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Abstract

Mycobacterium tuberculosis is a world-wide health crisis. CS1 is a relatively recent M. tuberculosis strain found in
New Zealand which belongs to clade L4.4.1.1 (comprised of New Zealand and Canadian strains with a particular
deletion). Formerly known as Rangipo, CS1 has been found to have both a high transmission rate and many
mutations as compared with the reference strain. As such, these mutations could explain the transmission rate of
CS1, and could expand our knowledge of the characteristics of this and other strains. This project looked at genetic
anomalies in CS1 and found several different categories of interest for further research. A notable type were dense
mutated regions inside and between genes, dubbed VRIs. Many of the genes impacted by VRIs were involved in
virulence. It was also found that protein structures were affected by the VRIs, making VRIs significant and promising
targets for further research into their involvement and impact. Ultimately, research into genetic anomalies found in
this project will broaden our understanding of M. tuberculosis for improved prevention and treatment, and could
lead to the eradication of CS1.

Introduction

In 2018, active infections of Mycobacterium tuberculosis (Mtb) affected 10 million people globally, killing 1.4 million.
There were also around 1.6 billion more who had an infection without disease (latent Mtb) (1). In New Zealand the
same year, around 300 people developed active infections, most of them aged 25-34 but three percent were
children (2). The mortality rate in New Zealand is 4% (2). Globally, Mtb has been the leading cause of death by
infectious agent since 2007, above HIV/AIDS (3).

The only current vaccine against Mtb is Bacillus Calmette—Guérin (BCG), which is moderately successful (1). In
children it provides roughly a 20% reduction in infection, and a 71% reduction in infections becoming active (4),
although these results vary significantly between regions and populations (3). It is more effective protection against
severe forms of disease than against all Mtb, with protection lasting 15 years and longer depending on age of
vaccination and environmental factors (3). Treatment of active non-drug resistant Mtb involves six months of a
multi-drug rifampicin-based regimen (5), with a 3.1% chance of relapse and 50-94% risk of developing multi-drug
resistance (6). New drugs and vaccines are a priority, and require discovering drug targets and learning more about
Mtb and its strains (1).

There are several lineages of Mtb strains, the most globally-widespread lineage being L4, which has regionally-
restricted sublineages and is known to be more virulent than other lineages (7). While Mtb is associated with
residents in and immigrants from Africa, Asia, and the Pacific (8), (9), New Zealand has its own clusters of Mtb strains
(10), and 43% of New Zealand-born cases of L4 are sub-lineage L4.4 (7). In 2016, New Zealand-born cases were
41.4% Maori, 13.8% Pacific Islanders, and 36.2% European/other ethnicity, with 60.9% cases residing in socio-
economically deprived areas. Maori and Pacific Islanders are almost twice more likely than average to have a non-
unique molecular-typed strain belonging to a cluster (10), like those found within clade L4.4.1.1. This clade contains
two of the three New Zealand strains (Otara and CS1) and the Canadian strains, and has a deletion similar to but
independently evolved from that found in L2 (which the Beijing strain belongs to), called RD152 in L2 & DS62¢b¢¢ jn
L4.4.1.1(11). As the Beijing strain and its relatives are very virulent (12), this is of interest.

A particular New Zealand strain of interest from the L4.4.1.1 clade is Colonial Strain 1 (CS1, formerly known as
Rangipo), an important Mtb source in Maori (11). It likely arose from a 1980’s clonal expansion combined with social
changes and urbanisation affecting Maori in particular (11). It has been responsible for some unusual prolonged
outbreaks (13), and is noted for its high transmission rate (14). It has been noted that CS1 has extra virulence genes
and mutations not found in the reference Mtb strain H37Rv, with which it otherwise shares high similarity (14).
These genes and mutations could provide an advantage for CS1 and explain the high transmission rate, in particular
the mutations could change the structure of existing proteins.

The aim of this project was to examine potentially significant genetic abnormalities found in CS1 compared with
other strains of Mtb using bioinformatic techniques. These abnormalities could provide new valuable targets for
drugs and vaccines against the highly contagious CS1. They can also give us insight into the characteristics of this
strain as compared with Beijing and H37Rv, without needing to manipulate it in a laboratory environment.
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Methods

Initial Alignment

The full genomes of CS1 (NZ_CP044345), Beijing strain W148 (NZ_CP012090), and reference strain H37Rv
(NC_000962) were obtained from NCBI. W148 was selected as a member of L2, to identify the position of the
RD152/DS62¢ ¢ deletion. The three sequences were aligned with the Mauve alignment plugin (15) in Geneious
Prime (16) for comparison, using the default settings of the progressiveMauve algorithm with automatically
calculated minimum locally colinear block (LCB, an orthologous segment) score and seed weight.

Comparison and anomalies

The analysis of the Mauve Alignment was done manually, by inspecting the whole alighment for genetic anomalies
between the three strains, and tabulating the anomalies found. Anomalies were recorded, categorised, and
appraised for significance (i.e. large mutations, insertion-deletions larger than three base pairs inclusive). The
similarity of the strains was calculated from Geneious. W148 was ultimately excluded from the count due to a large
number of W145-specific anomalies found in the three-way alignment.

3D structural predictions for mutation-affected proteins

To assess potential significance on protein products, one category of anomaly was further investigated. Two proteins
with relatively large anomalous regions were selected and run through different protein prediction tools to analyse
the impact of these regions. Results were compiled and amalgamated into a 3D structural prediction for each
sequence. Basic Local Alignment Search Tool (BLAST) (17) was used to find similar proteins and identify any existing
structures. An overview of protein features and domains was provided by InterPro (18), while the secondary
structure was predicted by Porter 5.0 (19). Helices of interest were checked for hydrophobicity and amphipathicity
using HeliQuest (20). For the membrane protein, transmembrane regions were found with TMPred (21), Phobius
(22), and TMHMM 2.0 (23), and visualised with Protter (24). For the cytoplasmic protein, a 3D model was created
from a template using SwissModel (25).

Results & Discussion

Initial Alignment

Mauve was used to align the genomes and show large-scale rearrangements, seen in Figure 1. Mauve found six LCBs,
some of which had boundaries in the middle of genes for one or more strains. From this view, the main difference
between CS1 and H37Rv is where the circular genome was opened, which was between LCB-6 & LCB-1 for H37Rv but
between LCB-3 & LCB-4 for CS1. W148 was different, as the positions of LCBs 2 and 5 were swapped and both
inverted compared with CS1 and H37Ryv, although it had the same opening position as H37Rv.
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Figure 1: The Mauve alignment of the three strains with labelled LCBs, showing the different opening points for

H37Rv/W148 and CS1, and the rearrangements found in W148. Dropped sections show that section is inverted in

that strain. The positions affected by the RD152/DS6%¢¢¢ deletions are shown in the red boxes.

The identity of the sequences was also examined to look at similarity at the base-pair level, to give a level of
expectation for mutations. Table 1 shows the pairwise identity between all three strains, as calculated in Geneious.
The least similar LCB was 6, which had a high amount of significant deletions. LCBs 3 & 5 were the second and third
smallest sections, and were 99% identical. This is even more of interest when the strains are compared in pairs.

Table 1: The pairwise identity and percentage of identical sites for the three-way whole-genome alighment created

in Geneious plugin Mauve.

