
Zn2+-Induced Conformational Change Affects the SAM Binding in a
Mycobacterial SAM-Dependent Methyltransferase
Soneya Majumdar,∥ Umang Gupta,∥ Hariharan V. Chinnasamy, Sathishkumar Laxmipathy,
and Saravanan Matheshwaran*

Cite This: ACS Omega 2022, 7, 35901−35910 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Zinc is a cofactor for enzymes involved in DNA replication,
peptidoglycan hydrolysis, and pH maintenance, in addition to the transfer of the
methyl group to thiols. Here, we discovered a new role of Zn2+ as an inhibitor for S-
adenosyl methionine (SAM) binding in a mycobacterial methyltransferase. Rv1377c
is annotated as a putative methyltransferase that is upregulated upon the mitomycin
C treatment of Mycobacterium tuberculosis. Sequence analysis and experimental
validation allowed the identification of distinct motifs responsible for SAM binding. A
detailed analysis of the AlphaFold-predicted structure of Rv1377c revealed four
cysteine residues capable of coordinating a Zn2+ ion located in proximity to the SAM-
binding site. Further, experimental studies showed distinct conformational changes
upon Zn2+ binding to the protein, which compromised its ability to bind SAM. This
is the first report wherein Zn2+-driven conformational changes in a methyltransferase
undermines its ability to bind SAM.

■ INTRODUCTION
Zinc is the second-most abundant transition metal in living
organisms. It plays crucial structural and catalytic roles.1

Almost 5−6% of proteins in bacteria bind zinc, and these
regulate various cellular processes such as glycolysis, DNA
replication, biosynthesis of amino acids, peptidoglycan, etc.2

The role of zinc in catalysis was first revealed in carbonic
anhydrases.3 Subsequently, it was shown that zinc acts as a
cofactor for members of six major functional classes of
enzymes.4 Both catalytic and structural roles for zinc have been
reported in the KpnI restriction endonuclease.5 Certain
phosphatases require three zinc ions, e.g., phospholipase C,
while some peptidases require two zinc ions, e.g., amino-
peptidases and alkaline phosphatases.6 The structural role of
zinc was first shown in TFIIIA, and a distinct zinc-binding
motif termed zinc-finger was consequently identified in several
transcription factors.7,8 Zinc, as a cofactor, is reported in some
methyltransferases, such as Ada,9 and cobalamin-dependent10

and cobalamin-independent methionine synthase.11 These
proteins employ thiols as nucleophiles. The coordination of
these thiols to zinc maintains its reactivity at neutral pH.

Methyltransferases (MTases) catalyze methyl transfer
reactions to different substrates such as nucleic acids, proteins,
hormones, lipids, small molecules, etc. S-Adenosyl methionine-
dependent methyltransferases (SAM-MTase) form the largest
group of MTases.12 These enzymes utilize SAM as a
cosubstrate in the reaction. The sequence homology among
the various members of this group is limited; however, they do
retain a conserved SAM-binding catalytic domain, which is a

modified Rossman fold having a central core with a mixed β-
sheet sandwiched between α-helices.13,14 Additional domains
that are highly variable both at the sequence and the structural
level confer substrate specificity to the MTases. DNA MTases
are a critical part of the restriction−modification system in
bacteria where they methylate specific DNA sequences of the
bacterium, distinguishing them from any incoming foreign
DNA.15 RNA MTases regulate processes such as ribosome
assembly, translation initiation, pre-mRNA maturation, etc., by
methylating mRNA, tRNA, and rRNA.16−18 Protein MTases
represent a diverse class responsible for protein folding and
regulating gene expression.19 Small-molecule MTases contrib-
ute to various metabolic processes that may lead to drug
resistance, metal ion toxicity, etc.20−23 There are 121
methyltransferases identified in Mycobacterium tuberculosis
(Mtb), of which some are unique to this pathogen.24

