
International Journal of Antimicrobial Agents 53 (2019) 197–202 

Contents lists available at ScienceDirect 

International Journal of Antimicrobial Agents 

journal homepage: www.elsevier.com/locate/ijantimicag 

Hot Topic 

Groups of coevolving positions provide drug resistance to 

Mycobacterium tuberculosis : A study using targets of first-line 

antituberculosis drugs 

Sharad Vats a , Asheesh Shanker b , ∗

a Department of Bioscience and Biotechnology, Banasthali Vidyapith, Rajasthan, India 
b Department of Bioinformatics, Central University of South Bihar, Gaya, Bihar, India 

a r t i c l e i n f o 

Article history: 

Received 5 July 2018 

Accepted 20 October 2018 

Editor: Jean-Marc Rolain 

Keywords: 

Mycobacterium 

Drug resistance 

Coevolution 

Bioinformatics 

a b s t r a c t 

Drug resistance has been associated with point mutations in coding regions leading to an altered pro- 

tein sequence and structure. Such changes have been seen as isolated events occurring at various po- 

sitions in a sequence. However, we hypothesise that it is not a single mutation at a specific position 

but a group of positions that coevolve in a correlated fashion to increase the fitness of a target protein 

against a drug. To prove the hypothesis, selected protein sequences of Mycobacterium tuberculosis drug re- 

sistance genes were successfully screened using a bioinformatics approach to detect groups of coevolving 

amino acids at important structural and functional positions in the targets of first-line antituberculo- 

sis drugs (isoniazid, rifampicin, ethambutol and pyrazinamide). The algorithmically characterised genetic 

mutations and the lineage-specific single nucleotide polymorphisms (SNPs) detected previously in drug 

resistance genes of M. tuberculosis complex genomes were also found in the identified coevolving groups. 

Mapping of coevolving positions to the secondary structure of proteins clearly indicates the preference 

of amino acid residues in the helix to coevolve. Moreover, active-site residues of some candidate pro- 

teins were also found in coevolving groups. The coevolving groups detected in this study will be useful 

to gain new insights into the molecular and evolutionary basis of drug resistance. This work provides 

an important first step towards finding solutions to the multidrug resistance problem through coevo- 

lution analysis of proteins, in turn helping to develop new drug regimens against pathogens, including 

M. tuberculosis . 

© 2018 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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. Introduction 

It is well recognised that the primary structure of a protein gov-

rns its folding in the three-dimensional (3D) structure, which in

urn dictates its function. Since several amino acids in the polypep-

ide chain help to maintain the 3D structure, consequently they

xperience structural and/or functional constraints [1,2] . Due to

his, most of the amino acids in proteins may not evolve inde-

endently but instead coevolve in a complementary fashion [3] .

oevolution occurs to fix an evolutionary destabilising change at

ne position by a compensatory change nearby. However, bene-

cial mutations are rarely found in combination [4] . Moreover, it

s not necessary that all coevolving amino acids maintain direct

hysical contact [5] . Identification of coevolving amino acids in
∗ Corresponding author. Tel.: + 91 94 1447 8655. 
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 protein has biological importance. It helps to know the struc-

ural and/or functional constraints acting on specific amino acids

f a protein molecule. Such information may help to understand

he mechanism of molecular evolution and also play an impor-

ant role in structure prediction, protein engineering and annota-

ion [3,5] . 

Nowadays, drug resistance due to point mutations is a com-

on problem. Here we hypothesise that it is not a single muta-

ion but instead a group of positions that coevolve in a correlated

ashion to increase the fitness of a target protein against a drug.

revious studies on Mycobacterium tuberculosis have been con-

ucted considering resistance-conferring mutations in nucleotide 

equences [6,7] , however evolutionary changes in proteins have

een ignored. Moreover, owing to their complex mechanism, very

ew compensatory mutations were observed in M. tuberculosis

8–10] . The present study was therefore undertaken to test the hy-

othesis of coevolution in conferring resistance to pathogens using

rotein sequences that are widely used as the targets of first-line

ntituberculosis drugs. 
rved. 
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Table 1 

Information on candidate sequences used in the study. 

Drug Gene UniProt ID No. of homologous 

sequences 

Isoniazid katG P9WIE5 176 

inhA P9WGR0 124 

folA P9WNX1 120 

ndh P95160 151 

ahpC P9WQB7 105 

fabG1 P9WGT3 117 

Rifampicin rpoB P9WGY9 186 

Ethambutol embC P9WNL5 391 

embB P9WNL6 389 

embA P9WNL8 388 

embR P9WGJ9 130 

Pyrazinamide pncA Q50575 145 

rpsA P9WH43 128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2 

Amino acid residue masks based on residue class. 