Alignment of all three LCB-1 LCB-2 LCB-3 LCB-4 LCB-5 LCB-6 Total
Pairwise identity 98.0% 97.7% 99.0% 96% 99.0% 92.5% 96.5%
Identical sites 97.0% 96.6% 98.5% 94.0% 98.5% 89.1% 94.8%

To examine sequence similarity more closely, the strains were compared in pairs and this is seen in Table 2. From
this, the most similar strains appear to be CS1 and W148, but only by a mere 0.6% over the least similar strains —
H37Rv and W148. W148 was noted to be quite divergent when the entire alignment of all three was looked at
closely, which was not expected with the values of similarity seen. It should be noted that the LCB’s for each
alignment are calculated separately and do not correspond. This could be related, as during manual inspection it was
found that almost all mutations had two strains in agreement with the third changed. While by numbers CS1 and
W148 seem similar, CS1 and H37Rv have less LCBs which indicate less rearrangements and could be why W148 was
found to be more divergent than expected on inspection.

Table 2: The pairwise identity and percentage of identical sites for the pair-alignment created in Geneious plugin

Mauve.
CS1 & W148 LCB-1 LCB-2 LCB-3 LCB-4 LCB-5 LCB-6 Total
Pairwise identity 96.5% 97.1% 95.6% 98.4% 98.9% 99.4% 97.3%
Identical sites 96.5% 97.1% 95.6% 98.4% 98.9% 99.4% 97.3%
H37Rv & W148 LCB-1 LCB-2 LCB-3 LCB-4 LCB-5 LCB-6 LCB-7 Total
Pairwise identity 98.3% 19.3% 99.8% 99.1% 96.1% 97.5% 94.1% 96.7%
Identical sites 98.3% 19.3% 99.8% 99.1% 96.1% 97.5% 94.1% 96.7%
CS1 & H37Rv LCB-1 | LCB-2 Total
Pairwise identity 95.5% | 99.0% | 96.8%
Identical sites 95.5% | 99.0% | 96.8%

Comparing Tables 1 and 2, we see the percentage of identical sites decreases more than expected in the alighnment
of all three strains, and this could be because some LCBs had more mutations than others. For example, in the
H37Rv/W148 alignment, the second LCB was part of the PE_PGRS4 gene, part of a variable family discussed later,
and affected by large insertions, deletions, and base changes, and consequently the identity score decreases.
However, that same gene is found inside the fifth LCB between CS1 and W148, and is only mildly affected by small
SNPs and insertion-deletions. This could then be linked to the problem above where W148 was more divergent than
expected, because the number of LCBs are as much indication of similarity (less LCBs being more similar),as the
identity score.

Comparison

During manual comparison base-for-base between the strains in each LCB, several types of anomaly were found.
W148 contained the highest number of anomalies relative to CS1 and H37Rv, but the current project is focussed on
CS1, so analysis has focused on differences in this strain with H37Rv. These anomalies and their potential significance
will be discussed in this section.

SNPs, small insertion-deletions, and annotation errors

A large number of single nucleotide polymorphisms (SNPs) and 1- or 2-base pair insertion-deletions were seen. The
largest number was seen in W148, but they were seen frequently in H37Rv and CS1. These mutations can change the
protein’s primary structure, cause early or late stop codons, or impact expression (26), but this project was
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identifying larger mutations. The author agrees with Stucki and Gagneux (27) that a database of SNPs in Mtb is

needed, and small insertions should also be included due to the impact of frameshifts on a gene product. It was
noted that a substantial amount of genes were affected by annotation errors, for example in succinate
dehydrogenase subunit A (sdhA, Rv3318/ F6BW99 RS10130). In sdhA, CS1 has a 1-base pair deletion at position 300,
which at the amino acid level causes multiple new stop codons, but the gene is annotated as full length and
functional. This annotation error could be masking an interesting change in CS1. Another type of error involved the
shifting, elongation, or creation of gene annotations, and there were 451 of these found between CS1 and H37Rv. It
is possible that not all of these were in fact errors, but it would need to be researched experimentally and through
looking at the amino acid changes caused by small insertion-deletions. It would be worth exploring all of these in the
future, the SNPs because they can have a big impact and CS1 isn’t well-researched yet, and the annotation errors
because they could indicate sequencing mistakes and aged annotation software or human error. Both SNPs and the
annotation errors highlight how greatly research into all Mtb strains is needed.

Considered anomalies

Several other anomalies were found that were deemed to be significant or of interest. These were categorised as
run-on genes, Whole Protein Insertion-Deletions (WPIDs), Partial Protein Insertion-Deletions (PPID), and Variable
Regions of Interest (VRIs). A complete list of these can be found in Appendix 1.

Run-on genes occur when a gene fully or partially covers the same space as 2 or more proteins in the other strain.
This was usually caused by another mutation such as a small insertion-deletion, as shown in Figure 2. This anomaly
was the second least common, likely because of the risk of creating non-functional proteins and pseudogenes (28).
This was not investigated further in this project, but is significant and of great interest for future research.
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Figure 2: Example of a run-on gene, where a CS1 wax-ester/triacylglycerol synthase O-acyltransferase
(F6W99 RS09685) is over two genes in H37Rv.

WPIDs are where an entire sequence has been inserted or deleted. These are often transposases and phage
remnants, one of which is shown as an example in Figure 3. These created much of the genome length difference
between CS1 and H37Rv, and often interrupted genes which could have an impact on the gene product. Another
affect these can have is that some transposases, like 1IS6110, are known to act as promoters (29).
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Figure 3: Example of a WPID, an IS3-like element 1S987 family transposase (FEW99 RS00400) interrupting mmplL12
in CS1. H37Rv and W145 are unaffected and have an intact mmpL12. The insertion is highlighted in the red box.

PPIDs, such as those shown in Figure 4 are sequences with insertion-deletions inside larger than 3 base pairs (usually
substantially larger than this) as well as those with insertion-deletions affecting the beginnings or ends and their
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length. Those affected at the beginning or end of the sequence were often affected by the ends of a phage or
transposase insertion. These produced a good proportion of in-gene length differences between CS1 and H37Rv, and
are significant as they produce frameshifts and change the amino acid sequence. This could have an effect on the
function of the final product, which was out of the scope of this project.
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Figure 4: Example of a PPID, nrdl (Rv3052c), showing two sequential insertion-deletions. The gene runs from right to
left, the larger coloured blocks are amino acids, with black indicating a STOP codon. Insert A is a 54-nucleotide insert
in the CS1 sequence, causing an early stop codon. Insert B is also 54 nucleotide in length, and is present in both
W145 and H37Rv but not CS1.

VRIs are sections of high-density mutations, often within protein-coding genes such as in Figure 5. The mutations can
be base changes and insertion-deletions, and the amino acid sequence and final gene product structure could be
changed. Some VRIs were also noted between genes, where they may change protein expression.
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Figure 5: Example of a VRI inside PPE46 (Rv3018c). The black lines and blocks above CS1 show where it varies from
the consensus sequence. The consensus sequence is the uppermost green and brown line; where it is white, CS1 has
an insertion not seen in W148 or H37Rv, while short brown segments show mutations in one strain only (CS1 in this
case) and green shows identical sections. The brown and white patches are closely packed together, which is the VRI.

