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The ability to form persister cells by Mycobacterium tuberculosis (Mtb) is a

prime cause for the emergence of drug-resistant strains. A large number of

toxin–antitoxin systems in the Mtb genome are postulated to promote bac-

terial persistence. The largest family of toxin–antitoxin systems encoded in

the genome of Mtb is VapBC, with 47 VapBC toxin–antitoxin systems reg-

ulated by VapB antitoxins. In this study, we characterized the structure of

VapB46 antitoxin and determined its interaction with its cognate DNA

sequence. Using electrophoretic mobility shift assay and DNase I footprint-

ing we showed that VapB46 binds to two sites in the upstream promoter–
operator region. Using nuclear magnetic resonance (NMR)-based

structural studies we found that VapB46 has a well-folded dimeric N-term-

inal domain, which contains a Phd/YefM motif and is involved in DNA

binding. The remaining C-terminal residues are disordered but promote

higher order oligomerization of VapB46. We propose a DNA-binding

model in which tetrameric VapB46 binds to the two sites in its promoter–
operator region, with each site bound by its dimeric N-terminal domain.

Introduction

Toxin–antitoxin (TA) systems are bacterial stress

response systems which are present on both bacterial

chromosomes and plasmids. TA systems participate in

important functions such as plasmid stabilization [1,2],

altruistic suicide [3,4], formation of persister cells [5,6],

and are also involved in bacteriostasis and emergence

of antibiotic-tolerant populations [7,8]. Based on the

antitoxin, TA systems are classified into five different

types, I–V [9–12]. Type II TA systems are the most

abundant and well characterized, where both toxin

and antitoxin are proteins and form a tight complex.

In this TA system, the genes are arranged in a

bicistronic operon, where the toxin gene is preceded by

the antitoxin gene and prevents toxicity through
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translational coupling. The antitoxin also represses the

transcription of the TA operon, which is further mod-

ulated by the toxin [13–15]. The majority of type II

toxins target essential cellular mechanisms such as

DNA replication and protein synthesis, so that slowing

down these processes enables the bacteria to survive

under various stress conditions [10,16–19].
Mycobacterium tuberculosis (Mtb), one of the most

harmful pathogens, has 88 putative type II TA systems

in its genome. Type II TA systems have eight major

families: MazEF, HigBA, VapBC, ParDE, RelBE,

Phd/Doc, CcdAB and HipAB [9]. Among these, the

VapBC TA family is the largest [20]. VapC toxins

belong to the PIN domain family of proteins [21] and

exhibit RNase activity [22–25]. VapB antitoxins have

an N-terminal DNA binding domain that belongs to

the AbrB, helix–turn–helix, ribbon–helix–helix or

PhD/YefM family [11]. Structures of VapBC TA sys-

tems provide important insight into the VapB–VapC
interaction and how VapB neutralizes the toxicity of

VapC [26–30].
Antitoxins alone or in complex with toxins repress

the transcription of the TA operon. Therefore, the

mechanism of DNA binding by the antitoxin is impor-

tant for understanding the regulation of the TA sys-

tems [31]. Mycobacterial antitoxin ParD2 has been

shown to regulate the ParDE2 TA operon by interact-

ing with the promoter–operator region [32]. HigA anti-

toxin from the HigBA TA operon binds to the P2

promoter region and represses the expression of higA

and higB genes [13]. MazE6 binds to a 99 bp sequence

upstream of its start codon and autoregulates the

expression of the MazEF6 TA operon [33]. Recently,

the antitoxin VapB26 has been shown to bind a 19 bp

palindrome-like DNA sequence in the promoter region

that regulates the VapBC26 TA operon [30].

VapBC46 has been identified as an important TA

locus in Mtb that is activated during cellular stress

[34]. VapB46 has been shown to act as an antitoxin by

its ability to alleviate the toxic activity of its cognate

toxin, VapC46, when coexpressed in Mycobacterium

smegmatis [20]. The N-terminal region of VapB46 is

predicted to belong to the Phd/YefM antitoxin family,

consistent with the hypothesis that it also possesses

DNA binding ability [14,15]. In order to gain insight

into the DNA binding mechanism of VapB46 anti-

toxin, we have structurally characterized VapB46 anti-

toxin and its interaction with the upstream promoter–
operator region. Electrophoretic mobility shift assay

(EMSA) and the DNase I footprinting method showed

that VapB46 binds to the 148 bp upstream DNA

sequence and occupies two binding sites in the

promoter–operator region. Our solution NMR

spectroscopy-based structural studies revealed that

VapB46 has a well-folded N-terminal domain that

adopts a Phd/YefM fold, while the C-terminal domain

is unstructured. A chemical shift perturbation study

identified residues in the N-terminal domain of

VapB46 that are important for interaction with the

promoter–operator DNA sequence. Thus, our findings

help in understanding the DNA binding mechanism by

VapB46 antitoxin and how it regulates the VapBC46

TA operon.

Results

Structural characterization of VapB46 by solution

NMR and circular dichroism spectroscopy

In order to characterize the Mtb VapB46 structure at

atomic resolution, we used solution NMR spec-

troscopy. Two-dimensional 1H–15N heteronuclear sin-

gle quantum coherence (HSQC) spectra of 15N-labeled

VapB46 consisted of well-dispersed peaks, indicating

the presence of a folded domain. Also, a few strong

signals were observed in the center of the spectra (7.5–
8.5 ppm on the proton scale), which are characteristic

of an unfolded protein sequence (Fig. 1A). Based on

sequence analysis using INTERPRO [35] and sequence

alignment with Phd and YefM domains (Fig. 1D), we

predicted that residues 1–54 should contain a folded

domain, and hence a truncated VapB461–54 construct

was designed (Table 1). The 1H–15N HSQC spectrum

of VapB461–54 was well dispersed and sharp peaks

from unfolded regions were absent (Fig. 1B). Overlay

of the 1H–15N HSQC spectra of full-length VapB46

and VapB461–54 shows near-perfect overlaps of the

well-dispersed peaks from the structured regions and

the sharp peaks at the center missing in the VapB461–

54 spectra (Fig. 1C). This indicates that VapB46 con-

sists of an ~ 50-residue N-terminal folded domain and

a C-terminal unstructured region, and the truncation

of VapB46 did not alter the structure of its N-terminal

domain.

