of confidence, we selected models
with average pLDDT > 90 and per-residue pLDDT scores ranging between 70 and 100 [25].
These predicted structures suggest that large deletions, as in the case of the 91-residues
deletion of PE_PGRS33%!™®0, can be hosted by the PGRS scaffold with no main structure
distortions. Indeed, our evidence is that structure preservation does not anti-correlate
with the size of the inserted or deleted region. For large indels, we have observed that the
deletion of an odd number of PGy chains, albeit preserving hydrogen bonding interactions
of the PGy fold, inverts the sail “head” and “foot”, thus producing a distorted PGRS sail.
This is the case of the allele PE_PGRS33%%%, where the 49-residues deletion corresponded
to 3 PGy helices. Apart from the specific case of PE_PGRS3324, which we predict to form
a stable albeit distorted PGRS sail structure, we observed a full structural preservation
of all deletion/insertion mutants. Nevertheless, despite their structural preservation,
alleles embedding large deletions are usually associated to either a modified phenotype
or to different immunomodulating properties [16,22] and, most importantly, with poor
frequency (usually a single Mtb strain in the >1000 Mtb isolates analysed in this study).
Taken together, these findings suggest that large insertion/deletion can be accommodated
in the PGRS scaffold but can affect the immunomodulatory properties of PE_PGRS33,
and these changes are associated with apparent lack of Mtb transmissibility. Consistently,
large indels have been associated with non-transmissible forms of TB as non-cavitary
TB [16,33] or with TB meningitidis in children [24]. Notably, these large polymorphisms
seem not to affect virulence in an animal model of TB [17], albeit affecting transmissibility.
Moreover, alleles with large deletions in the body of the PGRS33 PGy sandwich (such
as PE_PGRS33248 PE_PGRS332!4° PE_PGRS332!%0, PE_PGRS332151) are associated to
an attenuated elicitation of Tumour Necrosis Factor (TNF)-« release from macrophages,
compared to the unmutated allele [16]. In all cases, PE_PGRS33 induced TNF-« release was
proven to be TLR2-dependent. Therefore, it is likely that the deleted regions are involved
in binding of PGRS33 to TLR?2, in an event which is strictly connected both to macrophage
entry and to the stimulation of the innate immune response, and can contribute to cavitation
and transmissibility of the Mtb strain [17].
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The analysis of all structural information obtained using AlphaFold2.0, combined to
extensive analysis of sequences from Mtb clinical strains, suggested important clues on
Mtb evolution. As shown in Figure 9, some relevant polymorphisms are associated with
the ancient Mtb lineage L1 or with the L5 and L6 lineages of M. africanum, while other
polymorphisms clusterise with the modern Mtb lineages (L1, L2 and L3). Most importantly,
the ancestral forms of PE_PGRS33, PE_PGRS33!2¢ and PE_PGRS33!?? (Lineage L1) are
significantly shorter than PE_PGRS332!IRv, due to the presence of D2 and D14 deletions,
with the latest embedding a frameshift mutation responsible for the shorter length of the
PGRS domain. These observations depict a completely different scenario for the evolution
and “fixation” of the different pe_pgrs33 alleles, suggesting that the ancestral pe_pgrs33
gene coded originally for a shorter protein, and following multiple insertions and deletions
evolved in modern Mtb strains to become a gene coding a larger protein (498 aa for
PGRS?RY). Hence, if we adopt an evolutionary view, what we defined as D2 should rather
be considered an insertion and similarly what we defined 14 should rather be viewed as a
deletion. The same will apply for other indels.
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Figure 9. Polymorphisms occurring in pe_pgrs33 gene in Mtb complex lineages. (A) Presence of
the most relevant pe_pgrs33 polymorphisms detected in Mtb and their association with the main
Mtb complex phylogeographic lineages. (B) Graphical representation of the genomic changes in
the pe_pgrs33 gene: S, non-synonymous mutations; D, deletions; I, insertions, according to the
nomenclature as in [20].