We can look at the distribution of the different anomalies in Table 3, which shows the count of each type for each
LCB using the three-way comparison, but excludes W148. PPIDs are the most common anomaly, with VRIs the least
common. LCB-6 was noted in Table 1 having the least similarity, and this is seen here. Despite being roughly 42% of
the size of the largest LCB (4), it has over half the anomalies that 4 has and 70% of 4’s VRIs, which means the
mutations are slightly more dense for this LCB. Similarly, LCB-3 had the most inter-strain similarity, and less
anomalies than the smallest LCB, LCB-2. LCBs 1 and 5 are an interesting case, as LCB-1 is larger in size than LCB-5 and
scored lower in the alignment similarity, but has less anomalies. This could indicate that these are not equally
distributed, and could provide some kind of positive or negative impact (i.e. mainly found in non-functional or
redundant genes, or mainly found in genes where the anomaly provides an advantage to the cell).

Table 3: Number of anomalies found in CS1 and H37Rv using the three-way comparison, sorted by Mauve LCB and
anomaly type.

Anomaly LCB-1 LCB-2 LCB-3 LCB-4 LCB-5 LCB-6 Total
Run-on 7 2 3 15 6 3 36
WPID 1 5 1 51 3 31 92
PPID 5 6 4 34 11 19 79
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VRI 3 3 1 10 2 7 26
Total 16 16 9 110 22 60 233
Length of section in bp | 716,582 343,170 377,804 1,793,095 | 564,083 757,321 4,418,548

VRIs

All the anomalies found could affect gene products, ultimately conferring advantages to CS1 and giving us
information on its characteristics. This is reason to explore all of the above anomalies, however it is even more so for
VRIs. These are regions, usually within proteins, with concentrations of mutations. This was the least common
anomaly, and hit specific areas of proteins. Table 4 shows their size and where they are found.

Table 4: List of genes affected by VRIs, the size and density of the VRI, and information on the protein encoded.

Accession

Size
(mutations/span)

Annotation CS1

Annotation

Reference

Function of region/gene (if
known)

Affecting FEW99_RS14965
& 70

69/126

N/A, affects len

gth of fadD2

Between genes

1 indel

Rv0279c 16/30 with outside |PE family protein PE PGRS4 PE
5 SNPs

Rv0387c 11/143 PPE family protein [no annotation] |PPE

Rv3021c 14/81 with outside |PPE family protein PPE47 PPE

F6W99_RS09600

48/78 with outside
indel of 3

ATPase

Two component
sensor kinase

/ Rv3514

complex regions

F6EW99_RS09845 65/122 NTP transferase manB May phosphorylate
domain-containing mannose (30)
protein
Rv1452c 31/957 withtwo  |PE family protein PE PGRS28 PE
clusters of density
Rv1587c 6 mutations close |DUF222 domain- Hypothetical Unknown
to a deletion containing protein protein
F6W99_RS01550 11/348 & 248/662 |PPE domain- PPE24 PPE
with outside 2 containing protein
F6W99_RS03140 28/172 with Type | polyketide pks12 Antibiotic family, mannose
outside 3 SNPs and |synthase 2° metabolite (31)
2 insertion-
deletions
Spanning Rv2353c & 36/66 Affects length of PPE39 Between genes
1S6110-8
F6W99_RS04825 83/147 Glycine--tRNA ligase |glyS Adds glycine to its tRNA (30)
F6EW99_RS07360 58/106 with cas10 CRISPR-associated|CRISPR-associated protein
outside mutation of protein
9 and 1 SNP Cas10/Csm1l
Rv2931 11/33 with outside |ppsA ppsA Polyketide synthase (32)
3 SNPs and 1 indel
F6W99_RS08130 34/68 Permease Integral
membrane
protein
F6W99_RS08445 185/408 PPE family protein  |PPE46 PPE
F6W99_RS17435/ 47/93 Hypothetical protein |rpIR rRNA, 50S (33). Not found in
Rv0720 x2 CS1 (2 genes instead)
Rv0978c 51/147 with PE domain- PE PGRS17 PE
outside SNP containing protein
F6W99_RS11140 51/76 MCE family protein |lprN Virulence factor (34)
F6W99_RS11230 / Rv3508 |Multiple large PE family protein PE PGRS54 / PE  |All PE

PGRS57
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spanning the
proteins
Affecting FEW99_RS11335 |171/240 N/A Between genes
& F6W99_RS11340
F6EW99_RS11360 118/220 3-oxosteroid 1- kstD Cholesterol degradation
dehydrogenase pathway (35)
F6W99_RS12680 / 49/103 flanked by 4|Aminotransferase Aminotransferase
Rv3778c large indel sections |class V-fold PLP-
dependent enzyme
F6W99_RS13015 24/48 PheA Aromatic amino acid
pathway (36)

As shown, 23 of the 26 VRIs are inside a protein, and 16 of those are within genes which have an annotated function
in at least one strain. Three VRIs are within run-on genes, and may be the cause of that run-on. One VRI was found
to be directly downstream of a known hypervariable region (37).

PE/PPE proteins with VRIs

It is of note that the PE/PPE family is represented in this list, with regions found in five PE and four PPE proteins with
a further PPE affected by an upstream region. PE/PPEs all share the Proline-Glycine (PE) or Proline-Proline-Glycine
(PPE) motif which can be used as a signal peptide (38), but there are also sub-groups distinguished by extra motifs
(for example PPE46 belongs to the PPW subgroup) and different regulation (39), (40). PE/PPEs are exclusive to the
Mycobacterium genus (41) and several, especially PPE46 & 24, are promising drug targets (42). Their functions are
largely unknown, although they are highly immunogenic and could be a part of antigenic variation (41). They have
been shown to be the most consistently expressed protein types throughout the stages of infection (32). This family,
particularly PPE46, has been implicated in disease pathogenesis, with the non-pathogenic relative Mycobacterium
smegmatis having only a few PE/PPEs limited to a few subgroups (39). Many are associated with the ESAT-6
secretion system, which appears to be the origin of the protein family (39). It is also of note that PPE24 is predicted
to be an essential protein for in vitro growth (39).

Non-PE/PPE known proteins with VRIs

Because PE/PPEs are known to play roles in virulence, the remaining nine genes with annotated functions were
explored to look at function. If these gene products also play a role in virulence, they could explain the high
transmission rate of CS1. It was found in Table 5 that seven are associated with virulence in some way, with the
remaining two essential for cell function.

Table 5: A list of the nine functionally-known non-PE/PPE proteins affected by VRIs and their descriptions.

Gene Description

manB manB is known to be overexpressed in Mtb, causing greater association with human macrophages
which is important for pathogenicity (43). It is a phosphomannomutase and the product is used for
cell wall lipoarabinomannan, which is important for processes like phagocytosis as well as regulating
human dendrocytes (43). The protein product was studied further to investigate the structural effect
of the VRI.

pks12 pks12 is the largest ORF in the genome, producing two enzymes with different substrate selectivities
(44), (45). It is involved in making a phospholipid which activates CD1c-mediated human T cell
responses in pathogenic Mtb but not its relative M. smegmatis (44), and in permeability and
virulence (45).

glyS Despite being a tRNA synthase found in the cytoplasm, glyS is a known antigen which is upregulated
in vivo for pulmonary patients (46).

