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ABSTRACT

Toxin-antitoxin (TA) systems play important roles in
bacterial physiology, such as multidrug tolerance,
biofilm formation, and arrest of cellular growth un-
der stress conditions. To develop novel antimicrobial
agents against tuberculosis, we focused on VapBC
systems, which encompass more than half of TA
systems in Mycobacterium tuberculosis. Here, we
report that the Mycobacterium tuberculosis VapC30
toxin regulates cellular growth through both mag-
nesium and manganese ion-dependent ribonuclease
activity and is inhibited by the cognate VapB30 anti-
toxin. We also determined the 2.7-Å resolution crystal
structure of the M. tuberculosis VapBC30 complex,
which revealed a novel process of inactivation of the
VapC30 toxin via swapped blocking by the VapB30
antitoxin. Our study on M. tuberculosis VapBC30
leads us to design two kinds of VapB30 and VapC30-
based novel peptides which successfully disrupt the
toxin-antitoxin complex and thus activate the ribonu-
clease activity of the VapC30 toxin. Our discovery
herein possibly paves the way to treat tuberculosis
for next generation.

INTRODUCTION

Tuberculosis is a major global health problem. Globally, an
estimated 9.0 million people developed tuberculosis in 2013,
and ∼1.5 million people died from the disease (1). Further-
more, the emergence of multidrug-resistant (MDR) tuber-
culosis (2) and extensively drug-resistant (XDR) tuberculo-
sis (3) is making tuberculosis more life-threatening and diffi-
cult to treat. Strains that are completely resistant to all anti-
tuberculosis drugs have recently emerged (4–6), creating an

urgent need for novel therapeutic targets and antimicrobial
agents with novel mechanisms of action. As part of an ef-
fort to develop innovative antimicrobial agents to combat
tuberculosis, our group focused on a toxin-antitoxin (TA)
system chromosomally encoded by Mycobacterium tuber-
culosis, the causative agent of tuberculosis.

TA loci were first identified in a plasmid of Escherichia
coli and confer stability of maintenance in host bacteria (7).
Loss of TA loci-coding plasmids can result in growth inhi-
bition and eventually lead to cell death because production
of the labile antitoxin is not sufficient to neutralize the sta-
ble toxin under stress conditions. Since the initial discovery
of TA loci in plasmids, TA loci in various bacterial chro-
mosomes have been reported (8), and recent evidence sug-
gests other several important cellular functions of TA sys-
tems such as multidrug tolerance (9–11), biofilm formation
(12), and arrest of cellular growth under stress conditions
(13).

TA systems can be grouped into three major categories
(Types I, II and III) based on the antitoxin function (13).
In Type I systems, an RNA antitoxin binds to the toxin-
coding mRNA and inhibits translation by forming an RNA
duplex. In Type II systems, a protein antitoxin binds to
the protein toxin and neutralizes it by forming a stable TA
protein complex. In Type III systems, an RNA antitoxin
inhibits toxicity by binding to the protein toxin to form
an RNA-protein complex. Type II TA systems have been
studied most extensively. In a Type II system, the toxin
and its cognate antitoxin molecules are encoded by two
small genes and are organized in an operon. Under ap-
propriate growth conditions, the antitoxin binds to its cog-
nate toxin and forms a stable complex to inhibit the toxic
effect (14,15). Under harsh extracellular conditions, such
as elevated temperature or nutritional deprivation, stress-
induced proteases degrade the antitoxin and allow its cog-
nate toxin to be released, which eventually leads to cell
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death (16,17). The most prevalent Type II family is the
VapBC family, which is defined by the presence of a PIN
domain in the toxin component (VapC) (14,18). The PIN
domain, which was named for its sequence similarity to the
N-terminal domain of type IV pili protein, is a small protein
domain (approximately 140 amino acids) containing four
conserved acidic residues (19). Computational analysis first
suggested that the conserved acidic residues in the PIN do-
main comprise an active site and are key functional residues
in ribonuclease activity (20). Several detailed biochemical
and biological studies have recently confirmed that VapC
has ribo- or deoxyribonuclease activities in vitro (21–25).

TA systems have been suggested as attractive targets for
the development of novel antibiotics (26–28) because arti-
ficially inducing prolonged action of the toxin by disrupt-
ing the interaction of the TA complex may lead cells to
the point of no return and eventually to death (26,28,29).
In M. tuberculosis, more than half of the TA systems be-
long to the VapBC family (47 of 88 putative TA systems)
(30), and vapBC loci are tightly associated with virulence
factors and pathogenicity factors (18). The VapBC fam-
ily may therefore contribute to the extreme persistence and
pathogenic success of M. tuberculosis (31). Although ef-
forts to develop antimicrobial drugs based on TA systems
are emerging, antimicrobial peptides based on a structural
rationale remain limited to the toxin structure of Bacillus
anthracis MoxT (32). Structural information on M. tuber-
culosis VapBC family members now includes the VapBC5,
VapBC3 and VapBC15 complexes (33–35), although the de-
tailed aspects of these structures and their functional mech-
anisms remain elusive.