Rv1316c (OGT) and Rv1317c (AlkA) are involved in DNA
repair.25 Rv3263 (MamA), a DNA methylase, was shown to
methylate Mtb genomic DNA, which helps mycobacteria to
adapt to various physiological stress.26 DNA MTases in Mtb
play significant roles in modulating host epigenetic relations
(Rv1988, Rv2966c)27,28 by methylating the host cell histones
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and cytosines of non-CpG islands, thereby controlling the host
transcriptional machinery. RNA MTases also play a role in
virulence (Rv2118)29 and developing drug resistance (Rv1694-
TlyA, Rv2372c)30,31 in Mtb. Recently Ali et al. showed
induced virulence and resistance to antibiotics upon the
functional gain of Rv1523, a mycolic acid MTase in
Mycobacterium smegmatis.32

Three percent of the Mtb genome is composed of MTases,
most of which are still uncharacterized. Analyzing and
characterizing these MTases may help to understand the
pathomechanism of Mtb and identify new drug targets.
Rv1377c (Uniprot-P71805) is a putative methyltransferase
that is induced 13-folds upon mitomycin C treatment.33,34 It
does not possess an SOS box, the DNA sequence where LexA
binds and controls expression. However, it is cotranscribed
with Rv1378c, which is a putative nuclease.33 Rv1377c is the
only putative methyltransferase under SOS regulation in
Mtb.33 Here, we have shown a unique role for Zn2+ in the
regulation of cosubstrate binding in Rv1377c.

■ MATERIALS AND METHODS
Materials. The bacterial strains and vectors used in this

study are listed in Table S1 in the Supporting information.
Constructs generated and primers used are listed in Table S2
in the Supporting Information, and primers were purchased
from ILS and Sigma-Aldrich. The columns used in protein
purification were purchased from GE Healthcare Life Sciences.
All of the media and reagents were acquired from Hi-Media,
Sigma-Aldrich, and SRL. All of the enzymes were procured
from New England Biolabs (NEB).
Structure Prediction. The AlphaFold program was

obtained from GitHub release and used to predict the
structure of Rv1377c (Uniprot-P71805). Later, this structure
was also available in the AlphaFold Protein Structure database
(using AlphaFold Monomer v2.0 pipeline)35,36 where three-
dimensional (3D) structures of proteins from several model
organisms are accessible, including M. tuberculosis. The
reported model confidence was very high (>90) for this
structure.
Cloning, Overexpression, and Purification of

Rv1377c Wild Type and Mutants. Rv1377c was cloned
using NdeI and HindIII sites in the pET28a(+) vector for
6XHis-tagged proteins and in NcoI and HindIII sites with a
stop codon for untagged proteins. Rv1377c mutants (Table
S1) were generated using the wild-type construct as a template
by employing the overlapping PCR method37 and confirmed
by sequencing (Figure S1). The constructs were expressed in
Escherichia coli BL21(DE3) cells induced with 0.8 mM IPTG
at 37 °C for 4−5 h for both tagged and untagged proteins.
6XHis-Tagged Protein Purification. WT-Rv1377c and

mutants (D51A and D74A) were 6XHis-tagged proteins.
Cells were lysed in 50 mM Tris−Cl, 10 mM imidazole, 150
mM NaCl (pH 8), and 1 mM PMSF by sonication. Lysates
were clarified by centrifugation at 25,000 rpm. Clarified lysates
were loaded on a pre-equilibrated Ni-NTA column, washed
with buffer comprising 25 mM Tris−Cl, 20 mM imidazole, and
500 mM NaCl (pH 8), and eluted in 100% elution buffer (25
mM Tris−Cl, 500 mM imidazole, 100 mM NaCl, pH 8). The
fractions containing the desired protein were combined and
loaded onto a Hi-trap Q-sepharose. A continuous gradient of
NaCl from 100 mM to 1 M in 25 mM Tris−Cl was used to
elute the protein (100% gradient in 30 mL of 1.3 mL elution
volume). The protein fractions were pooled and passed

through a Superdex 75 size exclusion chromatography column
equilibrated with buffer comprising 25 mM Tris−Cl, 100 mM
NaCl, and 5% glycerol (pH 8, 0.4 mL/min flow rate in 1 mL
elution volume). The protein was stored at −80 °C. All of the
assays with SAM were performed on 6XHis-tagged proteins.