Cas10/csm1l |cas10/csmi is part of anti-viral defence system Mtb Class 1 type IlI-A CRISPR-Cas complex, which is
commonly found in thermophiles (of which Mtb is not) (47), (48), (49).

ppsA ppsA is a polyketide synthase (32) involved in making phthiocerol derivatives (30). It has been
identified as a drug target (42) and linked with antibiotic resistance (50). It is also upregulated in
RpoB mutants, which are rifampin-resistant (of note as rifampin is the current front-line drug) (51).
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rpIR rpIR is a ribosomal protein (33) which is not a drug target, although other rpl genes are (42). Due to
rRNA binding role, the changes in CS1 could affect the ribosome complex.
IprN IprN is an immunogenic lipoprotein coded by a highly polymorphic gene inside the mammalian cell

entry operon 4 (52). Sensitisation to IprN causes higher T-cell proliferation rates, increased cytokines
like nitric oxide and TNF-a, more Colony Forming Units in lungs and spleen, and greater lung damage
(52), so this virulence lipoprotein is not suitable for immunisation use (53). It is involved in
maintaining late-stage disease (52).

kstD kstD is part of cholesterol degradation pathway. It is essential to utilise cholesterol as a carbon
source, so if this is disrupted, growth in a cholesterol-based medium is inhibited while in other media
cholesterol will accumulate in the membrane (35). Cholesterol accumulation negatively effects
rifampin permeability, which allows antibiotic persistence (35). The VRl may not make the enzyme
inactive, and if it does then we could expect to see more cholesterol accumulation, rifampin
insensitivity, and antigen-masking in CS1 (35). The AD/ADD pathway this enzyme is a part of is used
for cholesterol in all Mycobacterium (54), (55).

pheA The gene product of pheA is prephenate dehydratase (PDT). PDT catalyses the reaction forming
phenylpyruvate, which needs an extra aminotransferase to become phenylalanine (36). Often PDT
and catalyst for the preceding step (chorismate mutase (CM)) are together in one protein, but not in
the case of Mtb (36). It has some unusual environmental preferences for a bacterial PheA (36). This is
a drug target (42) which catalyses the second step after the branch point for Tryptophan and
Phenylalanine/Tyrosine (56). PheA is predicted to be regulated by iron-dependent regulator IdeR
(57).

Proteins

Some predictions were run on two proteins, manB and PPE46, to explore the effect of VRIs on protein structure.
PPE46 was chosen due to having a large VRI and drug-target significance. It has not been characterised and was
predicted to be a membrane protein by InterPro, so more programs were used to predict its structure than for
manB. ManB is a cytosolic enzyme which has been characterised in other bacteria, so unlike PPE46, SwissModel was
able to predict the structure using a template, with other programs supporting that prediction. The importance to
virulence and species-wide commonality of manB made it a good choice for investigations.

PPE46 Predictions

To look at the variability of this gene, PPE46 was examined at the amino acid and DNA sequence levels. A list of
similar strains was found using BLAST, and their PPE46 sequences compared in Geneious and shown in Figure 6. Five
of them were identical (Korean vaccine strain BCG Korea 1168P(58), Beijing-like strain 36918, Guatemalan L4 strain
GG-134-11 (59), hypervirulent Shanghai strain H107 (60), S3, and TBDM2444), with H37Ra identical except for a late
start. CS1 and H37Rv shared more similarity to each other than the other six, both in mutations at the Cand N
termini and in insertion-deletion regions. This is interesting as, unlike the other strains, BCG Korea 1168P is a
Mycobacterium bovis strain and therefore not expected to be similar. H37Rv and H37Ra are related strains, the
latter being the avirulent attenuated form of the former, and differences between them can show where genes
important to virulence are located (61), (62). Mutations within PE and PPE genes have previously been noted
between H37Rv and H37Ra (62). We can gather from this that the H37Rv and CS1 versions could confer improved
virulence for their respective strains.
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Figure 6: Geneious alignment of PPE46 genes in eight different strains of the Mtb cluster using the Mauve plugin. The
top multicoloured bar shows the similarity — green is 100% identical, brown is over 30% identical, red is under 30%
identical, and no colour shows that most strains have a deletion in this position. The pair of black bars over the
yellow CDS annotations show the mutations — for the uppermost, black indicates base-pair mutation in that position
for that strain; for the lower, a black line instead of the block shows a deletion.

To look at the relationships between the VRI, secondary folding, domains, and protein features, the predictions from
Porter 5.0, InterPro, TMHMM, Phobius, and TMPred were compiled in Figures 7 and 8 for H37Rv and CS1
respectively. Porter 5.0 gave predictions for secondary structure using SS3 and SS8. TMPred gives a primary
(TMPredP) and an alternative (TMPredA) prediction for transmembrane helices, with values over 500 considered
significant. Red shows the variable region, italics and underlined residues are those used in HeliQuest predictions. All
support InterPro’s prediction of PPE46 as a membrane protein, predicting nine (CS1) and ten (H37Rv) helices in total,
with two to three of these being transmembrane (but three transmembrane regions). However, TMPred gave
between six and eight transmembrane helices, with the four predictions varying as to whether the N terminus was
outside or inside the membrane. Where any TMPred prediction overlapped with other models, it was often of a
different length (however, did confirm that the transmembrane helices predicted by Phobius and TMHMM likely
existed). Phobius and TMHMM tended to match in transmembrane helices position and lengths, predicting three
transmembrane helices with the N terminus outside. All programs agreed that the C terminus was inside the cell. We
can be confident with having 9-10 helices and 3 transmembrane helices, with the N terminal outside the cell and in C
terminus inside.
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Number 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 S0 51 52
Amino M T AP v W L A 3 P P E v H 5 A L L 5 A G PG P G 5 L Q4 A A A A G W § AL 3 A E Y A AV A Q E L s v v v

Porterd €9 €9 CB €5 €3 C2 €3 C5 CB C7 H3I M5 HS M6 H7 H7 H7 HE H4 C2 €9 €9 €3 H1 H6 HE HO HY HY HY HY HS HY HS HY HY HY HY HI HI HI H9 HI HI HI HI HI H9 HI HI9 HI H9
Porter8 €9 €9 €4 €5 €2 €1 CD €0 SO C6 H3 HS H6 H6 H7 HB HB H7 H4 HO 51 CO €O H5 HE H9 HY HY HO H9 HO HO HO HY HO HO H9 HY HO HO HI HY HI HO HI HI HO HO HI HY HI HY
InterPro Non-Cytoplasmic  PPE family IPRODD020, PFODE23 (B-164); PPE homologous superfamily IPRO38332, GIDSA:1.20.1260. 20 (5-178); Unintegrated superfamilies PTHRA6766 (unnarmed 9-183), 155F140459 (PE/PPE-dimer like 5-177); NC domain

TMHMM Outside
Phobius Non-Cytoplasmic

TVPred? Inside Into Out (329)
TMPredd Outside

Mumber 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 FO 71 T2 73 Y4 F5 76 F7 FE 79 BD El B2 B3 B4 B5 BO6 B7 B3 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104
Amine A A V G A G ¥V W Q G P 5 A E L F WV A A Y V P Y V A WL VvV QA S A DS A A A A G E HE A A A A G Y VO OA L
Porter3 HE H? H3 €0 €5 €7 CB CB CB CF H6 H? HO HO HO HO HO HO H7 HE HO HO HO HO HO HO HO HO HO HO HO HO HO HO HY HO HO HO HO HO HO HO HI HI HO HO HI HO HO HO HI HO
Porter8 HE HT H4 H1 T1 TO TO €4 C4 55 H7 M7 M9 M3 HI M9 HI HI HG H7 HO M9 HY HY HO HO HS HO H9 HY H9 H9 HY HY H9 H9 HI9 MY HI HI HI H9 HI MI HI HI HI HI HI HI HI H3
InterPro PPE family IPRODDO30, PFO0B23 (8-164); PPE homologous superfamily IPRO38332, G30D5A:1.20,1260.20 (5-178); Unintegrated superfamilies PTHR46766 (unnamed 9-183), 155F140459 (PE/PPE-dimer like 5-177); Mon-Cytoplasmic domain