In addition to the structural impact of a short C-terminal side of PE_PGRS3321129 4]-
ready described above (Figure 5), PE_PGRS33%1%’ also presents the non-synonymous SNPs
513 (see Table S2 for definitions). This SNPs, typical of lineage L1 (Figure 9A), results in the
P116L mutation in the GRPLI motif at the N-terminal side of the PGRS domain, compared
to the newer PE_PGRS33*'R (lineages L2-14). Hence, it transpires that the ancestral gene
had a leucine at position 116 that was subsequently mutated in a proline. The comparison
of PE_PGRS33%? and PE_PGRS33%!R¥ modelled structures show no significant impact
of this mutation on the backbone dihedral angles of Leul16 (Figure 10). However, the
mutation L116P from the ancestral PE_PGRS332129 to PE_PGRS332!RY induces a conforma-
tional restraint imposed by the side chain pyrrolidine ring of Pro116. Likely, this mutation
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stabilises the protein since Pro116 confers rigidity to the GRPLI motif, thus offering a proper
relative position of Argl15 to Gly135 for hydrogen bonding lock (Figure 2B). Indeed, all
modern Mtb strains have a conserved Prol16. Therefore, if a time arrow is considered,
evolution from the ancestral L1 lineage PE_PGRS33%129 {5 the 1.4 PE_PGRS33RY ghould
be considered as producing three main changes: (i) the insertion in the PGRS33 domain of
C-terminal residues 338-501, (ii) a 23-residues insertion (G139-L161) and (iii) the mutation
L116P (Figure 10). Although all PE_PGRS33 variants are predicted to form a stable PGy
sandwich, it is likely that a larger PGRS domain in more recent lineages resulted, in a sort
of a gain-of-function, in an improved exposure of surfaces able to interact with TLR2, thus
mediating either the improved entrance into macrophages and/or more advantageous
immunomodulatory properties that may have contributed to enhance Mtb transmissibility.
Considering the presence of multiple T and B epitopes in the PGRS domain, we cannot
rule out the involvement of the human adaptive immune responses in the selection and
evolutionary process that shaped the evolution of PE_PGRS33 variants [17,21,37].

R115
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Figure 10. Structure evolution from the most frequent variant of lineage L1 PE_PGRS332129 (top) to
PE_PGRS334IRY (bottom). The inset in the top panel reports the superposition of GRLPI motifs of
the two predicted structures; similar backbone torsion angles are observed for Pro116 and Leull6
(@ = =70, P = 150). In the bottom panel, inserted regions from PE_PGRS33%'?° to PE_PGRS33R"
variants are drawn in dark blue.
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In conclusion, we provide structural basis for the observed polymorphism of PGRS33
domain. Given the limitations of computational approaches (e.g., Molecular dynamics)
in the case of proteins interacting with membranes, especially when the exact membrane
architecture is not known [38], we will validate our proposals using an experimental
approach. Moreover, the functional and pathogenetic implications of the proposed model
for the evolution of PE_PGRS33 require proper experimental testing in relevant models to
fully appreciate their impact in the evolution of Mtb. Structural data cumulated here were
precious to propose correlation between structure, stability, frequency, and evolution of
PE_PGRS33. This analysis can be easily extended to other PE_PGRS proteins, provided
that functional data are made available.
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WHO World Health Organisation

PDB Protein Data Bank

TB Tuberculosis

Mtb Mycobacterium tuberculosis

TNF tumor necrosis factor

TLR Toll-like receptor

MHC major histocompatibility complex
Al Artificial Intelligence

HLA-DR  Human Leukocyte Antigen, DR locus
HLA-DP  Human Leukocyte Antigen, DP locus
HLA-DQ Human Leukocyte Antigen, DQ locus.

1.  Cole, S.T.; Brosch, R.; Parkhill, J.; Garnier, T.; Churcher, C.; Harris, D.; Gordon, S.V.; Eiglmeier, K.; Gas, S.; Barry, C.E.; et al.
Deciphering the Biology of Mycobacterium Tuberculosis from the Complete Genome Sequence. Nature 1998, 393, 537-544.