Residue class Mask Amino acids 

Acid A D, E 

Base B R, K 

Non-aromatic hydrophobic N A, L, I, V, M 

Non-charged polar Q S, T, C, N, Q 

Aromatic R F, Y, W, H 

Proline P P 

Glycine G G 
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2. Materials and methods 

2.1. Selection of candidate sequences 

The scientific literature was searched to identify drug resis-

tance genes ( Table 1 ) relevant to the current first-line multidrug

regimen (isoniazid, rifampicin, ethambutol and pyrazinamide)

used to treat tuberculosis caused by M. tuberculosis . DrugBank

( www.drugbank.ca ) and Mycobrowser ( https://mycobrowser.epfl.

ch/ ) databases were used to acquire the UniProt ID of proteins cor-

responding to drug resistance genes. Basic Local Alignment Search

Tool (BLAST) [11] was used to generate the data set of homologous

sequences. Sequences that do not belong to Mycobacterium , puta-

tive, uncharacterised, fragments and those with ambiguous charac-

ters were removed. 

2.2. Multiple sequence alignment and reconstruction of phylogenetic 

trees 

MAFFT ( http://mafft.cbrc.jp/alignment/server/ ) [12] with default

parameters was used to generate multiple sequence alignment

(MSA) of protein sequences. PhyML [13] with an improved general

amino acid replacement matrix LG [14] was used to generate the

phylogenetic tree of each data set. The inferred trees were used for

coevolution analysis. 

2.3. Detection of coevolving positions 

Coevolving residues were detected using clustering and com-

pensation analyses as implemented in CoMap v.1.5.2 [3,15] . This

program effectively identifies co-substitutions, non-independent

sites undergoing substitution in the same branches of the tree [16] .

CoMap uses a set of aligned sequences, their phylogenetic tree,

a substitution model and discrete rate distribution across sites to

map site-specific substitutions along the tree. Biochemical proper-

ties including charge, polarity, volume and Grantham score were

used to provide weights to the substitutions of amino acids. In ad-

dition, unweighted substitutions were also detected. An R-program

also available with CoMap was used with 10 0 0 replicates of para-

metric bootstrap analysis to check the statistical significance ( P ≤
0.05) of identified coevolving sites and to assess the false discov-

ery rate. Circos [17] was used to depict the coevolving positions in

a circular plot. A mask for each amino acid residue in MSA was

generated ( Table 2 ) [18,19] to determine the residue class of coe-

volving amino acids. 
.4. Active site and secondary structure analysis of coevolving 

esidues 

Protein Data Bank (PDB) files were used to look for secondary

tructure information ( α helix or β-sheet) of coevolving amino

cids. PDB files were available only for P9WIE5 (PDB ID: 1SJ2),

9WGR0 (4TRJ), P9WGY9 (4KBM), P9WNL5 (3PTY) and Q50575

3PL1). Only chain A of PDB files was used to retrieve secondary

tructure data. Moreover, the SITE record of PDB files was used to

ecognise active-site residues. However, 4KBM does not contain the

ITE record. The identified coevolving amino acids were mapped

n the secondary structure and active-site residues. 

.5. Mapping of coevolving positions with known mutations 

In the recent past, genetic mutations were algorithmically char-

cterised as not conferring resistance (benign), lineage-defining,

ncharacterised and resistance determinants for all first- and

econd-line drugs for 2099 M. tuberculosis genomes [7] . More-

ver, Coll et al. [6] investigated lineage-specific single nucleotide

olymorphisms (SNPs) at drug resistance genes in a global collec-

ion of 1601 M. tuberculosis complex (MTC) genomes. An attempt

as made to map the identified coevolving positions on these

utations. 

. Results and discussion 

It has previously been reported that in bacterial populations al-

eles related to drug resistance impose a fitness cost [20–22] and

ompensatory evolution may help in the stability of such mutants.

hese studies were based on analysis of nucleotide sequence data.

herefore, in the present analysis we identified groups of coevolv-

ng positions in protein sequences that are used as targets of first-

ine drugs against M. tuberculosis . 