In this work, we demonstrate that the M. tuberculosis
VapC30 toxin regulates cellular growth via ribonuclease ac-
tivity that requires magnesium or manganese ion as a co-
factor and is inhibited by the cognate VapB30 antitoxin.
We also determined the crystal structure of the M. tuber-
culosis VapBC30 complex at 2.7-Å resolution. Despite the
structural similarity of M. tuberculosis VapBC family mem-
bers, we identified distinct structural features of VapBC30
in the crystal structure, such as inactivation of the VapC30
toxin via swapped blocking by the VapB30 antitoxin. Based
on our functional and structural study on M. tuberculo-
sis VapBC30, we designed the novel antimicrobial peptides
which successfully disrupt the toxin-antitoxin complex and
thus activate the ribonuclease activity of the VapC30 toxin.
Our two kinds of novel peptides (VapB30 and VapC30-
based) may suggest a promising lead compound to develop
antimicrobial peptides to treat tuberculosis.

MATERIALS AND METHODS

Cloning, expression, and protein purification

The gene encoding M. tuberculosis (strain H37Rv) VapB30
(rv0623) was amplified using primers VapB30-f/VapB30-r
(Supplementary Table S1) and cloned into the expression
vector pET28a (+) (Novagen) to enable the production of
VapB30 with an N-terminal hexahistidine tag. The gene en-
coding M. tuberculosis VapC30 (rv0624) was amplified us-
ing primers VapC30-f/VapC30-r (Supplementary Table S1)
and cloned into the expression vector pET21a (+) (No-
vagen), resulting in the production of VapC30 with an ad-

ditional methionine residue at the N-terminus. Both recom-
binant plasmids were co-transformed into E. coli Rosetta2
(DE3). Cells were grown at 37◦C in LB medium supple-
mented with ampicillin and kanamycin until the OD600
reached 0.5. Expression was induced by the addition of 0.5
mM isopropyl 1-thio-�-D-galactopyranoside, and the cul-
ture was grown at 37◦C for 4 h. The cells were harvested by
centrifugation at 5,600 g and lysed by sonication in buffer
A (50 mM Tris–HCl at pH 8.0 and 500 mM NaCl) con-
taining 10% (v/v) glycerol and protease inhibitor cocktail
tablets (Roche), then centrifuged to remove cellular debris
at 17,900 g. The supernatant was applied to an affinity chro-
matography column of nickel-nitrilotriacetic acid-agarose
(Novagen) equilibrated in buffer A. The protein was eluted
with buffer A containing 500 mM imidazole, and the eluted
sample was further purified by size-exclusion chromatog-
raphy on a HiLoad 16/60 Superdex 200 prep-grade col-
umn (GE Healthcare). To cleave the hexahistidine tag, 100
units of thrombin from human plasma (Sigma-Aldrich) was
added to 10 mg of purified protein and further incubated
overnight at 20◦C. The thrombin was then removed by pas-
sage over a HiLoad 16/60 Superdex 200 prep-grade col-
umn equilibrated in buffer A. The recombinant VapBC30
complex substituted with selenomethionine (SeMet) was ex-
pressed and purified as described above, except that cells
were grown in M9 cell culture medium containing extra
amino acids, including SeMet. For crystallization, the pu-
rified protein was concentrated to 15 mg/ml using an Ami-
con Ultra-15 centrifugal filter unit (Millipore). Attempts to
obtain soluble M. tuberculosis VapC30 proteins using pET
vectors for in vitro ribonuclease testing were unsuccessful.
Therefore, the gene encoding VapC30 was amplified using
primers VapC30-f/VapC30-r (Supplementary Table S1) and
cloned into the pCOLD1 vector (Takara). Plasmids with the
vapC30 insert were then transformed into E. coli BL21 cells
carrying the plasmid pGro7 (Takara). After inoculating the
cells into LB medium containing ampicillin and chloram-
phenicol, the expression of the GroES and GroEL chaper-
ones was induced by the addition of 0.5 mg/ml L-arabinose.
When the cells grown at 37◦C reached mid-log phase, ex-
pression of the VapC30 protein was induced by the addi-
tion of 0.5 mM isopropyl 1-thio-�-D-galactopyranoside,
and the cells were incubated for an additional 12 h at 15◦C.
The cells were then harvested by centrifugation at 5600 g,
lysed by sonication in buffer A containing 10% (v/v) glyc-
erol and protease inhibitor cocktail tablets (Roche), and
centrifuged to remove cellular debris at 17,900 g. The super-
natant was applied to an affinity chromatography column of
nickel-nitrilotriacetic acid-agarose (Novagen) equilibrated
in buffer A. The protein was eluted with buffer A containing
500 mM imidazole, and the eluted sample was further puri-
fied by size-exclusion chromatography on a HiLoad 16/60
Superdex 200 prep-grade column (GE Healthcare), equili-
brated with buffer A.