Untagged Protein Purification. WT-Rv1377c and cysteine
mutants (C54A, C117A, C122A, C149A, and double mutant
C117A−C149A) were untagged proteins. Clarified lysates
were subjected to ammonium sulfate precipitation (0−20, 20−
50, and 50−70%). The precipitates obtained from 20−50 and
50−70% were resuspended in a buffer containing 25 mM
Tris−Cl and 75 mM NaCl (pH 8). The suspension was
dialyzed for 5 h against the same buffer and then loaded onto a
pre-equilibrated Q-sepharose column. A continuous gradient
of 100 mM−1 M NaCl in 25 mM Tris−Cl was used to elute
the protein. The fractions were analyzed on SDS-PAGE and
subsequently pooled and dialyzed in a buffer containing 25
mM Tris−Cl and 75 mM NaCl (pH 8). The dialyzed fractions
were loaded onto a pre-equilibrated Mono-Q column. Salt
gradient (75 mM to 1 M)-based elution of the protein was
performed. The fractions containing the desired protein were
pooled, concentrated, and loaded on a Superdex 75 10/300
size exclusion chromatography column equilibrated with a
buffer containing 25 mM Tris−Cl, 100 mM NaCl, and 5%
glycerol (pH 8). The purified protein was stored at −80 °C. In
all of the assays where Zn2+ was present, untagged proteins
were used. All of the purified protein purification profiles are
present in the Supporting Information (Figure S2)
Isothermal Titration Calorimetry (ITC). The affinity of

Rv1377c wild type and mutants for SAM and Zn2+ was
determined using ITC. A MicroCal iTC200 (Malvern
Panalytical) was used to perform all of the ITC experiments
in a buffer containing 25 mM Tris−Cl and 100 mM NaCl (pH
8). For SAM binding, 50 μM protein was titrated with 1 mM
SAM, while for Zn2+ binding, 60 μM protein was titrated with
1 mM ZnCl2. For experiments in which SAM binding was
monitored in the presence of Zn2+, the ITC buffer was
supplemented with 200 μM ZnCl2; however, SAM and protein
concentrations were maintained as in the previous experiment;
280 μL of the protein was taken in a sample cell and a syringe
was filled with the respective ligand. Then, 2 μL of the ligand
was added to the protein for 20 injections at 4 min intervals
with a stirring speed of 750 rpm at 25°C. The Microcal Origin
7 platform was used to analyze the data. The ligand was
titrated into the buffer, and the heat of dilutions was
normalized with an experiment for baseline correction. A
“one-set-of-site” model (one binding site of the ligand per
protein molecule) was used to determine the stoichiometry
(n), binding constant (K), and other thermodynamic
parameters.38 The reciprocal of the binding constant was
used to calculate the dissociation constant (Kd). All of the
experiments were repeated thrice.
Circular Dichroism Spectroscopy (CD). Secondary

structural changes in Rv1377c upon metal ion binding were
monitored using CD spectroscopy. Wavelengths from 250 to
200 nm were used to record the CD spectra at 25 °C in a
cuvette with a path length of 1 cm using a JASCO J-720
spectropolarimeter. The scan speed was maintained at 50 nm/
min, and experiments were conducted in duplicates. Molar
ellipticity [θ] (in deg cm2 dmol−1) was used for plotting the
results. The molar ellipticity was determined as follows

cl(100 wt )/[ ] = × ×
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where θ is the ellipticity (in degrees) at a particular
wavelength, wt is the weight of the protein, c is the protein
concentration (in mg mL−1), and l is the length of the light
path (cm). The baseline for all of the samples was corrected.
The buffer used contained 10 mM Tris−Cl and 100 mM NaCl
(pH 8). The CD experiments were performed with a protein
concentration of 6 μM. The molar ellipticities were plotted as a
function of wavelength using OriginPro 9.1. Further, the
thermal stability of Rv1377c was examined in the presence of
Zn2+ (100 μM), SAM (60 μM), or both. The secondary
structural changes in the protein were evaluated with
increasing temperature (25−70 °C) at 220 nm. The
percentage of the unfolded protein39 was plotted against the
increase in temperature using OriginPro 9.1.
Proteinase K Cleavage of Rv1377c. Proteinase K

cleavage of Rv1377c was carried out in the presence of Zn2+

(200 μM), SAM (400 μM), or both; 2 mg/mL protein was
preincubated for 15 min with ligands in a buffer comprising 25
mM Tris−Cl and 100 mM NaCl (pH 8), and 1% proteinase K
was used for the assay at 37 °C. At specified time points, 5 μL
of the sample was retrieved, and proteinase K was inactivated
using 1 mM PMSF and 5X SDS dye. The samples were
analyzed on 15% SDS-PAGE.