[CrossRef] [PubMed]

2. Brennan, M.J.; Delogu, G. The PE Multigene Family: A “molecular Mantra” for Mycobacteria. Trends Microbiol. 2002, 10, 246-249.

[CrossRef] [PubMed]

3. Minerva, M.; De Maio, F,; Camassa, S.; Battah, B.; Ivana, P; Manganelli, R.; Sanguinetti, M.; Sali, M.; Delogu, G. Evaluation of
PE_PGRS33 as a Potential Surface Target for Humoral Responses against Mycobacterium Tuberculosis. Pathog. Dis. 2017, 75, ftx100.

[CrossRef]


https://www.mdpi.com/article/10.3390/biom13050812/s1
https://www.mdpi.com/article/10.3390/biom13050812/s1
https://doi.org/10.1038/31159
https://www.ncbi.nlm.nih.gov/pubmed/9634230
https://doi.org/10.1016/S0966-842X(02)02335-1
https://www.ncbi.nlm.nih.gov/pubmed/11973159
https://doi.org/10.1093/femspd/ftx100

Biomolecules 2023, 13, 812 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.

Gey van Pittius, N.C.; Sampson, S.L.; Lee, H.; Kim, Y.; van Helden, P.D.; Warren, R.M. Evolution and Expansion of the
Mycobacterium Tuberculosis PE and PPE Multigene Families and Their Association with the Duplication of the ESAT-6 (Esx)
Gene Cluster Regions. BMC Evol. Biol. 2006, 6, 95. [CrossRef]

De Maio, F; Berisio, R.; Manganelli, R.; Delogu, G. PE_PGRS Proteins of Mycobacterium Tuberculosis: A Specialized Molecular
Task Force at the Forefront of Host-Pathogen Interaction. Virulence 2020, 11, 898-915. [CrossRef]

Banu, S.; Honoré, N.; Saint-Joanis, B.; Philpott, D.; Prévost, M.-C.; Cole, S.T. Are the PE-PGRS Proteins of Mycobacterium
Tuberculosis Variable Surface Antigens? Mol. Microbiol. 2002, 44, 9-19. [CrossRef]

Delogu, G.; Pusceddu, C.; Bua, A.; Fadda, G.; Brennan, M.].; Zanetti, S. Rv1818c-Encoded PE_PGRS Protein of Mycobacterium
Tuberculosis Is Surface Exposed and Influences Bacterial Cell Structure. Mol. Microbiol. 2004, 52, 725-733. [CrossRef]
Cascioferro, A.; Delogu, G.; Colone, M.; Sali, M,; Stringaro, A.; Arancia, G.; Fadda, G.; Palu, G.; Manganelli, R. PE Is a Functional
Domain Responsible for Protein Translocation and Localization on Mycobacterial Cell Wall. Mol. Microbiol. 2007, 66, 1536—1547.
[CrossRef]

Kramarska, E.; Squeglia, F.; De Maio, F; Delogu, G.; Berisio, R. PE_PGRS33, an Important Virulence Factor of Mycobacterium
Tuberculosis and Potential Target of Host Humoral Immune Response. Cells 2021, 10, 161. [CrossRef]

Sharma, T.; Alam, A.; Ehtram, A; Rani, A.; Grover, S.; Ehtesham, N.Z.; Hasnain, S.E. The Mycobacterium Tuberculosis PE_PGRS
Protein Family Acts as an Immunological Decoy to Subvert Host Immune Response. Int. J. Mol. Sci. 2022, 23, 525. [CrossRef]
Bykov, S.; Asher, S. Raman Studies of Solution Polyglycine Conformations. J. Phys. Chem. B 2010, 114, 6636—-6641. [CrossRef]
[PubMed]

Berisio, R.; Loguercio, S.; De Simone, A.; Zagari, A.; Vitagliano, L. Polyproline Helices in Protein Structures: A Statistical Survey.
Protein Pept. Lett. 2006, 13, 847-854. [CrossRef]

Berisio, R.; Vitagliano, L. Polyproline and Triple Helix Motifs in Host-Pathogen Recognition. Curr. Protein Pept. Sci. 2012, 13,
855-865. [CrossRef]