To further confirm the domain architecture of

VapB46, circular dichroism (CD) experiments were

performed on both full-length VapB46 and truncated

VapB461–54. CD spectra showed that both VapB46

and VapB461–54 are composed of a-helices and

b-strands (Fig. 1E). Deconvolution of the CD spectra

was done by SELCON3 [36] and the resulting percentage

of secondary structures are listed in Table 2. In

VapB46, a higher proportion of residues (57%) lack

any secondary structure (helix or strand) compared to

the smaller construct VapB461–54 (42%), which is con-

sistent with the NMR studies predicting a disordered
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region towards the C terminus. To determine the effect

of the disordered region on the stability of the protein,

thermal stability studies were performed by heat denat-

uration of VapB46 and VapB461–54 from 10 °C to

95 °C and monitored at 222 nm. VapB46 has a melt-

ing temperature (Tm) of 59 °C, while VapB461–54 has a

Tm of 63 °C (Fig. 1F). Thus, the disordered C-term-

inal region in VapB46 marginally lowers its stability.

Fig. 1. Determination of folded domain in VapB46. (A) 1H–15N HSQC spectra of VapB46 (blue) has well dispersed peaks indicating the

presence of a folded domain. Sharp peaks (black arrow) originating from the unstructured region appear at the center. (B) The sharp peaks

are absent while the dispersed peaks are present in the 1H–15N HSQC spectra of VapB461–54 (red). (C) Overlay of 1H–15N HSQC spectra of

VapB46 and VapB461–54 shows that the folded domain is structurally similar in both constructs. (D) Multiple sequence alignment of VapB46

with proteins containing Phd and YefM DNA binding domain. Residues shown in red are identical and conserved while similar and

moderately conserved residues are shown in blue. (E) Far UV CD spectrum of VapB46 and VapB461–54 are superimposed. Secondary

structure compositions are shown in Table 2. (F) Thermal denaturation curves of full-length VapB46 and VapB461–54 monitored at 222 nm

from 10 to 95 °C show that the isolated N-terminal domain is marginally more stable compared to the full-length protein.
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A 13C and 15N-labeled VapB461–54 sample was pre-

pared to assign its backbone atoms. Triple resonance

experiments HNCACB, CBCA(CO)NH, HN(CA)CO

and HNCO were used to sequentially assign the back-

bone amides. Out of 54 residues, 50 residues were

unambiguously assigned (Fig. 2A). The 1H-, 15N- and
13C-assigned chemical shifts of VapB461–54 has been

deposited in the BioMagResBank (http://www.bmrb.

wisc.edu/) under the accession number 27580. The

chemical shifts of 13Ca, 13Cb, 13CO, 1Ha, 1HN and 15N

were used to predict the secondary structure of

VapB461–54 (Fig. 2B). Residues M12–Q54 contain sec-

ondary structures consisting of two a-helices, a1 and

a2, and three b-strands, b1, b2 and b3. This is consis-

tent with the Phd/YefM antitoxin fold. Residues

M1–T11 were predicted to be unstructured by MICS

[37] which was further confirmed by heteronuclear

{1H}–15N steady state NOE (Fig. 2C). Small and

negative hetero NOE values for residues M1–T11 are

indicative of a flexible region. Positive hetero NOE

values in the range of 0.65–0.90 for residues M12–Q54

indicate a well-folded rigid domain.

VapB46 forms tetramer in solution

Phd/YefM domains typically form dimers [14,15,38,39].

As the secondary structures of the N-terminal residues

(1–54) predicted from NMR chemical shifts are similar

to a Phd/YefM-like domain, the oligomeric state of

VapB46 was investigated. Two complementary methods

were used, viz. size exclusion chromatography (SEC)

and chemical cross-linking experiment. In SEC,

VapB46 elutes at ~ 60 mL, which corresponds to a

molecular mass of 49 kDa while the calculated molecu-

lar mass of monomeric VapB46 is 12.1 kDa. This indi-

cates that VapB46 forms a tetramer in solution

(Fig. 3A,B and Table 3). On the other hand, VapB461–

54 elutes at ~ 84 mL, which corresponds to a molecular

mass of 19 kDa. The calculated molecular mass of

monomeric VapB461–54 is 7.2 kDa. This indicates that

the N-terminal domain of VapB46 forms a dimer.

Chemical cross-linking shows a significant band at

~ 35 kDa for VapB46, while for VapB461–54 a band at

~ 14 kDa is observed (Fig. 3C,D and Table 3). Hence,

the isolated N-terminal domain of VapB46 forms a

stable dimer similar to a Phd/YefM domain whereas

VapB46 forms a higher oligomer, most likely a

tetramer.

It is important to note that the 1H–15N HSQC spec-

tra of VapB461–54 have ~ 50 peaks, one for each amide

N-H in the monomer. Since the amides of the same

residues in the two monomeric unit have the same

chemical shift, VapB461–54 must form a symmetric

dimer, which is similar to that observed for the YefM

antitoxin N-terminal domain [40]. The dimerization

and tetramerization of VapB46 are also consistent with

the weaker signal-to-noise obtained from these pro-

teins in the NMR experiments. Increase in size of pro-

teins results in slower tumbling of the molecules,

which in turn results in faster relaxation of the NMR

signal. The VapB461–54 dimer and the VapB46 tetra-

mer are ~ 14 and ~ 49 kDa size complexes, respec-

tively, and thus have significantly reduced signal-to-

noise than that expected from the monomeric protein.