TMHMM Outside

Phobius Naon-Cytoplasmic

TMered? in to Out (929) Outside

TMPredA Outside Out to In (771) Inside

Mumber 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156
Amino A E M P T L P E L A A N H L T H AV L V AT MNFF 61 NT I P 1 AL NEADJYVRMWYQaQAALTWVMS A

Porterd H6 €O €9 €9 C9 M4 M6 H7 H7 HE HG6 M5 H9 HI HI H9 HO HI HI HI H7 H1 €4 €3 C3 €3 C5 €5 H1 HE HY HY HY HE HE HI H9 HI HI HI HI HI HI HI HI HI HI HI HI HI HI HI
PorterB H6 H1 50 CB €9 HS5 H6 H7 H7 H6 H6 HG H9 H9 H9 H9 H9 HO HY HO H? HO €O T1 T1 CO TO TO H5 HO HO HY HH HOS HY HO HS HY HO HY HY HY HI HI H9 HI HI HI HI HO HI HO
InterPro PPE family IPRODO0030, PFODEZ3 (B-164); PPE homologous superfamily IPRO38332, G3D5A:1.20.1260.20 (5-178); Unintegrated superfamilies PTHRA6766 (unnamed 9-183), 155F 140459 (PE/PPE-dimer like 5-177); Non-Cytoplasmic damain

TMHMM Outside

Phisbits Non-Cytoplasmic

TMPred? Outside Outto In (979) Inside In to Out (684)

TMPredlg Inside In to Out (1242) Outside Out to In (§11)
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InterPro PPE family (164); PPE superfamily (178); Unintegrated superfamilies unnamed (183) & PE/PPE-dimer like (177); NC domain Non-Cytoplasmic domain

| TMEMM Qutside

| Phobius Non-Cytoplasmic

TMPredf In to Out [684) Outside

TMPredd Outta In (811) Inside

|Number 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260
.Amina T F A A ¥ D Q ¥ I § A L L 5§ E L P A V A WV WF QL E VY DI L G F N I | G F | 1 T L A S N A O L L T E F
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_TMDredl; Ot side Out to In(1922) Inside

TMPredd Inside In to Out (1847) Outside

Mumber 261 262 263 264 265 266 267 268 260 270 271 272 273 274 275 296 277 278 279 280 281 2B} B3 }B4 285 JB6 28T 288 280 290 291 292 203 204 395 }06 207 05 299 300 301 302 303 304 305 306 307 308 309 310 311 312
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|InterPro Cytoplasmic TMHMM & Phob (helix ends 1 early) Mon-Cytoplasmic domain TMHMM & Phob (helix nested in 2 aa either side)
| TMHMM  Inside Transmembrane In to Out Outside Transmembrane Out to In
Phobius  Cytoplasmic Transmembrane In to Out Man-Cytoplasmic Transmembrane Out to In

_TMFrtdIE Inside In to Out (1280) Outside Out to In (1700)

TMPredA Dutside Out to In (1700}

|Mumber 313 314 315 316 317 318 319 320 321 322 323 324 325 326 327 328 329 330 331 332 333 334 335 336 337 338 339 340 341 342 343 344 345 340 347 348 349 350 351 352 353 354 355 356 357 358 359 360 361 362 363 364
Amine V A G L A G V¥V A G L A AL P ANV G A A A G AP A AL VWG S V APV S GGV VS P QARLWYS AVET®PAT®P

|Porterd HO HO HO MO H1 W2 M2 HZ HZ H1 €O €2 C3 C2 C1 €1 C2 C1 €2 C4 (5 €3 €2 C1 C0 €1 €2 €4 C5 €6 €7 C7F CF C7 €7 06 C4 €4 €7 €5 €3 C2 €1 C1 €2 €3 5 5 5 €5 (8 C9|
|Porter# H3 H3 H2 H2 H3 H3 H4 He H3 H2 H1 €0 €1 €2 €O HO OO0 CO €O TO €0 €2 €3 €1 €1 €1 €1 €2 €2 €2 €3 CF €3 €2 €1 €2 €2 €2 €5 €3 €2 €1 €1 €1 €1 €1 €2 €2 €3 €4 (5 ¢4

InterPro TMHMM & Phob (helix nested in 2 aa either side) Cytoplasmic domain
| TMHMM Transmembrane Out ta In Inside

Phobius Transmembrane Out to In Cytoplasmic
|TMPredP  Outte In (1700) Inside

[TMPredd  Out to In (1700) Inside

|Mumber 365 366 367 368 369 370 371 372 373 374 375 376 377 378 379 380 381 382 383 384 385 380 367 IBE IB0 300 391 392 393 394 395 396 397 398 309 400 401 402 403 404 405 406 407 408 409 410 411 412 413 414 415 416
Amine A 5 T 5 ¥V 5 ¥ L A S DR 6 A G A L G F W &6 T A G K E 5 ¥ G QP A G L T V L A DEF G D G AP V P ML P G
|Porterd C8 C7 C7 €6 C5 C2 CO EO €2 C4 €5 €5 C6 C6 C5 €5 C5 C5 €3 C4 €4 €4 C5 €7 C7 €6 C6 €7 C7 C7 €6 C4 €2 CO E? E2 CD €5 €5 €4 C4 C7 CB C9 €9 CB C6 C7 C7 €8 C7 (6 |
Porter8 €2 €1 €2 €3 C3 C1 E1 E1 €O €2 €O TO €O €1 €1 €1 ©0 €O C1 C1 €O €2 C3 C2 €O €1 C3 €1 €1 €3 €5 C1 ED E1 E3 E2 EO C1 TO €O T1 TO S0 €2 €6 €5 C3 €S C5 €5 T1 T3

|InterPro Cyteplasmic domain

|Annotation GFGT Motif PPW Motif
TMEHMM Inside
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|TMPred? Inside

TMPredA Inside

|Number 417 418 419 420 421 422 423 424 475 426 427 428 429 430 431 432 433 434
fAmino § W G P D L ¥V 6 ¥V A 6 D G 6 L V § V
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Figure 7: H37Rv PPE46 prediction compilation of amino acid sequence, annotations of PPE motifs and areas of
interest, Porter 5.0, InterPro, Phobius, and TMPred.
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Number i 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52
Amino M T A P V W L A S P P E V HS A L L S A GP GP GS L QA AAAGWS A L S A EY A AV A QE L S V V V
Porter3 C9 C9 €8 C5 C3 C2 C3 C5 C8 C7 H3 H5 H5 Hé H7 H7 H7 H6 H4 C2 C9 C9 C8 H1 H6 H8 HY9 H9 HY9 H9 H9 H9 HY9 H9 HY9 H9 H9 HY9 H9 H9 H9 H9 H9 H9 HY H9 HS H9 HY H9 H9 HI
Porter8 C9 C9 €5 €5 C2 C1 C1 CO 50 C6 H3 H5 H6 H7 H7 H8 H8 H7 H4 HO S1 CO CO H5 H7 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9
InterPro Non-Cytoplasmic ~ PPE family IPRO00030, PFO0823 (8-164); PPE homologous superfamily IPR038332, G3DSA:1.20.1260.20 (5-178); Unintegrated superfamilies PTHR46766 (unnamed 9-188), 1SSF140459 (PE/PPE-dimer like 5-177); NC domain
Annotation PPE