.1. Identification of coevolving positions 

Coevolving groups detected both by compensation (total 555;

harge 64, Grantham score 171, polarity 138 and volume 182) and

orrelation (total 455; charge 32, Grantham score 83, polarity 34,

olume 69 and simple 237) analysis in the drug targets against

. tuberculosis are shown in Fig. 1 . It is evident from this fig-

re that compensation analysis detects more coevolving groups

han correlation analysis. However, correlation analysis detects a

arger coevolving group size in most of the drug targets consid-

red than compensation analysis ( Fig. 2 A). A higher number of

nique coevolving positions was detected in compensation anal-

sis ( Fig. 2 B). Moreover, individual positions involved in more than

ne coevolving group were found to be almost similar in both

nalyses ( Fig. 2 C). Compensation analysis detected more coevolv-

ng groups that are common among different biochemical proper-

ies (charge, polarity, volume and Grantham score). However, very

ew common coevolving groups were detected between compen-

ation and correlation analysis (Supplementary Table S1). All of

he coevolving groups detected are given in the supplementary

http://www.drugbank.ca
https://mycobrowser.epfl.ch/
http://mafft.cbrc.jp/alignment/server/
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Fig. 1. Coevolving groups detected in the selected drug targets of Mycobacterium tuberculosis . The outer circle represents the candidate genes related to the current first-line 

multidrug regimen of isoniazid (6 genes), rifampicin (1 gene), ethambutol (4 genes) and pyrazinamide (2 genes). The orange circle shows the UniProt ID/Swiss-Prot accession 

no. of the respective protein sequence. The light blue and light green circles depict the coevolving groups detected in compensation and correlation analysis, respectively. 

The coloured bars show the coevolving groups detected by unweighted (simple; blue) and weighted substitutions based on different amino acid properties: charge (red); 

Grantham score (orange); polarity (yellow); and volume (green). 

Fig. 2. (A) Size of coevolving groups, (B) unique coevolving positions detected and (C) coevolving positions involved in more than one group in the drug targets of Mycobac- 

terium . The UniProt ID represents the drug targets considered. Comp, compensation; Cor, correlation. 
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les. Some of the coevolving groups detected by compensation

nalysis in the katG gene (P9WIE5), a target of the drug isoni-

zid, along with their amino acid residue class (in bold) are rep-

esented in Table 3 . All coevolving groups detected by correlation

nd compensation analysis in katG along with their amino acid
esidue class are presented in Fig. 3 and Supplementary Fig. S1,

espectively. 

Recently, Singh et al. studied the effect of G279D mutation on

he functionality of the KatG protein through structural analyses

nd reported that the mutant protein showed a smaller binding
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Table 3 

Some of the coevolving groups detected by compensation analysis in the katG gene (Swiss-Prot accession no. P9WIE5) 

along with their amino acid residue class (in bold). 

Coevolving group Size P -value Weight a FDR 

A/D/E 241; D/G/N/S 477; A/G/R 277; E/G 677; E/I/V 284; A/E 433 

A/N 241; A/G/Q 477; B/G/N 277; A/G 677; A/N 284; A/N 433 

6 0.006 ∗∗ Charge Yes 

A/G/R/S/T 48; D/V 283; E/G/I/T/V 415; A/G/R 625; A/R/S 720 

B/G/N/Q 48; A/N 283; A/G/N/Q 415; B/G/N 625; B/N/Q 720 

5 0.023 ∗ Charge Yes 

A/D/K/N/S/T 500; A/D/G/N/S 561; A/K/L/P/S/V 676 

A/B/N/Q 500; A/G/N/Q 561; B/N/P/Q 676 

3 0.019 ∗ Charge Yes 

S/T/V 247; I/M/N/V 309 

N/Q 247; N/Q 309 

2 0.017 ∗ Grantham score Yes 

I/M/V 338; I/L 484; S/T 512; I/T/V 703; F/H/Y 664; D/E 742 

N 338; N 484; Q 512; N/Q 703; R 664; A 742 

6 0.036 ∗ Grantham score Yes 

A/P 380; A/P 392 

N/P 380; N/P 392 

2 0.005 ∗∗ Grantham score Yes 

A/D/E 241; D/G/N/S 477 

A/N 241; A/G/Q 477 

2 0.008 ∗∗ Polarity Yes 

A/P 380; A/P 392 

N/P 380; N/P 392 

2 0.006 ∗∗ Polarity Yes 

E/L/Q/W 462; E/I/M/Q/V 730 

A/N/Q/R 462; A/N/Q 730 

2 0.003 ∗∗ Polarity Yes 

A/P 380; A/P 392 

N/P 380; N/P 392 

2 0.006 ∗∗ Volume Yes 

P/Y 41; A/I/K/L/R/V 529 

P/R 41; B/N 529 

2 0.004 ∗∗ Volume Yes 

A/G/I/S 69; A/L/R 489; E/F/L/W 456; A/R/S 720 

G/N/Q 69; B/N 489; A/N/R 456; B/N/Q 720 

4 0.022 ∗ Volume Yes 

FDR, false discovery rate. 
a Biochemical property used for coevolution analysis. ∗ Significant; ∗∗ very significant. 