Crystallization and X-ray data collection

Crystals of SeMet-labeled and native M. tuberculosis
VapBC30 were grown by the sitting-drop vapor diffusion
method at 20◦C. Each sitting drop was prepared by mixing
equal volumes (0.5 �l each) of the protein solution and the
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reservoir solution. The best crystals of SeMet-labeled M.
tuberculosis VapBC30 were obtained using a reservoir so-
lution of 0.2 M sodium acetate, 0.1 M sodium citrate pH
5.5, and 5% (w/v) PEG4000. The best crystals of native
M. tuberculosis VapBC30 were obtained using a reservoir
solution of 0.1 M sodium citrate tribasic dihydrate pH 5.6
and 1.0 M ammonium phosphate monobasic. The crystals
of SeMet-labeled and native M. tuberculosis VapBC30 were
transferred to a cryoprotectant solution containing 20%
(v/v) glycerol in the reservoir solution. X-ray diffraction
data for SeMet-labeled and native crystals were collected at
100 K using an ADSC Quantum 315r CCD detector system
(Area Detector Systems Corporation, Poway, California) at
the BL-5C experimental station of the Pohang Light Source,
Korea. For each image, the crystal was rotated by 1◦, and the
raw data were processed and scaled using the program suite
HKL2000 (36). The crystals of SeMet-labeled M. tubercu-
losis VapBC30 belong to space group P3121 with unit cell
dimensions of a = 96.31 Å, b = 96.31 Å and c = 233.03
Å. The crystals of native M. tuberculosis VapBC30 com-
plex also belong to space group P3121 with unit cell dimen-
sions of a = 96.38 Å, b = 96.38 Å and c = 232.79 Å. Four
VapBC30 heterodimers are present per asymmetric unit in
both SeMet-labeled and native M. tuberculosis VapBC30,
giving Matthews parameters of 3.33 and 3.34 Å3 Da−1 and
solvent contents of 63.14% and 63.15% using the calculated
masses of 9140 Da for VapB30 (residues 1–84) and 14 250
Da for VapC30 (residues 1–131), respectively. Supplemen-
tary Table S2 summarizes the data collection statistics.

Structure determination and refinement

Phase calculation and density modification were conducted
using Autosol of PHENIX (37). Subsequent manual model
building was conducted using the program Coot (38), and
the model was refined using Refmac5 (39) and PHENIX
(37), including the bulk solvent correction. Five percent of
the data were randomly set aside as the test data for the
calculation of Rfree (40). Water molecules were added us-
ing the program Coot and were manually inspected. All re-
fined models were evaluated using MolProbity (41). A to-
tal of 92.49% and 93.99% of the residues in the models
from SeMet-labeled and native crystals, respectively, lie in
favored regions of the Ramachandran plot with no out-
liers. The overall geometry of the two final models ranked
in the 98th and 99th percentiles, with MolProbity scores of
2.00 and 1.70, respectively. The 100th percentile is the best
among structures of comparable resolution. Superpositions
and calculations of structural deviations were performed
using the secondary structure matching (SSM) function in
Coot (38). Solvent-accessible surface areas were calculated
using PISA (42). The refined model was visualized and
drawn using PyMOL (43). Sequence alignments were per-
formed using ClustalX 2.0 (44) and visualized using ES-
Pript 3.0 (45). Electrostatic surface potentials were calcu-
lated using the CHARMM force field implemented in the
server-based version of PDB2PQR (46). The resulting PQR
file was used to calculate and display the electrostatic sur-
face potential using the APBS method (47) implemented in
PyMOL (43). The crystallographic and refinement statistics
are summarized in Supplementary Table S2.

Size exclusion chromatography coupled with multi-angle light
scattering

Size exclusion chromatography was performed on a BioSep
SEC-s3000 size-exclusion column (Phenomenex) using a
1260 infinity HPLC system (Agilent Technologies) and
multi-angle light scattering (MALS) was measured in line
using a miniDAWN-TREOS instrument with an emission
at 657.4 nm (Wyatt Technology). Scattering data were an-
alyzed with the ASTRA 6.0.1.10 software (Wyatt Technol-
ogy). VapBC30 samples (loading concentrations of 40 �M)
were run in 50 mM Tris (pH 8.0), 500 mM NaCl, at room
temperature.