■ RESULTS
Rv1377c: A SAM-Dependent MTase. PSI-BLAST search

with the Rv1377c sequence against the PDB database reveals
significant sequence homology with Ecm18, a SAM-dependent
MTase from Streptomyces lasaliensis, which converts a disulfide
bridge in the echinomycin precursor triostin A to the thioacetal
linkage.40 A pairwise sequence alignment of Rv1377c and
Ecm18 shows a sequence identity of 39% and a similarity of
54%. Although the overall sequence similarity is high, a short
stretch of 19aa, which binds echinomycin in Ecm18, is missing
in Rv1377c (Figure 1a). The crystal structure of Ecm18
complexed with the reaction byproduct S-adenosyl-L-homo-
cysteine (SAH) is available.40 We generated a model for
Rv1377c using AlphaFold35,36 (Figure 1c).

Rv1377c exhibits a typical N-terminal SAM-MTase fold
having alternate secondary structures, which occur as seven-
stranded β sheets with three α helices on either side (Figure
1b). The overall fold resembles the Class I SAM-MTases
specific for DNA and small-molecule methyltransferases. In
these MTases, the SAM-binding domain comprises the N-
terminal half of the protein, while the C-terminus of the
protein binds substrates. Rv1377c does not have any significant
insertions in the C-terminus. Such domain insertions at the C-
terminus are common to nucleic acid and protein MTases for
substrate binding.41 Hence, the overall topology considering

Figure 1. Homology model and structure prediction of Rv1377c. (a) Structure-based alignment of Rv1377c with Ecm18. The conserved regions
are shown in black and similar in gray. α-Helices and β-sheets are shown with orange open cylinders and yellow open arrows, respectively.
Echinomycin-binding residues are marked with a solid green line. Asp residues are highlighted in green stars, and Cys residues are highlighted in
red stars in the alignment. (b) Topological diagram of Rv1377c. (c) AlphaFold predicted the structure of Rv1377c superimposed with PDB: 4NEC
to display the S-adenosyl homocysteine (SAH, blue) binding site. The aspartates from motif1 and motif2 are shown (cyan). The potential Zn2+

coordinating cysteine residues are also displayed (black).
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the small substrate-binding site of Rv1377c closely resembles
that of a small-molecule MTase.12,42

Based on the sequence alignment and structural comparison
between Ecm18 and Rv1377c, the residues that could allow
SAM binding at the active site of Rv1377c were predicted
(Figure 1a,c). A noteworthy feature of the SAM-MTases is the
poor conservation of residues involved in SAM binding,
although SAM binds to the same position in the Rossman fold
of the MTase variations existing in the interactions that
stabilize SAM at the active site. Hallmarks of the SAM-binding
motif in MTases include a glycine-rich sequence in the first β-
strand, which interacts with methionine, and a conserved acidic
residue in the second β-strand, which interacts with ribose
sugar.43,44 We identified two prototypical, highly conserved
SAM-binding motifs. Motif1 is a glycine-rich sequence
DXGXGXG between β1 and αA, which interacts with
methionine, while motif2 is an acidic loop (DIS) between β2
and αB, which interacts with ribose sugar (Figure 1a,c).

We checked the binding of purified recombinant Rv1377c
with SAM using ITC. Rv1377c binds to SAM with 1:1

stoichiometry and an affinity of 35.5 μM (Figure 2). Further,
to identify the SAM-binding residues, point mutants of
Rv1377c were generated and tested for SAM binding using
ITC. D51 from motif1 and D74 from motif2 were mutated to
alanine and subjected to SAM binding. The SAM-binding
properties of both D51A and D74A mutants were abrogated
(Figure 2 and Table 1), suggesting the roles of motif1 and
motif2 in SAM binding.
Rv1377c: A Zinc Metalloenzyme. An interesting feature

in the Rv1377c structure is the presence of four cysteine
residues (C54, C117, C122, and C149) in the vicinity of the
predicted SAM-binding site (Figure 1a,c). These four cysteines
are highly conserved among a number of pathogenic
mycobacterial species, but two of these cysteines are absent
in M. smegmatis (Figure S2). We tested whether Zn2+ induces
any significant structural changes in the protein.