Berisio, R.; Delogu, G. PGRS Domain Structures: Doomed to Sail the Mycomembrane. PLoS Pathog. 2022, 18, €1010760. [CrossRef]
Dheenadhayalan, V.; Delogu, G.; Brennan, M.]. Expression of the PE_PGRS 33 Protein in Mycobacterium Smegmatis Triggers
Necrosis in Macrophages and Enhanced Mycobacterial Survival. Microbes Infect. 2006, 8, 262-272. [CrossRef] [PubMed]

Basu, S.; Pathak, SK.; Banerjee, A.; Pathak, S.; Bhattacharyya, A.; Yang, Z.; Talarico, S.; Kundu, M.; Basu, J. Execution of
Macrophage Apoptosis by PE_PGRS33 of Mycobacterium Tuberculosis Is Mediated by Toll-like Receptor 2-Dependent Release of
Tumor Necrosis Factor-Alpha. J. Biol. Chem. 2007, 282, 1039-1050. [CrossRef]

Camassa, S.; Palucci, I.; Iantomasi, R.; Cubeddu, T.; Minerva, M.; De Maio, F,; Jouny, S.; Petruccioli, E.; Goletti, D.; Ria, E; et al.
Impact of Pe_pgrs33 Gene Polymorphisms on Mycobacterium Tuberculosis Infection and Pathogenesis. Front Cell Infect. Microbiol.
2017, 7, 137. [CrossRef]

Palucci, I.; Camassa, S.; Cascioferro, A.; Sali, M.; Anoosheh, S.; Zumbo, A.; Minerva, M.; lantomasi, R.; De Maio, F.; Di Sante,
G.; et al. PE_PGRS33 Contributes to Mycobacterium Tuberculosis Entry in Macrophages through Interaction with TLR2. PLoS
ONE 2016, 11, e0150800. [CrossRef] [PubMed]

Zumbo, A.; Palucci, I.; Cascioferro, A.; Sali, M.; Ventura, M.; D’Alfonso, P,; lantomasi, R.; Di Sante, G.; Ria, F.; Sanguinetti,
M.; et al. Functional Dissection of Protein Domains Involved in the Immunomodulatory Properties of PE_PGRS33 of Mycobac-
terium Tuberculosis. Pathog. Dis. 2013, 69, 232-239. [CrossRef]

Talarico, S.; Cave, M.D.; Foxman, B.; Marrs, C.F; Zhang, L.; Bates, ].H.; Yang, Z. Association of Mycobacterium Tuberculosis PE
PGRS33 Polymorphism with Clinical and Epidemiological Characteristics. Tuberculosis 2007, 87, 338-346. [CrossRef]

Copin, R.; Coscolld, M; Seiffert, S.N.; Bothamley, G.; Sutherland, J.; Mbayo, G.; Gagneux, S.; Ernst, J.D. Sequence Diversity in the
Pe_pgrs Genes of Mycobacterium Tuberculosis Is Independent of Human T Cell Recognition. mBio 2014, 5, e00960-13. [CrossRef]
[PubMed]

Gupta, R.; Pandey, M.; Pandey, A.K.; Tiwari, PK.; Amrathlal, R.S. Novel Genetic Polymorphisms Identified in the Clinical Isolates
of Mycobacterium Tuberculosis PE_PGRS33 Gene Modulate Cytokines Expression and Promotes Survival in Macrophages. J.
Infect. Public Health 2022, 15, 245-254. [CrossRef] [PubMed]

McEvoy, C.R.E.; Cloete, R.; Miiller, B.; Schiirch, A.C.; Helden, P.D.V.; Gagneux, S.; Warren, R M.; Pittius, N.C.G. van Comparative
Analysis of Mycobacterium Tuberculosis Pe and Ppe Genes Reveals High Sequence Variation and an Apparent Absence of
Selective Constraints. PLoS ONE 2012, 7, €30593. [CrossRef] [PubMed]