Cell growth curve measurement

For growth curve measurement of the VapBC30 complex,
the operon encoding both M. tuberculosis (strain H37Rv)
VapB30 (rv0623) and VapC30 (rv0624) was amplified us-
ing primers VapBC30-f/VapBC30-r (Supplementary Table
S1) and cloned into pCOLD1 vector (Takara). The re-
sulting pCOLD1-VapBC30 plasmids were transformed into
E.coli BL21 cells carrying plasmid Gro7 (Takara). For the
growth curve measurement of VapC30, E. coli BL21 cells
carrying plasmid pGro7 were transformed with pCOLD1-
His6-VapC30 plasmids. E. coli cells inoculated from single
colonies on freshly streaked plates were grown overnight
and diluted 20-fold into pre-warmed M9 minimal medium
containing 0.1% glucose. After dilution, expression of the
chaperones GroES and GroEL were induced by the addi-
tion of 0.5 mg/ml L-arabinose and incubated at 37◦C. When
O.D600 reached 0.5 (hour 0), VapC30 or VapBC30 expres-
sion was induced by the addition of 0.5 mM isopropyl 1-
thio-�-D-galactopyranoside. The cells were then incubated
at 15◦C, and OD600 was measured every 60 min up to 6 h.

In vitro ribonuclease assay

We have closely followed the method described by Sisido
et al. (48) to synthesize M. tuberculosis H37Rv tRNAfMet.
The DNA fragments containing the entire tRNAfMET gene
were amplified by PCR using primers tRNAfMET T7-f/
tRNAfMET T7-r (Supplementary Table S1) to enable the in-
corporation of a T7 RNA polymerase promoter sequence
upstream. The RNA sequence containing M. tuberculosis
tRNAfMet was then transcribed from the template DNA
containing the entire M. tuberculosis tRNAfMet gene us-
ing MEGAshotpscript T7 transcription kit (Ambion), fol-
lowing the manufacturer’s protocol. The size and purity of
the M. tuberculosis tRNAfMET transcript was analyzed by
denaturing 15% acrylamide gel electrophoresis containing
8 M urea. To remove residual template DNA, 2 units of
TURBO DNase (Ambion) were added and incubated at
37◦C for 60 minutes. The M. tuberculosis tRNAfMET was
then purified using the MEGAclear kit (Ambion), following
the manufacturer’s protocol. M. tuberculosis VapC30 pro-
tein was mixed with tRNAfMet and incubated at 37◦C for
60 min. Digested RNA fragments were analyzed by dena-
turing 15% acrylamide gel electrophoresis containing 8 M
urea. Ribonuclease activity was also measured by fluores-
cence quenching assay using an RNase Alert kit (IDT). In
this assay system, a fluorophore is covalently linked to one
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end of a synthetic RNA strand and quenched by a quencher
group at the other end. When ribonuclease is added to the
synthetic RNA containing a fluorophore-quencher pair, di-
gestion of the RNA results in the separation of fluorophore
and quencher, causing an elevation of fluorescence at 520
nm upon excitation at 490 nm by a fluorometer. The result-
ing fluorescence (RFU) was monitored on a SPECTRAmax
GEMINI XS spectrofluorometer.

RESULTS AND DISCUSSION

Structure determination of the M. tuberculosis VapBC30
complex

We initially attempted to determine the M. tuberculosis
VapBC30 complex structure using molecular replacement
with the TA complexes of M. tuberculosis VapBC3 and
VapBC5 as search models, but the structure determination
was not successful. Therefore, a set of SAD data from a crys-
tal of the SeMet-substituted M. tuberculosis VapBC30 com-
plex was used to solve the phase problem at 2.85-Å resolu-
tion and to refine the model of crystal form I (Supplemen-
tary Table S2). The structure of crystal form II was solved by
the molecular replacement method employing the refined
model of the crystal form I as a probe. The M. tuberculosis
VapBC30 complex exhibits subtle but distinct structural dif-
ferences from other VapBC complex structures. These dif-
ferences as well as the low levels of sequence identity may
explain why molecular replacement trials with monomer or
dimer models of VapBC3 and VapBC5 as search models
failed.

The native M. tuberculosis VapBC30 complex diffracted
to 2.70-Å resolution and was refined to Rwork/Rfree values of
0.207/0.244. Structural dissimilarities were observed when
the model from the SeMet-labeled crystal (crystal form I)
and the model from the native crystal (crystal form II)
were compared, as described in detail below (Supplemen-
tary Figure S1). Therefore, we built and refined both crystal
models. The SeMet-labeled M. tuberculosis VapBC30 com-
plex also diffracted to 2.70-Å resolution and was refined to
Rwork/Rfree values of 0.245/0.281.