VapB46 binds at two sites in its promoter–
operator region

To identify the sequence-specific binding sites of

VapB46 in the 148 bp DNA sequence (Fig. 4A), present

Table 1. VapB46 constructs and DNA sequences

Name Sequence Comment

VapB46 Met1–Arg102 Full-length protein

VapB461–54 Met1–Gln54 Truncated protein

DNA site 1 50-CCAGCTCAGC-30 NMR titration

DNA site 2 50-AACGCGCCGACTT-30 NMR titration

Site1_EMSA_sense 50-TCCTCCCAGCTCAGCGCCAAC-30 EMSA studies

Site2_EMSA_sense 50-GGAACAACGCGCCGACTTTTTCAG-30 EMSA studies

Mut_Site1_sensea 50-TCCTCCAATCATAATCGCCAAC-30 EMSA studies

Mut_Site2_sensea 50-GGAACAATATATTGACTTTTTCAG-30 EMSA studies

aThe mutated bases are underlined.

Table 2. Summary of CD experiments on VapB46 and VapB461–54

VapB46 VapB461–54

Helix (%) 12 45

Strand (%) 31 14

Others (%) 57 41

Melting temperature (°C) ~ 59 ~ 63
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immediately upstream of the start codon of the

VapB46 gene in the Mtb genome, EMSA-based

DNA binding and DNase I footprinting studies were

performed. Binding of VapB46 to the 148 bp DNA

sequence was confirmed by concentration-dependent

EMSA (Fig. 4B). To confirm that the mobility shift

is due to the binding of the DNA to VapB46, unla-

beled 148 bp DNA sequence was titrated in as a

competitor. As the concentration of unlabeled probe

increased, the band corresponding to the protein–
DNA complex diminished, and at 150-fold molar

excess of unlabeled DNA, the band almost disap-

peared (Fig. 4C). This clearly shows that mobility

shifts of the labeled 148 bp DNA are due to binding

with VapB46. All EMSA experiments were done in

the presence of salmon sperm DNA to prevent non-

specific interactions.

Specific sequences in the 148 bp DNA bound

by VapB46 were identified by DNase I footprinting

experiments. The DNA sequence was found to be pro-

tected by VapB46 binding at two regions, site 1

(50-CCAGCTCAGC-30) and site 2 (50-AACGCGCC

GACTT-30), which are separated by a 17 bp region

(Fig. 4D). This was further confirmed by EMSA. A

52 bp DNA, containing both sites separated by a

17 bp region, showed concentration-dependent binding

to VapB46 (Fig. 4E), which can be competed off

by unlabeled 52 bp DNA (Fig. 4F). EMSA was fur-

ther performed individually using site 1 and site 2

sequences. Both sequences showed concentration-

Fig. 2. Secondary structure and dynamics

of VapB461–54. (A) Assigned 1H–15N HSQC

spectra of 15N-labeled VapB461–54 at 35 °C.

(B) Secondary structure prediction of

VapB461–54 from backbone chemical shifts.

Helices and strands are colored red and

grey, respectively. (C) {1H}–15N steady

state NOE of VapB461–54 shows that

residues M1–T11 are flexible while residues

M12–Q54 are rigid, which is characteristic

of a folded domain.
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dependent binding (Fig. 4G and J) that can be com-

peted off by the respective unlabeled DNA sequence

(Fig. 4H and K). Furthermore, respective unlabeled

mutated sequences (Table 1) could not compete off the

binding of the labeled site 1 or site 2 sequences

(Fig. 4I and L). Thus, VapB46 binds to two sites in

the 148 bp promoter sequence and this binding is

DNA sequence specific. Although not quantified, it is

clear from the EMSA experiments that VapB46 binds

the 52 bp DNA tighter than the individual sites.

Identification of the DNA-binding surface of

VapB46

In order to determine the DNA binding surface of

VapB46, two titration experiments were performed.

The 15N-labeled VapB461–54 was titrated with site 1 or

site 2 DNA fragments (Table 1) and 1H–15N HSQC

spectra collected for each titration point. The titration

experiments show that the interaction of VapB461–54

with both DNA sequences occurs in a fast exchange

regime, which is characterized by the smooth transi-

tion of peaks from the free to the bound chemical shift

Fig. 3. Oligomerization evaluated by size exclusion chromatography and chemical cross-linking experiments. (A) Superposed SEC

chromatograms of full-length VapB46 and VapB461–54 show the respective elution volumes. (B) Standard curve of Superdex 75 16/60

column is shown as solid line. The elution volumes of VapB46 and VapB461–54 projected on this line allow the determination of the

corresponding molecular masses. Oligomerization of VapB46 (C) and VapB461–54 (D) was also evaluated by chemical cross-linking. Each

protein (0.2 mg�mL�1) was mixed with increasing concentration of glutaraldehyde (lane 1 to lane 6: 0%, 0.02%, 0.04%, 0.06%, 0.08% and

0.1% glutaraldehyde).