TMHMM Outside
Phobius Non-Cytoplasmic

TMPredP Inside In to Out (329)
TMPredA Outside Out to In (768)

Number 53 54 55 56 57 58 59 60 61 62 63 64 65 66 67 68 69 70 71 72 73 74 75 76 77 78 79 80 81 82 83 84 85 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 102 103 104
Amino A A ¥V 6 A G V WQ G P S A E L F V A A Y V P Y ¥V A WL V QA S A DS A A A A GEHEAAAWAGY V C A L

Porter3 H8 H7 H3 CO C5 C7 C8 €8 C8 C7 H6 H7 H9 H9 H9 H9 HY9 H9 H7 H8 H9 HS H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 HS H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 HS H9 H9 H9 H9 H9
Porter8 H8 H7 H4 H1 T1 TO T0 C4 C4 S5 H7 H7 H9 H9 H9 HY9 H9 HY9 Hé H7 HY9 HY9 H9 HY9 H9 H9 HY9 H9 HY9 H9 H9 H9 HY9 H9 HY HS H9 HY9 H9 H9 H9 H9 H9 HY9 HS H9 HS H9 HS H9 H9 HI

InterPro PPE family IPRO0D0030, PFO0823 (8-164); PPE homologous superfamily IPR038332, G3DSA:1.20.1260.20 (5-178); Unintegrated superfamilies PTHR46766 (unnamed 9-188), 15SF140459 (PE/PPE-dimer like 5-177); Non-Cytoplasmic domain
TMHMM Qutside

Phobius Non-Cytoplasmic

TMPredP In to Out (929) Outside

TMPredA Out to In (768) Inside

Number 105 106 107 108 109 110 111 112 113 114 115 116 117 118 119 120 121 122 123 124 125 126 127 128 129 130 131 132 133 134 135 136 137 138 139 140 141 142 143 144 145 146 147 148 149 150 151 152 153 154 155 156
Amino A E M P T L P E L A A N H L T HAV L V A T NTF F G | N T I P AL NE A DY V R MWV QA ATV MS5S A

Porter3 H6 CO €9 €9 C9 H5 H6 H7 H7 H6 H6 H5 H9 H9 H9 H9 H9 H9 H9 H9 H7 HO C4 C3 €3 C4 C5 C5 H1 H8 H9 H9 H9 H8 H8 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 H9 HS H9 H9 H9 H9 H9
Porter8 H6 H1 SO C7 C9 H5 H7 H7 H7 Hé H6 H6 HS H9 H9 H9 H9 HY9 H9 H9 H7 HO CO T1 T1 CO TO TO H6 H9 H9 H9 HY9 H9 HY HS H9 HY9 H9 H9 H9 H9 H9 HY9 HY H9 HS H9 HY H9 H9 HI

InterPro PPE family IPRO0D0030, PFO0823 (8-164); PPE homologous superfamily IPR038332, G3DSA:1.20.1260.20 (5-178); Unintegrated superfamilies PTHR46766 (unnamed 9-188), 15SF140459 (PE/PPE-dimer like 5-177); Non-Cytoplasmic domain
TMHMM Qutside

Phobius Non-Cytoplasmic

TMPredP Outside Out to In (978) Inside In to Out (684)

TMPredA Inside In to Out (1167) Outside Out to In (811)

Number 157 158 159 160 161 162 163 164 165 166 167 168 169 170 171 172 173 174 175 176 177 178 179 180 181 182 183 184 185 186 187 188 189 190 191 192 193 194 195 196 197 198 199 200 201 202 203 204 205 206 207 208
Amino Y E A V V G A A L V A T P H T G P A P V | V K P G A N E A S N AV A A A T | T P F P F G E L A K F L E M

Porter3 H9 H9 H9 H9 H9 H8 H8 H8 H6 H3 C2 C9 C9 C9 (9 (C9 (C9 C9 C9 Cb C4 C5 C8 €8 C7 C1 H1 H3 H5 H5 H5 He H7 He6 H4 H1 C2 C6 C9 €8 C7 C3 H3 H5 H8 H9 H9 H9 H9 H9 H9 HI
Porter8 H9 H9 H9 H9 H9 H8 H8 H8 H7 H4 H2 C1 C5 C5 C5 C4 C6 C8 €8 C5 C2 C2 C5 T1 T2 H1 H3 H5 H5 H7 H7 H8 H8 H7 H6 H3 H1 CO C1 C2 C2 Cl1 H4 H6 H8 H9 H9 H9 H9 H9 H9 H9

InterPro PPE family (8-164); PPE homologous superfamily (5-178); Unintegrated superfamilies unnamed (9-188) & PE/PPE-dimer like (5-177); NC domain Non-Cytoplasmic domain

TMHMM Qutside

Phobius Non-Cytoplasmic

TMPredP In to Out (684) Outside Out to In (598) Inside
TMPredA Out to In (811) Inside

Number 209 210 211 212 213 214 215 216 217 218 219 220 221 222 223 224 225 226 227 228 229 230 231 232 233 234 235 236 237 238 239 240 241 242 243 244 245 246 247 248 249 250 251 252 253 254 255 256 257 258 259 260
Amino A A Q A F T E V G E L | M K § A E A WA V G F VvV E L | T 6|L V N F EP WL VLI G M. D M F F AT VvV G F

Porter3 H9 H8 H8 H7 H7 H7 H7 H7 H7 H8 H8 H7 H6 H5 H5 H7 H8 HY9 H9 H8 H8 H8 H8 H9 H9 H9 H8 H6 H3 H1 C2 C4 CO H5 H6 H7 H7 H6 H5 H2 CO H1 H4 H6 H7 H8 H8 H8 H8 H8 H8 H8
Porter8 H9 H9 H9 H8 H8 H8 H8 H8 H8 H8 H8 H8 H7 H7 H7 H8 H8 HY9 H9 H9 H9 H9 H9 HY9 H9 H9 H8 H6 H4 H2 TO T1 H2 H5 H6 H6 H7 H7 H6 H3 H1 H3 H5 H6 H8 H8 H8 H8 H8 H8 H8 H8

InterPro Non-Cytoplasmic domain Phob & TMHMM

TMHMM Outside Transmembrane Out to In

Phobius Non-Cytoplasmic Transmembrane Out to In

TMPredP Inside In to Out (2101}
TMPredA Inside In te Out (2101)

Number 261 262 263 264 265 266 267 268 269 270 271 272 273 274 275 276 277 278 279 280 281 282 283 284 285 286 287 288 289 290 291 292 293 294 295 296 297 298 299 300 301 302 303 304 305 306 307 308 309 310 311 312
Amino A L G ¥V F V¥V L ¥ P L L E F A V V L EL A1 L s 1 6 W /Il I s NI E GAIl P VI A G P L L G AIL AAAVYVVYEP

Porter3 H8 H8 H7 H6 H4 H1 H3 H3 H5 H6 H7 HY H7 H7 H7 H7 H7 H7 H8 H8 H8 H7 H7 H7 H7 H8 H8 H7 H5 H5 H4 H2 CO CO HO H3 H3 H2 H1 H2 H3 H5 H5 H4 H4 H4 H4 H3 H1 CO C2 2
Porter8 H8 H8 H7 H7 H5 HO H2 H4 H6 HE H7 H7 H7 H7 H7 H7 H7 H8 H8 H8 H8 H8 H7 H8 H8 HB8 H8 H8 H7 H6 H6 H4 H1 H2 H2 H4 H5 H5 H4 H5 H6 H7 H7 H7 H7 H7 H6 H5 H4 H3 HO H1