Wang, F.; Massire, C.; Li, H.; Cummins, L.L.; Li, F; Jin, J.; Fan, X.; Wang, S.; Shao, L.; Zhang, S.; et al. Molecular Characterization
of Drug-Resistant Mycobacterium Tuberculosis Isolates Circulating in China by Multilocus PCR and Electrospray Ionization
Mass Spectrometry. J. Clin. Microbiol. 2011, 49, 2719-2721. [CrossRef]

Jumper, J.; Evans, R,; Pritzel, A.; Green, T.; Figurnov, M.; Ronneberger, O.; Tunyasuvunakool, K.; Bates, R.; Zidek, A; Potapenko,
A.; et al. Highly Accurate Protein Structure Prediction with AlphaFold. Nature 2021, 596, 583-589. [CrossRef]

Holm, L. DALI and the Persistence of Protein Shape. Tools Protein Sci. 2020, 29, 128-140. [CrossRef]

Schrodinger, L. The PyMOL Molecular Graphics System, Version 1.3r1. 2020.

Reynisson, B.; Alvarez, B.; Paul, S.; Peters, B.; Nielsen, M. NetMHCpan-4.1 and NetMHCIIpan-4.0: Improved Predictions of MHC
Antigen Presentation by Concurrent Motif Deconvolution and Integration of MS MHC Eluted Ligand Data. Nucleic Acids Res.
2020, 48, W449-W454. [CrossRef]


https://doi.org/10.1186/1471-2148-6-95
https://doi.org/10.1080/21505594.2020.1785815
https://doi.org/10.1046/j.1365-2958.2002.02813.x
https://doi.org/10.1111/j.1365-2958.2004.04007.x
https://doi.org/10.1111/j.1365-2958.2007.06023.x
https://doi.org/10.3390/cells10010161
https://doi.org/10.3390/ijms23010525
https://doi.org/10.1021/jp100082n
https://www.ncbi.nlm.nih.gov/pubmed/20415491
https://doi.org/10.2174/092986606777841154
https://doi.org/10.2174/138920312804871157
https://doi.org/10.1371/journal.ppat.1010760
https://doi.org/10.1016/j.micinf.2005.06.021
https://www.ncbi.nlm.nih.gov/pubmed/16203168
https://doi.org/10.1074/jbc.M604379200
https://doi.org/10.3389/fcimb.2017.00137
https://doi.org/10.1371/journal.pone.0150800
https://www.ncbi.nlm.nih.gov/pubmed/26978522
https://doi.org/10.1111/2049-632X.12096
https://doi.org/10.1016/j.tube.2007.03.003
https://doi.org/10.1128/mBio.00960-13
https://www.ncbi.nlm.nih.gov/pubmed/24425732
https://doi.org/10.1016/j.jiph.2022.01.001
https://www.ncbi.nlm.nih.gov/pubmed/35065357
https://doi.org/10.1371/journal.pone.0030593
https://www.ncbi.nlm.nih.gov/pubmed/22496726
https://doi.org/10.1128/JCM.00317-11
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1002/pro.3749
https://doi.org/10.1093/nar/gkaa379

Biomolecules 2023, 13, 812 18 of 18

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Clifford, ].N.; Hoie, M.H.; Deleuran, S.; Peters, B.; Nielsen, M.; Marcatili, P. BepiPred-3.0: Improved B-Cell Epitope Prediction
Using Protein Language Models. Protein Sci. 2022, 31, e4497. [CrossRef]

Ponomarenko, J.; Bui, H.-H.; Li, W.; Fusseder, N.; Bourne, P.E.; Sette, A.; Peters, B. ElliPro: A New Structure-Based Tool for the
Prediction of Antibody Epitopes. BMC Bioinform. 2008, 9, 514. [CrossRef]

Ho, B.K,; Brasseur, R. The Ramachandran Plots of Glycine and Pre-Proline. BMC Struct. Biol. 2005, 5, 14. [CrossRef] [PubMed]
Talarico, S.; Zhang, L.; Marrs, C.E; Foxman, B.; Cave, M.D.; Brennan, M.J.; Yang, Z. Mycobacterium Tuberculosis PE_PGRS16 and
PE_PGRS26 Genetic Polymorphism among Clinical Isolates. Tuberculosis 2008, 88, 283-294. [CrossRef] [PubMed]