Toward this, circular dichroism (CD) studies were
performed with Zn2+ and other metal ions (Mg2+, Mn2+, and
Ca2+ as control). The far-ultraviolet (UV) CD spectra of
Rv1377c exhibit two negative peaks at 208 and 220 nm,

Figure 2. ITC analysis of SAM binding to Rv1377c. Representative ITC profiles are shown here. The top panel in each shows the heat change in
the raw data and the bottom panels show the binding isotherms of Rv1377c, and mutants generated by plotting the combined heat peaks on
injecting SAM to (a) Rv1377cWT, (b) Rv1377cD51A, and (c) Rv1377cD74A.

Table 1. Thermodynamic Parameters for the Association of Rv1377c and Its Mutants for SAM Bindinga

protein N Ka (M−1) Kd (μM) ΔH (kcal mol−1) ΔS (cal mol−1 deg−1) ΔG (kJ)

SAM Binding in the Absence of Zn2+

WT 1.10 ± 0.05 (2.81 ± 0.17) × 104 35.5 −17.56 ± 1.16 −39 −24.82
C54A 0.85 ± 0.08 (2.21 ± 0.77) × 104 47 −8.47 ± 1.14 −7.8 −25.7
C149A 1.11 ± 0.03 (2.93 ± 0.57) × 104 34.1 −13.29 ± 0.26 −24.2 −25.42
C117A/C149A 0.97 ± 0.40 (1.36 ± 0.29) × 104 72 −12.77 ± 5.82 −23.9 −23.62

SAM Binding in the Presence of Zn2+

WT
C54A 1.15 ± 0.35 (3.20 ± 0.37) × 104 31 −4.40 ± 1.90 −5.86 −11.09
C149A 0.91 ± 0.19 (2.68 ± 0.57) × 104 37 −32.85 ± 2.0 −89.9 −25.3
C117A/C149A 0.91 ± 0.03 (6.09 ± 0.12) × 104 16.4 −13.12 ± 0.86 −22.1 −27.3

aN, no. of binding sites; Ka, association constant; Kd, dissociation constant; ΔH, enthalpy change; ΔS, entropy change; ΔG, Gibbs free energy.
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atypical for helices. In the presence of Zn2+, there is a decrease
in the overall helicity of the protein, indicating secondary
structural changes, while other metal ions such as Mg2+, Mn2+,
and Ca2+ induced no significant differences in the CD spectra
(Figure 3a). Next, we determined the affinity of Rv1377c for
Zn2+ using ITC. Our results indicate that Rv1377c binds Zn2+

with a stoichiometry of 1:1 and an affinity of 2.69 μM (Figure
3b). To confirm that the identified cysteine residues
coordinate Zn2+, we generated Rv1377c single-cysteine
mutants (C54A, C117A, C122A, and C149A) and a double

mutant (C117A−C149A). We found that the elution profile
for the cysteine mutant proteins was distinct from that of wild-
type proteins (Figure S3a). To confirm whether these
differences were due to any secondary structural changes,
CD spectroscopy was performed. The CD spectra confirmed
that there were no mutation-induced secondary structural
changes (Figure S3b). These mutant proteins were checked for
Zn2+ andSAM binding using ITC (Figures 3 and S4). In tune
with our predictions, the Rv1377c cysteine mutants failed to
bind Zn2+, but the SAM-binding property of the proteins was

Figure 3. Effect of the Zn2+ ion on the structure and stability of Rv1377c. (a) Average of three far-UV CD spectra of purified Rv1377c (6 μM, black
square), and changes in the structure studied in the presence of divalent metal ions: 5 mM MgCl2 (red circle), 5 mM MnCl2 (orange upright
triangle), 5 mM CaCl2 (green inverted triangle), and 100 μM ZnCl2 (blue left triangle) at 25 °C. The mean residual ellipticity has been plotted.
(b−e) Representative ITC profiles are shown. The top panel shows the raw data, and the bottom panel shows the binding isotherms generated by
plotting the integrated heat peaks on injecting Zn2+ in Rv1377c WT and mutants (b) Rv1377cWT, (c) Rv1377cC54A, (d) Rv1377cC149A, and (e)
Rv1377cC117A/C149A.
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unaffected with affinities comparable to those of wild-type
proteins (Table 1). We conclude that Rv1377c is a
metalloenzyme with a zinc-binding motif comprising four
cysteine residues.
Zn2+ Inhibits SAM Binding in Rv1377c. Two of the

