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MarA (the multiple antibiotic resistance activator) is a regulatory protein that plays a significant role in multidrug resistance in bacteria
and archaea where cellular mechanisms such as DNA and protein synthesis are inhibited during dormancy and subsequently cells evade
a sudden antibiotic stress. MarAs (125-127 residues) of species selected from ten genera of the family Enterobacteriaceae were selected
for analyses. MarA consists of seven a-helices where about 81 % of the residues in helices are conserved. The helices and folds in MarA

of Salmonella enterica serovar typhimurium can be further divided into two structurally similar and interconnected subdomains, each
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resolved three-dimensional structure at 2.3 A.

containing a HTH DNA-binding motif. The recognition helices, H3 and H6 of the motifs are fully conserved, which are inserted into the
adjacent major groove segments of DNA. The sequences show high similarity (83.4-100 %) with MarA of E. coli K-12 with fully
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INTRODUCTION

Multiple antibiotic resistance (mar) locus is present in several genera of the
family Enterobacteriaceae (Cohen et al., 1993). The marRAB operon in
Escherichia coli is auto-activated by MarA (Alekshun and Levy, 1997), an Ara-
C family prokaryotic dual regulator, which is known to transcriptionally activate
or repress about sixty genes in response to multiple environmental stresses
(Barbosa and Levy, 2000). This regulation occurs when MarA binds as a
monomer to the promoter region at an asymmetric, degenerate 20-bp DNA
sequence, the marbox (Martin and Rosner, 2002). Activation or repression
depends upon the orientation and position of the marbox within the promoter
(Schneiders et al., 2004).

Rhee et al. (1998) presented the first crystal structure of MarA of E. coli in
complex with its associated DNA-binding site (PDB 1D 1bl0). Overall structure
of MarA-DNA complex consists of seven a-helices organized into two
structurally similar subdomains, each containing a helix-turn-helix (HTH) DNA-
binding motif. HTH motif is ubiquitous and has been detected in many
transcriptional regulators (Grishin, 2000). MarA binds to DNA segment by
inserting helix-3 and helix-6 (the recognition helices) of the two subdomains into
the two adjacent major groove segments of DNA. Helix-4 (the linker or central
helix) controls the orientation and extent of this binding where the distance
constraint results in bending the DNA by about 35 degrees (Rhee et al., 1998).
Salmonella enterica subsp. enterica serovar typhimurium is a rod-shaped, Gram-
negative, flagellated facultative anaerobe, mostly present in the gastrointestinal
tract (Feasey et al., 2012) causing diarrhea, abdominal cramps, fever and
vomiting. This bacterium has a wide range of animal hosts including birds, cattle,
many domesticated animals and humans. Since 2016, hundreds of cases of
outbreak of extensively drug- resistant (XDR) typhoid have been reported in
Pakistan (Chatham-Stephens et al., 2019). The mar locus, functionally similar
to that of E. coli, has been identified in S. enterica (Randall and Woodward,
2001). In the present study, MarAs from selected species of ten genera of the
family Enterobacteriaceae were selected for phylogenetic analysis and conserved
helices and residues, with a special emphasis on MarA of S. enterica subsp.
enterica serovar typhimurium. In addition, three-dimensional structure of MarA
and MarA-DNA complex is also proposed.

MATERIAL AND METHODS

Protein sequences of MarAs of bacterial strains from ten selected genera
(Citrobacter, Cronobacter, Enterobacter, Erwinia, Escherichia, Klebsiella,

502

Kluyvera, Proteus, Salmonella, and Shigella) of the family Enterobacteriaceae
were obtained from NCBI (http://www.ncbi.nlm.nih.gov). NCBI’s conserved
domain database (CDD; Marchler-Bauer et al., 2017) was used to annotate
functional units and conservations in MarAs. Structural elements were assigned
with SCRATCH protein predictor (Cheng et al., 2005).

Pair-wise and multiple sequence alignments were made with CLUSTAL X 2.1
(Larkin et al., 2007). Sequence identity was determined using BioEdit 7.2.5
(Hall, 1999). The phylogenetic tree was constructed using the neighbor-joining
method (Saito and Nei, 1987) based on 1000 replications. The evolutionary
distances were computed using the Poisson-correction (PC) method
(Zuckerkand! and Pauling, 1965) with MEGA7 (Kumar et al., 2016). Three-
dimensional structures of MarA and MarA-DNA complex were produced using
the program VMD 1.9.3 (Humphrey et al., 1996).