Fig. 3. Coevolving groups detected by correlation analysis in the katG gene (Swiss-Prot accession no. P9WIE5). Links show the coevolving groups detected based on sim- 

ple (blue), charge (red), Grantham (orange), polarity (yellow) and volume (Green) analysis. Coevolving positions are shown within the thick light green circle. The inner 

alphanumerical circle represents coevolving positions along with the amino acid residue and their residue class (coevolving position: amino acid residue–amino acid residue 

class). 
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Fig. 4. Frequency of coevolving amino acids detected both in compensation (Comp) 

and correlation (Cor) analysis. Each coevolving position is considered only once to 

avoid over-representation of an amino acid. Amino acids are represented as a one 

letter code and are arranged alphabetically. 
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avity, lower docking score and reduced affinity towards isoniazid

23] . However, as per our study, it seems important to consider

utations that act in a group along with the resistance-causing

utations when designing new drugs. Therefore, instead of explor-

ng the effect of a single amino acid change on protein structure,

he combined effect of groups of coevolving positions must be con-

idered. Although several resistance-causing mutations are known

6,7] , our analysis demonstrated that there is a need to explore

ll complementary mutations in the form of coevolving groups to

ombat pathogens. 

.2. Frequency of coevolving amino acids 

The frequency of coevolving amino acids detected both in com-

ensation and correlation analysis is presented in Fig. 4 . To avoid

ver-representation of an amino acid, each coevolving position was

aken only once to calculate the frequency. An independent sample

 -test suggested that on average the frequency of coevolving amino

cids detected both in compensation and correlation analysis is ho-

ogeneous, i.e. no significant difference between them. Consider-

ng compensation and correlation analyses, alanine (12.09%) con-

ributed most to the coevolving amino acids whilst cysteine (0.55%)

as least abundant. 

The amino acid residues alanine, glycine and valine ranked 1,

 and 4 based on their abundance in coevolving positions and

re among the five amino acid residues reported by Holliday et

l. whose side chains are never involved in catalysis in MACiE (a

atabase of enzyme reaction mechanisms) [24] . This suggests that

hese residues are not important for the functioning of proteins

nd therefore are more often involved in coevolution. 

The distribution of amino acid residues involved in coevolu-

ion considering their residue class is presented in Supplementary

ig. S2. Most of the coevolving positions contain non-aromatic hy-

rophobic amino acids (residue mask N : A, L, I, V, M; 36.86%), fol-

owed by non-charged polar ( Q : S, T, C, N, Q; 20.33%), aromatic ( R :

, Y, W, H; 10.87%), acidic ( A : D, E; 9.53%), basic ( B : R, K; 8.72%),

lycine ( G ; 8.22%) and proline ( P ; 5.47%). 

.3. Secondary structure and active-site analysis 

Mapping of coevolving positions to the secondary structure

learly indicates the preference of amino acid residues in the he-

ix to coevolve. These results are consistent with earlier findings

hich suggest that coevolution mostly affects the helical parts of

he structure [25–27] . Moreover, it indicates that coevolution has a

irect impact on the structural integrity of a protein. 

The active-site residues of 1SJ2, 4TRJ and 3PTY were also found

n coevolving groups (Supplementary Table S2). The results reveal
hat coevolution can modulate the active-site residues thereby hav-

ng an effect on the function of a protein. The active-site residue

rp985 (PDB ID 3PTY/ embC /P9WNL5) is one of the amino acids

ound as coevolving. Alderwick et al. also reported that a single-

esidue substitution of conserved tryptophan residues (Trp868,

rp985) at these respective sites inhibited EmbC-catalysed exten-

ion of lipoarabinomannan found in the unique cell envelope of

. tuberculosis [28] . However, changes in amino acids distant from

he active site may also be functionally important [2] , and it

as also observed in directed evolution experiments that bene-

cial mutations often occur where least expected [29] . Thus, all

f the mutations in a coevolving group may not be directly in-

olved in providing resistance, but considering them during the

etection/prediction of resistance-determining residues and related 

tructural analysis could be beneficial. 

.4. Known drug resistance mutations and coevolving positions 

The algorithmically characterised benign, lineage-defining, re- 

istance determinants and uncharacterised genetic mutations 

7] and the lineage-specific SNPs [6] detected in drug resistance

enes of MTC genomes were also involved in coevolving groups

dentified in this study (Supplementary Table S3). As indicated by

he findings of the present analysis, it is possible that the de-

elopment of resistance requires substitution at various positions.

herefore, we suggest that groups of coevolving positions in pro-

eins may also be considered along with resistance-determining

utations, which will help in the designing of more efficient drugs

gainst pathogens. 
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