cysteine residues (C54 and C117), which coordinate Zn2+,
occur in motif1 (Figure 1) and in the short helical insertion
observed between β4 and αD. We anticipated that Zn2+

binding to these cysteines might affect SAM binding to
Rv1377c. We tested this using ITC, CD spectroscopy, and
protease cleavage assays. ITC experiments were conceived to
investigate whether the addition of Zn2+ affects SAM binding.
We observed that the presence of Zn2+ altogether abolished
SAM binding to Rv1377c (Figure 4b). However, Rv1377c
cysteine mutants bind SAM with affinities comparable (Table
1) to that of the wild type in the presence of Zn2+. Hence,
specific coordination of Zn2+ by the identified cysteine residues
prevents SAM binding to Rv1377c. To investigate whether this
effect is associated with significant structural changes, protein
stability was monitored at 220 nm with increasing temperature,
in the presence and absence of Zn2+ and SAM, using CD
spectroscopy. The percent unfolded protein was plotted
against temperature to determine the melting temperature of
the protein (Tm). The Tm of Rv1377c (63.6 °C) marginally

increases in the presence of SAM (66 °C); however, in the
presence of Zn2+, Tm decreases significantly to 46.6 °C (Figure
4 a). Further, we observed that upon the addition of SAM, the
destabilization induced by Zn2+ is not rescued, and Tm is 47
°C. These observations indicate that Zn2+ binding destabilizes
the SAM-binding pocket of Rv1377c. For further investigation,
the proteinase K cleavage assay of Rv1377c was performed in
the presence of Zn2+ and SAM. Proteinase K cleavage of
Rv1377c in the presence and absence of SAM revealed a
fragment 20 kDa in size, which was highly stable to proteolytic
cleavage. This could be the SAM-binding domain, which is a
modified Rossman fold having a size of ∼20 kDa. This implies
that the SAM-binding pocket forms a stable domain,
unaffected by proteinase K treatment, even in the absence of
bound SAM (Figure 4d). However, proteinase K cleavage of
Rv1377c in the presence of Zn2+ leads to extensive cleavage of
the protein with no stable fragment. A similar observation was
made when Rv1377c was cleaved with proteinase K in the
presence of SAM and Zn2+ (Figure 4c,d). Overall, our
observations establish that Zn2+ binding to the cysteine
residues destabilizes the SAM-binding pocket in Rv1377c,
preventing the cosubstrate from binding (Figure 5).

Figure 4. Effect of the Zn2+ metal ion on SAM binding of Rv1377c. (a) Thermal stability of Rv1377c without (black square) and with 100 μM
ZnCl2 (pink upright triangle), 60 μM SAM (blue circle), and 60 μM SAM + 100 μM ZnCl2 (green inverted triangle). The percent unfolded protein
as a Boltzmann sigmoid function at 220 nm is plotted against temperature. (b) Abrogated binding of SAM to Rv1377c in the presence of Zn2+ as
observed by ITC. The binding isotherm was generated by injecting SAM to Rv1377c and incubated with Zn2+. (c, d) Proteinase K cleavage assay.
The protease cleavage assay was performed in the presence of Zn2+, SAM, and both ligands at different time intervals. Rv1377c degrades into a
fragment with a size of ∼20 kDa, which is consistent in the presence of SAM, whereas in the presence of Zn2+, Rv1377c completely degrades (even
in the presence of SAM).
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■ DISCUSSION
Rv1377c is a putative transferase of Mtb induced upon
mitomycin C treatment of cells.33,34 It has been established
through microarray studies that it is among the highly induced
genes during the SOS response of Mtb.33,34 In the current
study, we showed that Rv1377c belongs to the AdoMet
superfamily of methyltransferases that employ S-adenosyl
methionine (SAM) as a cosubstrate. It shares a significant
sequence identity with antibiotic methyltransferase Ecm18,
responsible for converting triostin A to echinomycin.40 We
predicted the structure of Rv1377c using AlphaFold. Sequence
and structural analysis allowed identification and subsequent
validation of the SAM-binding active site. Nucleic acid and
protein methyltransferases usually harbor additional insertions
at the C-terminal substrate-binding region to accommodate the
substrate.45 On the contrary, Rv1377c has a small substrate-
binding pocket, suggesting that it could be a small molecule or
lipid methyltransferase.