InterPro Phob & TMHMM Cytoplasmic domain TMHMM (273-295) helix; Phob transmembrane 275-299 Non-Cytoplasmic Phob & TMHMM
TMHMM Transmembrane Out to In Inside Transmembrane In to Out Outside Transmembrane Out to In
Phobius Transmembrane Out to In Cytoplasmic Transmembrane In to Out Non-Cytoplasmic Transmembrane Out to In
TMPredP In to Out (2101) Outside Out to In (1735) Inside
TMPredA In to Out (2101) Outside Out to In (1735) Inside

Number 313 314 315 316 317 318 319 320 321 322 323 324 325 326 327 328 329 330 331 332 333 334 335 336 337 338 330 340 341 342 343 344 345 346 347 348 349 350 351 352 353 354 355 356 357 358 359 360 361 362 363 364
Amino 6 V A G V T 6 L A 6 L A AV P AV GAAAGAZPAAL V GS V AP VS 66V VS P QAU RILV S AV E P A

Porter3 C1 CO CO CO CO HO H1 H1 H1 H1 HO C1 C3 C4 C4 C3 C2 C3 C2 C2 €3 C5 C3 C2 €1 C1 C1 C3 C4 ¢ Cb C7 C7 C7 C7 C7 C6 C4 C4 C7 €5 C3 C2 C1 C1 €1 C2 C5 C5 €5 C5 (8
Porter8 H1 H2 H2 H1 H1 H2 H3 H3 H3 H2 H1L HO C1 C1 C4 C2 C1 C1 C1 C1 TO CO €2 C3 €1 CO C1 C1 C2 €2 €2 C3 C6 C3 C1 C1 C2 C2 C2 C5 €3 €2 C1 CO CO CO C1 C2 C2 C3 C4 C5

InterPro Phob & TMHMM (1aa diff, helix ends inside Cytoplasmic Domain) Cytoplasmic Domain
TMHMM Transmembrane Out to In Inside

Phobius Transmembrane Out to In Cytoplasmic

TMPredP In to Out (1496) Outside
TMPredA In to Out (1496) Outside

Number 365 366 367 368 369 370 371 372 373 374 375 376 377 378 379 380 381 382 383 384 385 386 387 388 389 390 391 392 393 394 395 396 397 398 399 400 401 402 403 404 405 406 407 408 409 410 411 412 413 414 415 416
Amino P A S T S V S V L A S DR G A G A L GF V 6T A G K E SV 6Q°P AGGIL TV L ADETFGDGA®PV P ML P
Porter3 C9 C8 C7 C7 €6 C5 C2 CO CO C2 C5 C6 C6 C6 C6 C5 C5 C5 C5 C3 C4 C4 C4 C5 C7 C7 C6 C6 C6 C7 C7 C6 C4 C3 CO E2 E2 C1 C5 C5 C4 C4 C8 (C8 (C9 (€9 (8 C6 C6 C6 C8 (7
Porter8 C4 C2 C2 C2 C4 C3 C2 EO EO €1 C2 CO TO CO €1 C1 C1 CO CO €1 €1 CO C1 C2 € CO C1 C2 C1 €1 C2 C4 C1 EO E1 E2 E2 EO C1 TO TO T1 CO SO C2 C6 €5 C2 C4 C5 G5 T1

InterPro Cytoplasmic Domain

Annotation GFGT Motif PPW Motif
TMHMM Inside:

Phobius Cytoplasmic

TMPred? Outside

TMPredA Outside

Number 417 418 419 420 421 422 423 424 425 426 427 428 429 430 431 432 433 434 435
Amno G S W 6 P D L V 6 V A G D G G L V s V

Porter3 C6 C6 C7 €8 C5 (4 C2 C4 C5 €4 (5 C6 C7 C8 C5 E2 E3 E2 (9
Porter8 T2 C1 C1 €4 TO TO CO T1 €O €2 C2 CO T1 TO C1 E3 E5 E3 C9

InterPro Cytoplasmic Domain
Annotatic PPW Motif

TMHMM Inside
Phobius Cytoplasmic
TMPred? Outside
TMPredA Outside

Figure 8: CS1 PPE46. prediction compilation of amino acid sequence, annotations of PPE motifs and areas of interest,
Porter 5.0, InterPro, Phobius, and TMPred.

InterPro gave domain predictions that could not all be placed in Figures 7 and 8, so the domain and feature
predictions it gave for H37Rv and CS1 are in Appendix 2. The VRI is on the C-terminal side of the middle, affecting the
transmembrane domains. The N terminal domains are unaffected, being the PPE family domain between residues 8-
164 (InterPro IPRO00030, Pfam PF00823), the PPE superfamily domain at residues 5-178 (InterPro IPR0O38332,
CATHGene3D G3DSA:1.20.1260.20), and PE/PPE dimer-like superfamily domain at residues 5-177 (InterPro
SSF140459). The length of N-terminal unnamed PANTHER family domain (PTHR46766) is five residues longer in CS1
than H37Rv (residues 9-183 for H37Rv). The non-cytoplasmic domain (the part of the protein outside the cell) is
larger in CS1, running from the N terminus to residue 227 in H37Rv but to residue 243 in CS1. TMHMM and Phobius
are used by InterPro to predict the transmembrane regions, this region of transmembrane helices and cytosolic/non-
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cytosolic loops are the same as seen in Figures 7 and 8. The C-terminal cytosolic region is the same size in both
strains, at 326-434 for H37Rv and 327-435 to CS1.

To visualise the structural changes better, they were run through Protter and annotated using secondary structure
prediction from Porter 5.0 and domain information from InterPro and PredictProtein (with extra information on
folds provided by SCOP (63)). Figures 9 and 10 show those images of H37Rv and CS1 PPE46 respectively. Protter used
InterPro to create the images, so agrees with Figures 7 and 8 above (except for TMPred as discussed earlier). It
becomes evident here that the VRI created a difference in the sizes of the features more than in the secondary or
tertiary folding.
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Figure 9: H37Rv PPE46 in Protter, annotated with information from SCOP and Porter 5.0.
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Figure 10: CS1 PPE46 in Protter, annotated with information from SCOP and Porter 5.0.

HeliQuest was used to investigate four helices in the variable region, highlighted in Figures 7 and 8. The aim was to
see if the trans- and extra-membrane helices were amphipathic. Amphipathic transmembrane helices could indicate
interactions to protect the hydrophilic sides, while amphipathic extra-membrane helices could indicate that the helix

is half-buried in the membrane or has its own interactions. HeliQuest took all sequences and analysed them in an 18-

residue sliding window (except for the outer helix looping between TMH 2 and 3, which was shorter than this).
Residue ranges for helices analysis was decided using Porter 5.0 and InterPro. Table 6 shows a basic overview of
what was found, with the image outputs available in Appendix 3.

Table 6: Summary of HeliQuest simulations of selected alpha-helical regions as predicted by Porter 5.0 and InterPro.

Helix H37Rv amino |H37Rv results CS1 amino CS1 results
acid range acid range
VRH1 199-221 [23] More charged than CS1 version [199-238 [40] |Charged and aromatic residues
but smaller hydrophobic face opposite large hydrophobic face
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TMH1 224-253 [30] 1-3 hydrophobic faces which 242-268 [27] |1 hydrophobic face, mostly
twist, overall hydrophobic 1 hydrophobic with 2 acidic
acidic residue residues.