For both crystal forms I and II, four VapC30 toxins
(chains A, C, E, and G) and four VapB30 antitoxins (chains
B, D, F and H) were present in each crystallographic asym-
metric unit (Supplementary Figure S2A). For the model of
crystal form I, 623 amino acid residues in four VapC30 tox-
ins (residues 1–131 for chains A, E and G; residues 1–129 for
chain C), four VapB30 antitoxins (residues 47–79 for chain
B; residues 48–79 for chain D; residues 50–73 for chain F;
residues 51–74 for chain H) and 55 water molecules were
included in the crystallographic asymmetric unit. For the
model of crystal form II, 648 amino acid residues in four
VapC30 toxins (residues 1–131 for chains A, B, C and D),
four VapB30 antitoxins (residues 47–76 for chains B, D,
F and H) and 103 water molecules were included in the
crystallographic asymmetric unit. The electron density is
clearly visible for nearly all residues of the four VapC30 tox-
ins in crystal form II (residues 1–131 for chains A, E and
G; residues 1–129 for chain C), whereas the electron den-
sity of residues Gly89 to Arg92 was not visible in crystal
form I, suggesting that these residues are disordered. For
VapB30, we were unable to build the residues Met1–Val46

and residues Tyr77–Ala84 because of ambiguous or miss-
ing electron density in crystal form II. In crystal form I, the
electron density of the residues Met1–Val46 was also ab-
sent; however, additional residues (Tyr77–Glu79) in chains
B and H were visible in the electron density map.

Two heterotetramers of the M. tuberculosis VapBC30
complex are present in each crystallographic asymmet-
ric unit of crystal forms I and II (Supplementary Fig-
ure S2A). The heterotetramer is formed by two VapBC30
heterodimer complexes via a large VapC30-VapC30 inter-
face related by pseudo-2-fold symmetry (Figure 1A). Al-
though there was ambiguous or missing electron density in
VapB30, we confirmed the presence of nearly full residues of
VapB30 (theoretical molecular weight of 9551.9 Da) using
matrix-associated laser desorption ionization-time of flight
(MALDI-TOF) mass spectrometry (Supplementary Figure
S2B). The apparent molecular weight of the complex de-
termined by size exclusion chromatography coupled with
multi-angle light scattering (SEC-MALS) is 92.9 ± 0.6 kDa,
which corresponds well to the theoretical molecular weight
of a heterooctamer model of the VapBC30 complex (93.2
kDa) (Supplementary Figure S2C). Taken together, these
observations suggest that the M. tuberculosis VapBC30 ex-
ists as a heterooctamer in solution.

Overall architecture of the M. tuberculosis VapC30 toxin

M. tuberculosis VapC30 toxin features the PIN-domain mo-
tif; it contains a canonical �/�/� sandwich fold comprising
four parallel �-strands in the order �4-�1-�2-�3, flanked
on both sides by six �-helices (Figure 1B and C). The over-
all arrangement of the secondary structural elements of M.
tuberculosis VapC30 is identical in crystal forms I and II.
The eight M. tuberculosis VapC30 molecules in the asym-
metric units of crystal forms I and II are highly similar to
each other, with r.m.s. deviations of 0.4–0.5 Å for 118–127
C� atoms. A structural similarity search of VapC30 against
other protein structures using the DALI server (49) revealed
homology with other PIN domain-containing proteins, de-
spite a high level of variations in amino acid sequences (Fig-
ures 1E and 2). The closest structural homologues were (i)
toxin VapC from Shigella flexneri (50) [PDB code 3TND
(chains A, C, E and G), with root mean square (r.m.s.) de-
viations of 2.5–2.6 Å for 106 equivalent C� positions, Z-
scores of 15.6–15.9, and sequence identity of 13%]; (ii) toxin
VapC from Rickettsia felis (51) [PDB code 3ZVK (chains
A, B, C and D); r.m.s. deviations of 2.5–2.7 Å for 102–
105 equivalent C� positions, Z-scores of 15.2–15.6, and se-
quence identity of 11%]; (iii) toxin VapC15 from M. tuber-
culosis (35) [PDB code 4CHG (chains A, B, C, D, E and
F); r.m.s. deviations of 2.1–2.4 Å for 100–105 equivalent C�
positions, Z-scores of 14.4–14.6, and sequence identity of
18%]; (iv) toxin VapC3 from Pyrobaculum aerophilum (52)
[PDB code 2FE1 (chain A); r.m.s. deviations of 2.5 Å for
107 equivalent C� positions, Z-scores of 13.7, and sequence
identity of 20%] and (v) toxin FitB from Neisseria gonor-
rhoeae (53) [PDB codes 2H1C (chain A) and 2BSQ (chains
A, B, C, and D); r.m.s. deviations of 2.8–3.0 Å for 105–
108 equivalent C� positions, Z-scores of 12.7–13.2, and se-
quence identities of 13–15%].
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Figure 1. Overall structure of the Mycobacterium tuberculosis VapBC30 complex. (A) Ribbon representation of the VapBC30 heterotetramer of crystal
form I, which is nearly identical to the VapBC30 heterotetramer of crystal form II. The models of the VapC30 toxin are colored in orange (chain A) and
yellow (chain C), respectively. The models of the VapB30 antitoxin are colored in blue (chain B) and purple (chain D), respectively. The disordered regions
(Gly89–Arg92) of the loop connecting �5 and �6 are depicted as dotted lines. The pseudo-2-fold axis is indicated as a black oval. (B) Stereo view of the
M. tuberculosis VapBC30 heterodimer formed by chains A (orange) and B (blue) of crystal form I. The �–helices and �–strands of the VapC30 fold are
labeled as �1 to �6 and �1 to �4, respectively. An � helix and a 310 helix of the VapB30 fold are labeled as �1 and �1, respectively. The disordered regions
(Gly89–Arg92) of the loop connecting �5 and �6 are depicted as dotted lines. (C) A topology diagram of the VapBC30 complex. VapC30 and VapB30 are
colored in orange and blue, respectively. The helices and strands are indicated by cylinders and arrows, respectively. (D) The electrostatic surface potential
of VapC30 (chain A of crystal form I) is plotted at ±3 kT/e and shown with the ribbon representation of VapB30 (chain B of crystal form I, colored in blue).
The active site cavity is indicated by black dotted circle. The electrostatic surface potential was calculated without Mg2+ ion (Please see Supplementary
Figure S4A for the electrostatic surface potential calculated with Mg2+ ion). (E) Structures of homologs of M. tuberculosis VapBC30 [Shigella flexneri
VapBC (PDB code 3TND); Rickettsia felis VapBC2 (PDB code 3ZVK); M. tuberculosis VapBC15; Neisseria gonorrhoeae FitAB (PDB code 2FE1)]. All
structures are drawn in nearly the same orientation as in (B). The models of toxins and antitoxins are colored in orange and blue, respectively.