Table 3. Oligomerization of VapB46 and N-terminal domain

VapB461–54

Calculated

molecular

massa

(kDa)

Size exclusion

chromatography

(kDa)

Chemical

cross-

linking

(kDa)

Oligomeric

state

VapB46 12.1 49 ~ 35# Tetramer

VapB461–54 7.2 19 ~ 14 Dimer

aMolecular mass of each protein is calculated including the residual

fusion tag from the expression vector.
#Cross-linked proteins may have anomalous migration in SDS-PAGE.
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(Fig. 5A,B). In both experiments, the amide NH of

residues V17, R18, L20, R21, R23, R30, V31, D41,

R42 and G43 showed significant chemical shift pertur-

bations (Fig. 5C). The chemical shift perturbation of

VapB461–54 is very similar in both titrations, indicating

that VapB461–54 binds site 1 and site 2 DNA sequences

with the same binding interface. Chemical shift-based

secondary structure prediction of VapB461–54 showed

that residues R18, L20 and R21 are located in helix a1
while R23 is located on the loop connecting helices a1
and a2. Residues R30 and V31 are on the a2 helix.

Residue D41 is located on strand b2 while R42 and

G43 are located on the b-hairpin loop connecting

strands b2 and b3 (Figs 5C and 7). Thus, helix a1 and

the b-hairpin loop show major chemical shift perturba-

tion.

Our NMR and SEC experiments indicate that free

VapB461–54 exists as a symmetric dimer. Similarly, the

protein in the (VapB461–54)2–DNA complex most

likely remains as a symmetric dimer, which is similar

to Phd antitoxin from P1 bacteriophage bound to its

operator DNA [38]. However, the DNA may intro-

duce asymmetry in the (VapB461–54)2–DNA interface

(Fig. 7). Our NMR titration experiments with site 1

and site 2 DNA fragments show that the binding is in

a fast exchange time scale. This results in an average

chemical shift for the interface residues. Peak splitting

for the interface residues would have been observed

only if the DNA binding was in the slow time scale

that typically results from very tight binding. Thus,

the weak DNA binding affinity of VapB461–54 results

in fast chemical exchange leading to average signals

for interface residues that most likely masks the

asymmetry of the (VapB461–54)2–DNA interface.

The chemical shift perturbations were used to esti-

mate the dissociation constant (Kd) of VapB461–54

binding to site 1 and site 2 DNA sequences (Fig. 5D,

E). The dissociation constants were determined to be

12 � 6 and 24 � 8 lM for site 1 and site 2, respec-

tively. The micromolar range dissociation constants

are consistent with the fast exchange time scale

observed in the titration experiments. The site 1 DNA

sequence is bound more tightly by VapB461–54 than is

the site 2 DNA sequence.

Chemical shift ROSETTA predicts Phd/YefM

domain like structure for VapB461–54

Chemical shift ROSETTA (CS-ROSETTA) utilizes the back-

bone chemical shifts to predict torsion angles of each

residue, which in turn is used to determine three-

dimensional structures of the protein [41]. Since the

VapB461–54 forms a symmetric dimer and the

monomeric unit is only 7.2 kDa, the backbone chemi-

cal shifts of 13Ca, 13Cb, 13C0, 1Ha, 1HN and 15N were

used to predict the three-dimensional structure of its

monomer. The final structure of VapB461–54 generated

by CS-ROSETTA was selected based on the convergence

of the run. This structure is consistent with the sec-

ondary structure prediction from MICS and rigid

domain segment determined by heteronuclear

{1H}–15N steady state NOE data. The calculated

VapB461–54 structure resembles that of the Phd/YefM

DNA binding fold from residues M12 to Q54 which

consists of two a-helices, a1 and a2, and three b-
strands, b1, b2 and b3 (Fig. 6B). Structural alignment

of VapB461–54 from residue M12 to Q54 with the N

terminus of Phd antitoxin (PDB code: 4MZ0) [38] has

a backbone rmsd of 1.7 �A and that of the N terminus

of YefM antitoxin (PDB code: 2A6Q) [40,42] has a

backbone rmsd of 2.0 �A (Fig. 6B,C).

To confirm the predicted structure of VapB461–54,
15N-NOESY with 100 ms mixing time was acquired.

Secondary structures can be identified by characteristic

NOE patterns between Ha and HN protons [42]. The

residues in the two a-helices showed diagnostic cross

peaks between neighboring amide protons (1HN), and

also between a (1Ha) and amide protons (Fig. 6D).

Similarly, the b-strands showed strong 1Ha
i�1–

1HN
i

NOEs (Fig. 6D) and more importantly, cross strand

NOEs between a (1Ha) and amide (1HN) protons

(Fig. 6E). Collectively, the backbone chemical shifts,

{1H}–15N steady state NOE and NOESY cross peaks

provide good confidence in the structural model of

VapB461–54.

To better understand the DNA-binding interface, a

model of the VapB461–54–site 1 DNA complex was

built using the DNA bound structure of N-terminal

Phd antitoxin (PDB code: 4MZ0) [38] as template

(Fig. 7). This model is consistent with our NMR-based

titration data. Residues (R18, R21, R23 and R42) that

show significant chemical shift perturbation are indeed

present in the DNA-binding interface (Fig. 7A). The

model shows that helix a1 inserts into the major

groove of the DNA with side chains of R18 and R21

making direct contact with the nucleotide bases, thus

enabling a direct readout of the nucleic acid sequence.

The side chain of R42, present on the b-hairpin loop

connecting strands b2 and b3, inserts into the minor

grove of the DNA while R23 on the helical turn inter-

acts with the negatively charged phosphate backbone

of the DNA. Residues L20, V31 on the dimeric inter-

face of VapB461–54 (Fig. 7B) and R30 on the a2 helix

showed significant chemical shift perturbation and are

not directly involved in DNA binding. Chemical shift

perturbation of negatively charged D41 most likely
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arises from the electrostatic repulsion from the nega-

tively charged phosphate backbone.