Talarico, S.; Cave, M.D.; Marrs, C.F,; Foxman, B.; Zhang, L.; Yang, Z. Variation of the Mycobacterium Tuberculosis PE_PGRS 33
Gene among Clinical Isolates. . Clin. Microbiol. 2005, 43, 4954-4960. [CrossRef]

Pentelute, B.L.; Gates, Z.P,; Tereshko, V.; Dashnau, J.L.; Vanderkooi, ].M.; Kossiakoff, A.A.; Kent, S.B.H. X-Ray Structure of Snow
Flea Antifreeze Protein Determined by Racemic Crystallization of Synthetic Protein Enantiomers. J. Am. Chem. Soc. 2008, 130,
9695-9701. [CrossRef]

Baseer, S.; Ahmad, S.; Ranaghan, K.E.; Azam, S.S. Towards a Peptide-Based Vaccine against Shigella Sonnei: A Subtractive
Reverse Vaccinology Based Approach. Biol. J. Int. Assoc. Biol. Stand. 2017, 50, 87-99. [CrossRef]

Naz, K.; Naz, A.; Ashraf, S.T.; Rizwan, M.; Ahmad, ]J.; Baumbach, ]J.; Ali, A. PanRV: Pangenome-Reverse Vaccinology Approach
for Identifications of Potential Vaccine Candidates in Microbial Pangenome. BMC Bioinform. 2019, 20, 123. [CrossRef] [PubMed]
Comas, I.; Chakravartti, J.; Small, PM.; Galagan, J.; Niemann, S.; Kremer, K.; Ernst, ].D.; Gagneux, S. Human T Cell Epitopes of
Mycobacterium Tuberculosis Are Evolutionarily Hyperconserved. Nat. Genet. 2010, 42, 498-503. [CrossRef] [PubMed]

Corey, R.A.; Stansfeld, PJ.; Sansom, M.S.P. The Energetics of Protein-Lipid Interactions as Viewed by Molecular Simulations.
Biochem. Soc. Trans. 2020, 48, 25-37. [CrossRef]

Wang, J.; Huang, Y.; Zhang, A.; Zhu, C.; Yang, Z.; Xu, H. DNA polymorphism of Mycobacterium tuberculosis PE_PGRS33 gene
among clinical isolates of pediatric TB patients and its associations with clinical presentation. Tuberculosis 2011, 91, 287-292.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/pro.4497
https://doi.org/10.1186/1471-2105-9-514
https://doi.org/10.1186/1472-6807-5-14
https://www.ncbi.nlm.nih.gov/pubmed/16105172
https://doi.org/10.1016/j.tube.2008.01.001
https://www.ncbi.nlm.nih.gov/pubmed/18313360
https://doi.org/10.1128/JCM.43.10.4954-4960.2005
https://doi.org/10.1021/ja8013538
https://doi.org/10.1016/j.biologicals.2017.08.004
https://doi.org/10.1186/s12859-019-2713-9
https://www.ncbi.nlm.nih.gov/pubmed/30871454
https://doi.org/10.1038/ng.590
https://www.ncbi.nlm.nih.gov/pubmed/20495566
https://doi.org/10.1042/BST20190149
https://doi.org/10.1016/j.tube.2011.05.001

	Introduction 
	Materials and Methods 
	Selection of PGRS Sequence Study Set 
	Three-Dimensional Structures of PGRS Domains and Their Analysis 
	T- and B-Cell Epitope Predictions 

	Results 
	Main Distinctive Features of PE_PGRS Structures 
	Structural Consequences of PGRS Polymorphisms 
	Non-Synonymous Mutations (SNPs) 
	The PGRS PGII Sandwich Domain Can Tolerate Large Deletions and Insertions 
	Large Deletions Affect Immunomodulation 

	PE_PGRS33 Embeds T-Cell and B-Cell Epitopes 

	Discussion 
	References