TMH2 264-287 [24] 2 acidic residues but overall 275-295 [21] |1 hydrophobic face, 1 acidic
hydrophobic, 1 hydrophobic residue, overall hydrophobic
face which gets larger

Helix 288-298 [11] Four hydrophobic residues 290-304 [9] 2 proline residues and maximum

bridging 2 & together, 1 proline, 1 aromatic of two neighbouring residues of

3 any type

TMH3 301-323 [23] Almost entirely hydrophobic 305-327 [23] |Mainly hydrophobic

In summary, the VRI region in PPE46 has affected the structure in more ways than adding an amino acid. While the
basic shape (number of transmembrane helices, extra- or intra-cellular positioning of the N and C termini) did not
change between CS1 and H37Rv in any one model, the length and hydrophobicity of features were altered and
domains differed between the two. While the function and true structure of PPE46 in any strain is unknown, the
predictions here give a good indication that the structure does change in a way that could change function in some
way. As PPE46 is involved in virulence which requires interactions outside the cell, the shortening of the extra-
cellular helix between the transmembrane helices and the lengthening of the extra-cellular N-terminal helix bundle
could impact those interactions.

manB Predictions

The VRI in manB is found in the C-terminal end of the protein. To explore the effect of the VRI on protein structure,
predictions for manB was formed using SwissModel, with support from the secondary structure and domain
predictions of InterPro, PredictProtein, and Porter 5.0.

SwissModel provided fifty potential templates for each variant of manB. The best fitting template for H37Rv (shown
in Figure 11) was another Mtb protein called GImU (2QKX), involved in peptidoglycan and lipid A synthesis, as well as
being essential for optimal growth (64). As the sequences are not the same, the fit to this template was not perfect
(as seen by the red residues, which are poorly fitting, while blue sections fit well on the template), but within
acceptable ranges, and considering this and the fact that manB proteins in other species were found to have the
same basic shape, we can assume that H37Rv manB looks similar to this.
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Figure 11: H37Rv manB best-fitting template in SwissModel — quote the templates in the text.

Out of the fifty templates for CS1, there were many different predictions including monomers, trimers, and
tetramers. Even the best fits were not calculated to be acceptably certain, so two predictions are shown. In Figure
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12, a second variant of glmU (3D98) (64) is used as the template as it was the best fit of the fifty templates given,
and is a trimer. In Figure 13, the tetrameric ADP-glucose phosphorylase found in potatoes to make starch (65) is the
template, as it was the best tetrameric fit. The tetrameric model is a slightly worse fit (most obviously seen by the
proportion of red poorly-fitting residues), but it is unlikely that either represents the structure of CS1 manB.
However, a brief look at similar proteins in a range of species found the same basic trimer shape with many small
variations, so the author would tend to agree with the basic predicted shape of manB, and theorise that CS1 manB is
a trimer. The increased difficulty in fitting the CS1 manB to a model compared with H37Rv shows there are structural
differences caused by the VRI.
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Figure 12: CS1 manB best-fitting trimer template in SwissModel.
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Figure 13: CS1 manB best-fitting tetramer template in SwissModel.

To look more closely at the changes in secondary folding created by the VRI, Porter 5.0 was used to compare the
two. Appendix 4 shows a comparison between the SS3 and SS8 models for both versions of manB. The largest
change is CS1 appears to have absent and shortened b-peated sheets compared with H37Rv. The rest of the
differences are in certainty that the feature is present. There is some variation between SS3 and SS8 predictions for
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both manB versions, more than seen in PPE46, but that could be because PPE was mainly a-helices while manB is
more complex.

To investigate more clearly the domain and feature changes caused by the VRI, InterPro was used. The domain and
feature predictions are shown for H37Rv and CS1 in Appendix 5. The VRI is near the C-terminal, affecting the
transmembrane domains. Some N-terminal domains are unaffected, such as the NTP transferase family domain at
residues 2-235 (InterPro IPR0O05835, Pfam PF00483), the CATHgene3D superfamily at residues 2-240
(G3DSA:3.90.550.10), and the NTP transferase catalytic domain at residues 8-224 (InterPro cd04181). The length of
the longest N-terminal domains are shorter for the CS1 version, being nucleotide diphosphosugar transferase
superfamily (IPR029044 H37Rv residues 2-308 and CS1 residues 2-241, SSF53448 H37Rv residues 8-301 and CS1
residues 7-241), and PANTHER sugar-1-phosphate guanyl transferase domain (PTHR22572, H37Rv 7-332 and CS1 7-
289). The C-terminal hexapeptide repeat region is longer in H37Rv as it has two repeats (InterPro IPR0O01451, Pfam
PF00132, H37Rv residues 255-335 and CS1 residues 255-286). The CATHgene3D hexapeptide superfamily region at
residues 245-354 is one residue shorter in CS1 (G3DSA:2.160.10.10). CS1 has some N-terminal domains not present
in H27Rv, being a trimeric IpxA-like enzyme superfamily domain at residues 252-353 (IPR011004, SSF51161), and two
overlapping disorder regions at residues 278-324 and 288-324. The active, substrate-binding, and Mg?* binding sites
are unaffected, which is expected as they are in the N-terminal which was not affected by the VRI. The presence of
the trimerization and disordered regions are interesting, as this could explain the difficulty SwissModel

In summary, manB was affected by the VRI region, although in what exact way is not clear. The active and substrate-
binding sites are changed slightly, folding is altered, domain sizes changed and new domains added. This enzyme has
been characterised in other species, and H37Rv was matched by SwissModel to a suitable (although not perfect)
model, but this could not be done for CS1 which indicates some structural changes. Future research focussing on
characterising Mtb proteins like manB and those affected by VRIs would be worthwhile, particularly as it would
elucidate the changes predicted here. For manB, a structural change could affect activity, which could explain the
high transmission rate of CS1.

Conclusion

In conclusion, this project investigated the genetic anomalies present in New Zealand Mtb strain CS1 as compared
with the reference strain, H37Rv. CS1 was chosen as it is an unusually contagious New Zealand strain which has not
been well-characterised. Several different types of anomalies were found which could explain the virulence of CS1 or
lead us to a better understanding of this and other strains in general, including the discovery of potential annotation
errors that highlight the need for more research. One type of anomaly was found with high densities of insertions,
deletions, and base changes in a region of a gene. That type of anomaly was dubbed a VRI and investigated further.
Of the genes affected by VRIs, most were encoding PE/PPE proteins or virulence factors, with only a few known to be
polymorphic and many known to be potential drug targets. The high transmission rates of CS1 could be explained by
mutations changing virulence factor structure and expression, making the presence of VRIs a good lead for learning
about and combatting this strain. The VRI-affected genes were themselves of interest, due to their involvement in
virulence and vital cell processes. Two proteins affected by VRIs and involved in virulence, PPE46 and manB, were
selected to investigate the structural impact. While the software predictions may not be accurate reflections of the
real structures, they confirmed strongly that the VRIs were affecting protein structure, which could affect function
too. The predictions are also valuable as these two proteins, and many of the others affected by VRIs, have not been
characterised, and this would be a valuable focus of future study and could lead to drugs targeting these virulence
and survival proteins. There is much to be learned by looking at the effects of all the anomalies found in this paper,
all of which could be useful for improving health outcomes for Mtb patients both in New Zealand and with other
strains around the world.
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