Discussion

Toxin–antitoxin (TA) systems provide unique mecha-

nisms for programmed cell cycle arrest or even cell

death in bacteria [1,12]. Understanding the underlying

mechanism of control and activation of these systems

can provide novel routes for antibacterial therapies. In

the deadly pathogen Mycobacterium tuberculosis

(Mtb), VapBC constitutes the largest type II TA fam-

ily with 47 members [20], and thus, is an important

therapeutic target. Previous studies have mostly

focused on the toxicity of Mtb VapC toxins and their

interaction with cognate VapB antitoxins, but the abil-

ity of VapB antitoxins to bind the promoter–operator
site remains unclear. To address the binding property

of VapB with DNA, we have structurally characterized

the interaction of VapB46 with its promoter–operator
region to shed light on its regulatory mechanism.

The DNA binding domain of VapB antitoxins is

typically found in their N-terminal region. For exam-

ple, the N-terminal sequences of VapB antitoxin from

Shigella flexineri and VapB2 from Rickettsia felis con-

tain an AbrB-type DNA-binding domain [43,44].

VapB26 from Mycobacterium tuberculosis and FitA

antitoxin from Neisseria gonorrhoeae have a ribbon–
helix–helix DNA binding motif in their N terminus

[30,45]. Structural analyses of Mtb VapB46 by CD

and NMR spectroscopy reveal that the N-terminal

residues 12–54 form a well-folded Phd/YefM domain,

while the remaining C-terminal residues are unstruc-

tured. Using NMR titration experiments, we showed

that this N-terminal domain of VapB46 is responsible

for DNA binding. Thus, VapB46 also conforms to the

paradigm of antitoxins with DNA binding domain in

their N-terminal region.

Transcriptional autoregulation of toxin–antitoxin
operons by antitoxins is mediated by binding to palin-

dromic DNA sequence in the promoter–operator
region upstream of their start codons [13,14,46–48].
We have shown that VapB46 recognizes two distinct

binding sites in the promoter–operator region sepa-

rated by 17 nucleotides. This is similar to antitoxins

like RelB, CcdA and ParD [47,49,50]. Inspection of

the two binding sites of VapB46 showed that core site

2 DNA sequence consists of a 6 bp palindrome-like

sequence 50-CGCGCC-30, while site 1 has similar

sequence 50-aGCtCa-30 with three out of six bases

matching the core consensus site 2 DNA sequence.

Compared to site 1 or site 2 alone, the binding of

VapB46 is stronger to a 52 bp DNA fragment consist-

ing of both site 1 and site 2.

Studies on various antitoxins have also shown that

they mostly exist as dimers [14,30,46,49,51]. RelB from

Escherichia coli is an exception that exists as a tetra-

mer [47]. Using size exclusion chromatography and

chemical cross-linking analysis, we found that VapB46

exists as a tetramer, while the N-terminal Phd/YefM

domain (VapB461–54) exists as a dimer in solution.

VapB46 is most likely the first VapB antitoxin that has

been shown to form a tetramer. As the N-terminal

VapB46 structurally resembles the N-terminal Phd and

YefM antitoxins [38,40], a comparison of VapB46

sequence and structure with these antitoxins (Fig. 6A–
C) suggests that the dimerization of VapB461–54 is

mostly likely mediated by interaction of the hydropho-

bic patch of residues V46–S50 present on the b3 strand

of both monomers with each other and also with

helices a1 and a2. Moreover, the tetramerization of

the full-length VapB46 is most likely mediated by its

Fig. 4. DNA binding studies of VapB46. (A) Organization of VapBC46 toxin–antitoxin operon showing 148 bp DNA sequence upstream of

the start codon of VapB46. (B) EMSA with the 148 bp double stranded DNA (dsDNA). Lane 1: no protein; lanes 2–7: 6, 12, 18, 24, 30 and

36 lM protein. (C) Competition EMSA with unlabeled 148 bp dsDNA. Lane 1: no protein; lane 2: no unlabeled 148 bp dsDNA sequence

used; lanes 3–6: 20-, 60-, 100- and 150-fold molar excess unlabeled 148 bp dsDNA sequence used as competitor. In all lanes 36 lM protein

was used. (D) DNase I footprinting assay. Lane 1: A+G ladder; lane 2: no protein; lanes 3 and 4: 24 and 36 lM protein. The protected sites

are outlined at the right side and marked as site 1 and site 2. (E) EMSA with 52 bp DNA sequence having both site 1 and site 2 sequences.

Lane 1: no protein; lanes 2–6: 10, 20, 40, 60 and 80 lM of VapB46 used. (F) Competition EMSA with unlabeled 52 bp. Lane 1: no protein;

lane 2: 36 lM protein, no unlabeled DNA sequence; lanes 3–5: 10-, 20- and 50-fold molar excess unlabeled 52 bp dsDNA. (G) EMSA with

site 1 dsDNA. Lane 1: no protein; lanes 2–6: 18, 24, 30, 36 and 48 lM of VapB46. (H) Competition EMSA with site 1 dsDNA. Lane 1: no

protein; lane 2: 36 lM VapB46; lanes 3–5: 10-, 50- and 100-fold molar excess unlabeled site 1 dsDNA. (I) Competition EMSA using mutated

site 1 dsDNA; lane 1: no protein; lanes 2–4: 50-, 100- and 150-fold molar excess unlabeled mutated site 1 dsDNA used as competitor. In all

lanes 36 lM VapB46 used. (J) EMSA with site 2 dsDNA. Lane 1: no protein; lanes 2–7: 6, 12, 24, 36, 48 and 60 lM of VapB46 used. (K)

Competition EMSA with unlabeled site 2 dsDNA to VapB46. Lane 1: no protein; lane 2: 36 lM VapB46; lanes 3–7: 20-, 50-, 100-, 120- and