While the overall architecture of M. tuberculosis VapC30
is similar to those of previously reported PIN domain-
containing VapC family members, discrete structural dis-
similarities between M. tuberculosis VapC30 and PIN
domain-containing proteins were identified. First, the C-
terminal residues (residues 115–131) of M. tuberculosis
VapC30 do not form any secondary structure, whereas the
corresponding residues of VapC family members typically
form an �-helix followed by one �-strand, designated as �7
and �5, respectively (Supplementary Figure S3A). The C-
terminal region of VapC30 covers one side of the active site,
which is encompassed by �1, �3 and the loop (residues 87–
96) between the �5 and �6 helices. Despite distinct struc-
tural differences in the C-terminal region of VapC30, one
(Asp119) of the conserved key residues is located in the C-
terminal region, which may play an important role in cat-

alytic activity by constituting the active site and coordinat-
ing with a metal ion (14,18). In addition, the loop (residues
87–96) between the �5 and �6 helices of VapC30 differs
significantly from previously reported VapC family mem-
bers (Supplementary Figure S3B). Interestingly, positively
charged residues (Lys88, Arg90, His91 and Arg92) are po-
sitioned in the loop between the �5 and �6 helices. The pos-
itively charged residues and Mg2+ ions comprise positively
charged groove which is expected to interact with RNA
molecules, similar to the shallow groove in the VapBC3
complex from M. tuberculosis (34) (Supplementary Figure
S4A). The entire loop region is visible in crystal form II and
has relatively high B-factors (Supplementary Figures S1A
and S4B), while the positively charged regions (residues 89–
92) are disordered in crystal form I. The loop is located in
the vicinity of the entrance to the active site pocket and is
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Figure 2. Sequence alignment of PIN-domain family proteins S. flexneri VapC, R. felis VapC2, M. tuberculosis VapC15, Pyrobaculum aerophilum VapC3
and N. gonorrhoeae FitB. Strictly conserved residues and highly conserved residues are indicated by red and yellow colored boxes, respectively. The conserved
acidic residues discussed in the text are marked with red asterisks. The residues involved in the binding of proximal and distal antitoxins are marked with
green triangles and cyan circles, respectively.

involved in the hydrogen bonding network at the active site,
as discussed below.

As described above, VapBC30 complexes exist as a het-
erooctamer both in solution and in crystals, which con-
tain two tightly bound VapC30 homodimers. The inter-
face areas of the VapC30 dimers of crystal forms I and
II are 1100–1140 Å2 per monomer and formed by 29
residues on each monomer, representing strong interac-
tions. The interactions in the VapC30 dimers of crystal
forms I and II are nearly identical. The major contribu-
tion to the dimer formation is made by the residues on
the �3, �4, �5 and �6 helices (Figure 3A and B). The
dimer interfaces of chains A and C (or chains E and G)
are formed by both hydrogen bonding networks and hy-
drophobic interactions. Among these interactions, Arg80
and Arg84 on �5 of chain A (or chain E) highly stabilize the