RESULTS AND DISCUSSION

Figure 1 shows the marRAB operon in representative species from ten genera of
the family Enterobacteriaceae. This operon consists of three genes. marA encodes
transcriptional activator of genes involved in the multiple antibiotic resistance
phenotype. marB encodes multiple antibiotic resistance regulatory periplasmic
protein while marR encodes repressor protein involved in regulation of both
antibiotic resistance and oxidative stress genes. An inner membrane protein
MarC, which contains six predicted transmembrane domains, was originally
thought to be involved in multiple antibiotic resistance. However, marC promoter
does not contain the MarR binding site. Similarly, marC mutations do not lead to
any change in susceptibility of strains to a number of antibiotics and oxidative
stress agents (McDermott et al., 2008).
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Figure 1 The marRAB operon in representative species from ten genera of the
family Enterobacteriaceae. Only identified genes of the operon are shown as
arrows. Description of the three genes is given in text.

Conserved sequences have slower rate of mutation and they maintain the
structure or function of protein or a domain by natural selection. The selected
MarAs contain 125 to 127 amino acid residues. Structural elements annotation by
SCRATCH indicated that MarA of S. enterica is composed of seven a-helices
(H1 to H7) while CDD inferred that MarA contains helix-turn-helix (HTH)
DNA-binding motifs and belongs to AraC subfamily of transcriptional regulator
proteins. A total of eleven hydrogen bonds between amino acid residues were
identified in these helices. For ten genera of Enterobacteriaceae, sequence
alignment of residues comprising these seven helices is shown in Figure 2. As
indicated, H3, H5 and H6 are fully conserved in all the selected species of the ten
genera. Especially, H3 and H6 are reported to be the recognition helices involved
in DNA-binding in adjacent major grooves (Rhee et al., 1998). This conservation
indicates importance of these residues to confer function of MarA as a DNA-
binding protein. As MraA of S. enterica does not contain any cysteine residue,
disulfide bonds are not formed.
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Figure 2 Sequence alignment of MarAs from selected species of genera of
Enterobacteriaceae. Blocks (H1-H7) correspond to seven a-helices. Numbers
within parentheses indicate number of residues between protein termini and
proximal and distal aligned blocks while numbers between individual blocks
indicate number of residues separating them. Identical amino acid residues are
highlighted in black. Accession numbers correspond to the species as mentioned
in Figure 3.

The phylogenetic relationship of MarA from representative species of the ten
genera is shown in Figure 3. As indicated, ther is 94.4 % sequence identity
between MarAs of E. coli str. K-12 and S. enterica subsp. enterica serovar
typhimurium. MarA of Pantoea ananatis LMG20103 was used as outgroup with
only 43.3 % and 42.6 % sequence identity with the MarAs of E. coli and S.
enterica, respectively.
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Figure 3 Consensus phylogenetic tree of MarAs of selected species that belong
to ten genera of the family Enterobacteriaceae. Accession numbers are indicated
for each species. MarA of Pantoea ananatis (ADD75476) serves as outgroup.
The tree is drawn to scale where the scale bar indicates percent divergence
(distance) in the units of the number of amino acid substitutions per site.
Evolutionary analyses were conducted in MEGA?7.

Three-dimensional structure of MarA of S. enterica is represented as Figure 4A
where seven a-helices are shown as cylinders H1to H7. The helices and folds in
MarA can be further divided into two structurally similar interconnected
subdomains, separated by 27 residues. This C- and N-subdomain (residues 6-49
and 77-109, respectively) is connected by a relatively bigger helix, H4 (19
residues) called the linker helix. Each of these subdomains contains a HTH
DNA-binding motif (residues 35-38 and 84-88). These turns between H2 and
H3, and between H5 and H6 are shown as T1 and T2, respectively in Figure 4 (A,
B). Sequence of T2 (residues 84-88) was also conserved in all the selected
species. The orientation of the recognition helices, H3 and H6, is imposed by the
linker helix (H4) where the protein binds to one face of the DNA. As indicated by
Figure 4B, H3 and H6 of the motifs are inserted into the adjacent major groove
segments.

Figure 4 (A) The overall structure of MarA monomer of S. enterica. H
corresponds to helix while T1 and T2 (shown in black) correspond to turns in C-
and N-subdomain, respectively. (B) A ribbon diagram of MarA and its complex
with DNA representing insertion of the recognition helices into adjacent major
grooves.

In conclusion, MarAs of Enterobacteriaceae share the seven a-helix structure
with two subdomains containing HTH DNA-binding motifs. More than 80 % of
the residues of helices are conserved. The recognition helices are fully conserved
that are reported to be inserted into the two adjacent major grooves of DNA.
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