150-fold molar excess unlabeled site 2 dsDNA used. (L) Competition EMSA using mutated site 2 dsDNA. Lane 1: no protein; lane 2: no

competitor; lanes 3 and 4: 100- and 150-fold molar excess of unlabeled mutated site 2 dsDNA and 36 lM VapB46 used.
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C-terminal region. The helical propensity of 10 consec-

utive residues throughout the C-terminus of VapB46

(55–102) was determined using the program AGADIR

[52]. This revealed that residues V87–E99, present

towards the end, have a relatively high helical propen-

sity (Fig. 8). Hence, it may be postulated that these

residues can form a helical bundle leading to the tetra-

meric and higher oligomeric states of VapB46. Thus,

the tetrameric VapB46 acts as a bidentate ligand that

can bind the two sites in the promoter–operator region
(Fig. 9). This effectively increases the affinity of

VapB46 towards the promoter–operator region in

A

Mtb_VapB46          MTPTACATVSTMTSVGVRALRQRASELLRRV-EAGETIEITDRGRPVALLSPLPQ
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Fig. 6. Structural comparison of VapB461–54

with Phd and YefM antitoxins. (A) Multiple

sequence alignment is shown for VapB461–

54 with Phd antitoxin from P1 bacteriophage

and YefM antitoxin from Escherichia coli.

The interface residues of Phd and YefM

dimers are underlined. Using backbone

chemical shifts, a CS-ROSETTA model of

VapB461–54 is generated. This model shows

two a-helices and three b-strands forming a

b-sheet. The VapB461–54 model is

superposed with the DNA binding domain

of Phd antitoxin (residues 1–43) (B) and

YefM antitoxin (residues 10–53) (C) using

PYMOL. VapB461–54 is green, Phd is magenta

and YefM is orange. (D) Short range NOE

patterns are shown. a-Helices and b-strands

are shown as rectangles and arrows,

respectively. Unambiguous NOEs between
1HN and 1Ha are labeled as dNN(i�1,i), daN(i,

i�1), daN(i,i�2), daN(i,i�3). The relative NOE

strength (weak/strong) is reflected by the

bar thickness (mixing time = 100 ms). (E)

The three b-strands are shown as b1, b2

and b3, and the unambiguous NOEs are

indicated by arrows. Both sequential and

cross strand NOEs are observed.

Fig. 5. DNA titration and chemical shift mapping of DNA binding interface. The 15N-labeled VapB461–54 was titrated with site 1 (A) and site

2 (B) dsDNA. For each titration point, 1H–15N HSQC spectra were collected and are shown as overlays. Expanded regions of residues with

significant chemical shift changes are separately shown for both titrations. The black arrow indicates the chemical shift change from free to

DNA-bound state. The [dsDNA]/[VapB461–54] ratios are as follows: red, 0 : 1; blue, 1 : 0.33; yellow, 1 : 0.67; magenta, 1 : 1; pink, 1 : 2;

orange, 1 : 3; purple, 1 : 4. (C) Chemical shift perturbation (Dd) between the free and the bound protein are plotted for each residue. The

predicted secondary structure is shown on the top, helices as red cylinders and strands as green arrows. Residues perturbed upon titration

with site 1 and site 2 are represented by magenta and grey bars. Residues with significant chemical shifts are labeled. Similar perturbation

is observed for both titrations and it indicates both DNA sequences bind to the same surface on VapB461–54. Representative data fitting to

evaluate dissociation constant (Kd) for site 1 (D) and site 2 (E). Changes in the combined amide chemical shifts (Dd) are plotted as a function

of respective DNA to VapB461–54 molar ratio.
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comparison to the dimeric N-terminal region binding

to individual sites. As C-terminal regions of antitoxins

typically bind their cognate toxin [30,38,40,43,45,51],

the VapC46 toxin most likely binds the C terminus of

VapB46. This interaction may disrupt the helical bun-

dle formation.

The DNA-bound Phd antitoxin from P1 bacterio-

phage [38] shows that helix a1 from both monomers

inserts into the major groove of the DNA. The struc-

tural model of VapB461–54, which resembles the Phd

domain, is dimeric and NMR titration data show that

the same interface containing helix a1 is involved in

DNA binding (Figs 5C and 7A). This highlights a con-

served mechanism of DNA recognition by Phd domains

where the a1 helix inserts into the major groove of the
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Fig. 7. Model of VapB461–54–DNA complex. (A) The CS-ROSETTA model of VapB461–54 is docked onto a dsDNA with site 1 sequence using

PDB id: 4ZM0 as a template. Here VapB461–54 is shown as a symmetric dimer as no peak splitting is observed in the NMR titration

experiments. The two monomers (green and cyan) are represented in cartoon format. This complete structure was energy minimized by

YASARA. Arginine residues, which have significant chemical shift perturbation upon interaction with DNA, are shown as sticks. (B) A rotated

view of the complex shows the dimer interface. Residues L20, V31 and R30, which also show significant chemical shift perturbation upon

DNA titration, are shown in sphere representation. L20 and V31 are buried in the dimer interface.

Fig. 8. Prediction of helical propensity by AGADIR. (A) The C-terminal

sequence of VapB46 (VapB4655–102) was divided into 38 peptides of

10 residues each and submitted to the AGADIR server. The residues

V87–E99 (boxed) show high helical propensity. (B) The helical

propensity for each 10-residue peptide is shown where the number

in the x-axis is for the fifth residue of respective peptide.

Fig. 9. Model of interaction of VapB46 with its promoter–operator

region. Each site on the DNA is bound with an N-terminal dimer

of VapB46. The N-terminal dimeric subunits of VapB46 are

represented in blue and yellow and the two sites on DNA are

shown as site 1 and site 2. The two dimers are further held

together in a tetrameric form by the C-terminal helices that most

likely form a helical bundle. The cylinders represent the putative

helices formed at the end of the disordered C terminus of VapB46.
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DNA and is parallel to the helical axis of the DNA.