VapC30 homodimer by forming multiple salt bridges with
Glu46 (on �3’) and Asp58 (on �4’) of chain C (or chain G)
within the dimeric interface (Figure 3B and C). The other
hydrophilic interactions are contributed by Thr35, Ala36,
Tyr38, Gly54, Val71, Asp77 and Tyr97 of the four chains
(chains A, C, E and G) (Figure 3B and C). In the ho-
modimeric interface, the hydrophobic interactions are me-
diated by thirteen amino acids from each monomer (Fig-
ure 3B and C): Ala36/Tyr38/Leu39/Leu43 on �3, Leu68
on �3, Ala70/Val71 on the loop connecting �3 and �3,
Ala73/Ala76/Ala79/Tyr83 on �5 and Tyr97/Phe101 on
�6. Interestingly, Tyr97 and Phe101 of chain A (or E) inter-
act with additional residues on the neighboring chain C (or
G) by fitting into a hydrophobic surface cavity that covers
Ala36/Leu39/Leu43/Tyr97/Phe101 (Supplementary Fig-
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Figure 3. Detailed structures of the homodimeric interface of M. tuberculosis VapC30. (A) The homodimeric interface of VapC30 is indicated by a blue
dotted rectangle. Each active site of VapC30 is indicated by pink dotted circles. The key residues in the active site are colored in red and also depicted in the
figure. The detailed interface of the VapC30 homodimer is shown in Figure 3(B). (B) Details of the homodimeric interface of the VapC30 toxin between
chains A and C. Upper: the residues involved in hydrophilic interactions at the homodimeric interface. Hydrogen bonds and salt bridges are shown as black
dotted lines. Lower: the residues involved in hydrophobic interactions at the homodimeric interface. Residues participating in hydrophobic interactions
are also shown in stick models and presented in the same orientation as in the upper panel. (C) Schematic diagrams of the hydrophilic interactions (upper)
and hydrophobic interactions (lower) contributed by residues in the homodimeric interface of VapC30.

ure S5). This observation indicates that Tyr97 and Phe101
may play a key role in stable homodimer formation.

Distinct structural features of the M. tuberculosis VapB30
antitoxin

When we superimposed eight VapB30 monomers in the
asymmetric units of the crystal forms I and II (Supple-
mentary Figure S1B), characteristic structural features were
identified. While the N-terminal regions (residues 47–51 to
70 in crystal form I; residues 47–70 in crystal form II) of
the eight antitoxin models in crystal forms I and II have
nearly identical structures comprising an �-helix and a loop,
the C-terminal regions (residues 71 to 73–81 in crystal form
I; residues 71–76 in crystal form II) of the antitoxin mod-
els revealed a variety of conformations, as described below.
In the N-terminal region of both crystal forms I and II,
all of the VapB30 monomers adopt �-helix conformations
(residues 49–62) that exhibit minor structural differences
with r.m.s. deviations of 0.2–0.3 Å for 14 C� atoms (Sup-
plementary Figure S1B). Notable differences were observed
in the C-terminal regions of crystal forms I and II. In crys-
tal form I, two helices (310 and �-helix) are only observed at
residues Ala73–Leu75 in chain B and Ala71–Leu75 in chain
D, respectively. The corresponding residues in the other six
chains adopt random-coil conformations (chains F and H
of crystal form I and chains B, D, F, and H of crystal form
II) (Supplementary Figure S1B). While chains B and D of
crystal form I are nearly identical, the other six chains ex-
hibit different conformations, with r.m.s. deviations of 3.5–
7.2 Å. In crystal form I, electron density corresponding to
the C-terminal regions of the antitoxin is apparent, which
allowed us to build additional residues (Tyr77–Glu79) in
chains B and D. These residues are positioned in the active

site of the distal VapC30 toxin, as discussed in detail below.
The electron density of the corresponding residues in the
other chains was not observed.

Although a structural similarity search of M. tubercu-
losis VapB30 with the DALI server (49) was unsuccessful,
structural similarities among antitoxin molecules were ob-
served among TA complexes when we superimposed the
structure of M. tuberculosis VapB30 on those of four an-
titoxin molecules from other VapBC complexes. As shown
in Figure 1E, the N-terminal �-helix of the M. tuberculosis
VapB30 (residues 49–62) and corresponding regions of the
other VapB family proteins are well matched to each other
and also interact with their equivalent toxin molecules in
identical positions. These molecules are (i) antitoxin VapB
from S. flexneri [PDB code 3TND (chain D), r.m.s. devia-
tion of 2.6 Å for 20 equivalent C� positions] (50); (ii) an-
titoxin VapB from R. felis [PDB code 3ZVK (chains E, F,
G and H), r.m.s. deviation of 0.5–1.2 Å for 13–14 equiva-
lent C� positions] (51); (iii) antitoxin VapB15 from M. tu-
berculosis [PDB code 4CHG (chains G, H, I and J), r.m.s.
deviations of 0.6–1.9 Å for 8–13 equivalent C� positions]
(35); and (iv) antitoxin FitA from N. gonorrhoeae [PDB
code 2H1C (chain B); r.m.s. deviations of 1.1–1.35 Å for 18–
21 equivalent C� positions] (53). With the exception of the
N-terminal �-helix, the overall structure of M. tuberculosis
VapB30 is distinct from those of other VapB family proteins
(Figure 1E). The unique structural features of VapB30 and
VapC30 and the interactions between them may be useful
in designing effective antibiotic peptides or small molecules
and may accelerate a rational approach to developing effec-
tive antibiotics specific for M. tuberculosis.
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The active site structure of M. tuberculosis VapC30 toxin

TA systems containing PIN domains in the toxin compo-
nents are classified as VapBC TA family members (14,18).
PIN-domain proteins typically possess nuclease activity.
The PIN-domain proteins were expected to be metallo-
dependent RNases based on initial bioinformatics analysis
(20) and were confirmed to have nuclease activities with var-
ious substrate specificities, as discussed below.