Interestingly, we identified a probable Zn2+-binding site in
Rv1377c comprising four cysteine residues. ITC experiments
reveal that Zn2+ binding to the protein abolishes its ability to
bind SAM. The above observation is explained by the CD and
proteinase K cleavage experiments. CD analysis indicates that
Zn2+ destabilizes the secondary structure of Rv1377c, which
might lead to the inability to bind SAM. In the proteinase K
cleavage assay with Rv1377c in the presence and absence of
SAM, it is observed that a 20 kDa protein fragment persists,
which is highly stable to proteolytic degradation. This could be
the SAM-binding domain, which is a modified Rossman fold
having a size of ∼20 kDa. It further ascertains that the SAM-
binding pocket forms a stable domain, unaffected by proteinase
K treatment, even in the absence of bound SAM. Upon
proteinase K cleavage of Rv1377c in the presence of Zn2+, this
stable domain is no longer observed, and the total protein is

degraded with time. This clearly indicates that Zn2+

destabilizes the SAM-binding domain, leading to the loss of
binding.

Zn2+−cysteine complexes are involved in structural, catalytic,
regulatory, storage, and transport roles.46,47 In addition to the
catalytic and structural roles, Zn2+-mediated inhibition of
enzymes is an evolving theme believed to be critical for
regulating metabolism and signal transduction.48,49 Several
eukaryotic enzymes, which do not require Zn2+ as a cofactor,
are known to be inhibited by the metal ion.50 They include
enzymes of the glycolytic pathway, certain proteases, and
tyrosine phosphatase. The Zn2+-mediated mechanism of
inhibition has been elucidated for a few of them. Zn2+ acts
as an allosteric inhibitor of fructose 1,6-bisphosphatase, which
has a distinct zinc-binding site.51 Similar allosteric inhibition
has been reported in the case of a protease, caspase-6.52

However, in caspase-9, Zn2+-mediated inhibition is due to the
metal ion coordinated to the catalytic dyad.53 In prokaryotes,
very few enzymes exhibiting Zn2+-mediated inhibition are
reported, e.g., E. coli phenylalanyl-tRNA synthetase.54 Further,
MTases employing Zn2+ for catalysis were reported earlier.55,56

Methionine synthase (MTR) and betaine homocysteine
methyltransferase (BHMT) are Zn2+-dependent DNA MTases
in humans.57 Rv1377c, by far, is the first MTase in which Zn2+-
mediated inhibition is observed.

Rv1377c ortholog occurs in all of the pathogenic species of
Mycobacterium. It is absent in the mycobacterial species,
which are opportunistic pathogens and nonpathogens except
for M. smegmatis. Further, Rv1377c is the only MTase under
SOS regulation in Mtb.33 SOS response is a very efficient
strategy employed by bacteria to overcome stress conditions.
This indicates that Rv1377c might also have a role in the
survival of Mtb during stress. Mtb encounters extremely hostile
conditions within the macrophage but successfully survives,

Figure 5. Analysis of SAM binding to Rv1377c cysteine mutants in the presence of Zn2+. ITC was performed to check SAM binding for the
cysteine mutants of Rv1377c in the presence of Zn2+. The top panel in each shows the raw data and the bottom panels show the binding isotherms
of Rv1377c mutants created by plotting the integrated heat peaks by injecting SAM in the presence of Zn2+ for (a) Rv1377cC54A, (b) Rv1377cC149A,
and (c) Rv1377cC117A/C149A.
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indicating its efficient counteracting ability. One of the
approaches to restrict a pathogen within the host is to
sequester metal ions, which serve as cofactors for several
essential enzymes.58 Important to note that within the
macrophage, reactive nitrogen and oxygen species are
generated to stop the growth of bacteria.59 These reactive
nitrogen and oxygen species are known to attack the cysteine
thiols that may lead to Zn2+ mobilization.60,61 We foresee that
during such conditions, the MTase activity of Rv1377c might
be activated.
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