Mutation of the equivalent residues of R18 and R21

(VapB46 numbering, Fig. 6A) on the helix a1 in Phd

antitoxin have been shown to completely disrupt the

interaction of the protein with DNA [46]. Thus, the

amino acids on helix a1 determine the sequence speci-

ficity for DNA binding (Fig. 7A). Interestingly, residues

L20 and V31 on the dimeric interface as well as R30 pre-

sent on the a2 helix (Fig. 5C) also showed significant

chemical shift perturbation. Binding of VapB461–54 to

DNA most likely triggers structural rearrangement in

the interface, which can lead to the chemical shift per-

turbation of the backbone NH of these residues.

Although VapB461–54 structurally aligns with Phd/

YefM DNA-binding domain, the identified promoter–
operator sites differ from the core motif 50-GTAC-30

recognized by YefM and Phd antitoxins from E. coli

and P1 bacteriophage [14,40], respectively. Interest-

ingly, the DNA sequence recognized by the mycobac-

terial VapB26 also consists of GC repeats [30]. Despite

structural similarities with well-known DNA binding

domains of VapB antitoxins, whether all mycobacterial

VapB antitoxins recognize the GC-rich palindromic-

like sequence for transcription regulation of mycobac-

terial VapBC operon needs to be investigated.

In conclusion, we have structurally characterized the

antitoxin VapB46 and identified the DNA sequence

that VapB46 specifically binds via its N-terminal

domain. We have also identified amino acid residues

of VapB46 that interact with promoter–operator
region. Thus, our findings should provide a strong

basis for elucidation of the transcriptional autoregula-

tion mechanism by VapB46 antitoxin.

Materials and methods

Bioinformatics

Sequence analysis was done using the InterPro database [35].

Multiple sequence alignment was performed using CLUSTALW

[53]. Parameters such as molecular mass and amino acid

composition were determined using the PROTPARAM tool [54].

Interface residues were analyzed by PISA [55].

Cloning, overexpression and purification of

protein

The Gene encoding VapB46 (Rv3385c) was amplified from the

H37Rv genome of Mtb using sequence-specific primers with

BamHI and HindIII restriction sites in the forward primer

(50-CGGGATCCATGACGCCGACCGCTTGTGC-30) and

reverse primer (50-CCCAAGCTTTCAACGCTCGTGCT

CACGC-30), respectively. The N-terminal domain of

VapB461–54 (Table 1) was cloned using the same forward pri-

mer and a new reverse primer (50- CCCAAGCTTTCACTG

CGGCAGCGGCGAGAG- 30) with HindIII restriction site.

Genes encoding VapB46 and VapB461–54 were cloned into

pQE30 (Qiagen, Germantown, MD, USA) vector and trans-

formed into SG13009 and M15 E. coli cells, respectively.

These constructs have a 6x-His affinity tag appended to their

N terminus. Escherichia coli cells harboring VapB46 and

VapB461–54 were cultured in 2 L and 4 L LB medium,

respectively, to a D600 of 0.6 at 37 °C and induced with

0.5 mM IPTG for 4 h at 37 °C. For NMR studies, these cells

were cultured in 1 L M9 minimal medium supplemented

with 1 g�L�1 of 15N-labeled ammonium chloride and 2 g�L�1

of 13C-labeled glucose as the sole nitrogen and carbon

source, respectively. Cells were grown to a D600 of ~ 0.8 at

37 °C and induced with 1 mM IPTG for 18 h at 20 °C. The
6x-His-tagged proteins were purified using Ni-NTA affinity

chromatography followed by size exclusion chromatography.

Sample purity was checked in 15% SDS/PAGE and mass

was confirmed by matrix-assisted laser desorption/ionization

time of flight. The concentration of purified protein was esti-

mated using the Bradford assay. Yield of VapB46 from 1 L

LB and 1 L M9 media was 4 mg and 1.2 mg, respectively.

Also, the protein precipitated within a few days. Yield of

VapB461–54 from both 1 L LB and 1 L M9 media was 1 mg.

This protein was stable in solution for 3 weeks.

Electrophoretic mobility shift assay

A 148 bp DNA sequence, which is upstream of the gene

encoding VapB46, was PCR amplified and 50 end labeled

with [c-32P]ATP (BRIT, Hyderabad, India) using T4 polynu-

cleotide kinase. The binding reaction was set with varying

VapB46 concentration, 1 lL of 0.06 lM labeled DNA, 3 lL
of 109 binding buffer (100 mM Tris/HCl pH 8.0, 300 mM

NaCl, 30 mM MgCl2, 1 mM EDTA, 20% glycerol) and 2 lg
of salmon sperm DNA in a total of 30 lL reaction volume.

The mixture was incubated at 4 °C for 1 h and then sepa-

rated on 5% native PAGE. For EMSA with 52 bp, site 1

and site 2 DNA sequences (22 bp each) were first oligo

annealed and then labeled with [c-32P]ATP. The concentra-

tions of labeled 52 bp, site 1 and site 2 DNA sequences used

for the binding reaction were 0.18 lM, 0.03 lM and 0.06 lM,
respectively. The binding reaction was set in a similar man-

ner to that above. For the competition assay, unlabeled

DNA fragment was added to the binding reaction mix and

electrophoresis was carried out. Gels were vacuum dried,

and the bands were visualized by autoradiography.

DNase I footprinting

Protein–DNA complex was formed by incubating 24 and

36 lM VapB46 with 2 lL of [c-32P]ATP-labeled DNA,

0.5 M MgCl2, 0.1 M CaCl2 in 10 lL of 109 binding buffer
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(100 mM Tris/HCl pH 8.0, 300 mM NaCl, 30 mM MgCl2,

1 mM EDTA, 20% glycerol) and 2 lg of salmon sperm

DNA in a total of 100 lL reaction volume. DNase I (0.04

U) was added and the reaction mix was incubated for

3 min at 37 °C. It was stopped with a stop buffer (50 mM

Tris/HCl pH 8.0, 2% SDS, 100 mM EDTA, 0.4 lg�mL�1

proteinase K). The mixture was purified by the phenol–
chloroform method followed by resuspension in loading

buffer (98% formamide, 10 mM EDTA, 0.025% xylene cya-

nol and 0.025 bromophenol blue). Samples were boiled for

10 min at 95 °C, chilled rapidly and separated by gel elec-

trophoresis on 8% sequencing gel (PAGE) and autoradio-

graphed.

Circular dichroism spectroscopy

Both VapB46 and VapB461–54 were prepared in 50 mM

potassium phosphate buffer pH 6.5, 50 mM NaCl and

2 mM DTT at a concentration of 10 and 20 lM, respec-

tively. CD spectra were obtained in Jasco J-815 (Easton,

MD, USA) at a scan rate of 50 nm�min�1 with 0.1 nm data

pitch, using 1 nm bandwidth for two accumulations at

25 °C. Thermal stability analysis was performed by moni-

toring the CD peak at 222 nm with a temperature change

rate of 5 °C�min�1 in the range of 10–95 °C.

Size exclusion chromatography

SEC was performed on a Superdex 75 16/60 column (GE

Healthcare, Chicago, IL, USA) using the AKTA FPLC

system (GE Healthcare) at 4 °C at 1 mL�min�1 flow rate in

50 mM HEPES pH 7.2, 50 mM NaCl and 2 mM DTT. The

molecular masses of the proteins were determined by com-

parison of the elution volume with the calibration curve

plot of elution volume vs logM.

Chemical cross-linking

VapB46 and VapB461–54 were dialyzed in a cross-linking

buffer of 50 mM HEPES pH 7.2, 50 mM NaCl and 2 mM

DTT. Proteins (0.2 mg�mL�1) were mixed with an increas-

ing concentration of glutaraldehyde (0.02–0.1%) in 20 lL
reaction volume at 4 °C for 1 h. Reactions were stopped

by adding SDS loading buffer, and samples were heated at

95 °C for 5 min and run on 15% SDS/PAGE.

Chemical shift assignment of VapB461–54

NMR samples (0.3 mM) were in 50 mM potassium phos-

phate buffer at pH 6.5 containing 50 mM NaCl, 2 mM DTT

and 7% D2O for spin lock. All the NMR experiments were

performed with a Bruker (Billerica, MA, USA) AvanceIII

600 MHz. Data were processed using NMRPIPE and NMR-

DRAW [56] while spectra were analysed using SPARKY [57].

The 1H–15N-HSQC spectrum of VapB461–54 was assigned

by sequential assignment strategy using 3D experiments,

such as HNCACB, CBCA(CO)NH, HN(CA)CO and

HNCO. Secondary structures of VapB461–54 were predicted

based on the chemical shifts of 13Ca, 13Cb, 1Ha, 1HN, 15N

and 13CO using MICS [37]. The 1H, 15N and 13C assigned

chemical shifts of VapB461–54 have been deposited in

BioMagResBank (http://www.bmrb.wisc.edu/) under the

accession number 27580.

Chemical shift perturbation study

Double stranded DNA of 10 bp and 13 bp in length

(Table 1) corresponding to site 1 and site 2, respectively,

was titrated into 15N-labeled VapB461–54 and the interac-

tion was monitored by 1H–15N HSQC experiments. The

molar ratios of site 1 dsDNA to VapB461–54 and site 2

dsDNA to VapB461–54 in both titration experiments were

0, 0.33, 0.67, 1, 2, 3 and 4. Reference 1H–15N HSQC spec-

tra were recorded for VapB461–54 at a concentration of 0.2

and 0.17 mM, respectively, prior to titration with site 1 and

site 2. The final concentration of the protein was 0.14 and

0.12 mM, respectively. The magnitude of chemical shift per-

turbation (Dd) of amide protons of VapB461–54 upon titra-

tion with DNA was calculated using the equation:

Dd ¼ ½ðDdHÞ2þð0:154DdNÞ2�1=2 ð1Þ
where DdH and DdN are 1H and 15N chemical shift changes,

respectively, between the free and bound states of the pro-

tein at each titration point and Dd is the combined chemi-

cal shift change. The dissociation constant (Kd) of the

protein bound to DNA sequences was calculated according

to the equation:

Ddobs¼
Ddmaxfð½P�tþ½L�tþKdÞ � ½ð½P�tþ½L�tþKdÞ2�4½P�

t
½L�t�1=2g

2½P�t
ð2Þ

where Ddobs is the observed shift from the free state, Ddmax

is the maximum shift change upon saturation, [P]t is the

total concentration of protein, [L]t is the total concentra-

tion of DNA and Kd is the dissociation constant.

Model of VapB461–54–DNA complex

A model of the VapB461–54–DNA complex was built using

the structure of Phd antitoxin bound to operator DNA

(PDB code: 4MZ0) [38] as a template. The monomeric

structure of VapB461–54 was modeled based on chemical

shifts using CS-ROSETTA [41]. A VapB461–54 dimeric model

was built by superimposing onto the Phd antitoxin dimer

(PDB code: 4MZ0) used as the template using PYMOL [58].

The nucleotide sequence of the template DNA was mutated

into VapBC46 promoter–operator site 1 using COOT version

0.8.9 [59]. The resultant model was energy minimized to
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remove steric clashes using the YASARA energy minimiza-

tion server [60].
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