The active site of M. tuberculosis VapC30 is well matched
to the active sites of VapC family members, despite low se-
quence identities (11–20%) among the VapC family mem-
bers (Figure 2). The active sites of each VapC30 monomer
are in close proximity and positioned in a concave sur-
face of the VapC30 homodimeric interface. (Figure 3A and
Supplementary Figure S4A). The active site of VapC30 is
formed by the loop between �1 and �1, �3, �6 and the C-
terminal loop (Figure 4A). Characteristic key residues es-
sential for ribonuclease activity are present in the active site
of VapC30, as observed for other PIN domain-containing
proteins. The key residues are three strictly conserved acidic
residues (Asp4, Glu40 and Asp99) and a fourth less well
conserved acidic residue (Asp119) (Figure 2). They are po-
sitioned in a possible metal binding site that is nearly identi-
cal to equivalent residues in other VapC toxins (Figure 4B).
To identify possible metal ions that might have been co-
purified and co-crystallized with VapBC30 complex, dis-
solved crystals were analyzed by inductively coupled plasma
mass spectrometry (ICP-MS) and found to contain ∼1.6
�M magnesium ion in ∼4.0 �M VapBC30 complex. Also,
VapC30 showed ribonuclease activity independent of the
magnesium ion concentration, when EDTA was not treated
before the assay (Supplementary Figure S6). Taken to-
gether, we concluded that the major species bound in the ac-
tive site of VapC30 are Mg2+ ions (Mg1). The key residues
and Mg1 form extensive hydrogen bonding networks that
may help to maintain structural rigidity or stabilize ioniza-
tion states to modulate the turnover rate and control the
local charge balance during the reactions. The hydrogen
bonding network includes hydrophilic interaction clusters
of Mg1/Asp4/Ser6/Ser102, Mg1/Glu40 and Mg1/Lys88
(only in crystal form II)/Asn96/Asp99/Asp119 (Fig-
ure 4A). The loop between �5 and �6 displays two different
structures as shown in Supplementary Figure S1A, despite
the high structural similarity of the active sites in crystal
forms I and II. The entire region of the loop (residues 87–96)
between �5 and �6 is visible in crystal form II, while the pos-
itively charged portion (residues 89–92) of the loop is disor-
dered in crystal form I. This result indicates that the differ-
ent orientations of Asn96 in crystal form I may arise from
the flexibility of the loop and affect the active site confor-
mation. Asn96 interacts with Asp99 and Asp119 in chains
A and G, while the side chain of Asn96 in chains C and E
exhibits a different orientation and does not interact with
those residues (Supplementary Figure S7). In addition, the
C-terminal loop (residues 115–131) does not form any sec-
ondary structure in the crystal and is located close to the
active site, in contrast to the other VapC toxins described
above.

More importantly, a magnesium ion (Mg1) in the hy-
drogen bonding network interacts with the key residues

Asp4, Glu40 and Asp99 and superimposes well with one
manganese metal ion of Methanococcus jannaschii FEN-1
(Figure 4B). To understand the structural and functional
implications of Mg1 ion, we superimposed M. tubercu-
losis VapC30 with Flap endonuclease-1(FEN-1) from M.
jannaschii (PDB code 1A76), VapC3 from M. tuberculo-
sis (PDB code 3H87), and VapC15 from M. tuberculosis
(PDB code 4CHG), which feature two or one metal ions
in each active site (34,35,54) (Figure 4B). The structures of
FEN-1 from M. jannaschii, VapC3 from M. tuberculosis,
and VapC15 from M. tuberculosis exhibit similarities with
the structure of M. tuberculosis VapC30, including the over-
all architecture of the active site, with r.m.s. deviations of
3.3–3.4 Å for 76–77 equivalent C� positions (for M. jan-
naschii FEN-1), 2.0 Å for 91 equivalent C� positions (for
M. tuberculosis VapC3), and 2.1–2.4 Å for 100–105 equiva-
lent C� positions (for M. tuberculosis VapC15). These struc-
tures include metal ions in the active sites that are important
for their catalytic functions. A previous mutational study
of the Mn2+ coordinating residues in M. jannaschii FEN-1
suggested that one metal ion (MnA; corresponding to Mg1
of M. tuberculosis VapC30) can accommodate phosphate
hydrolysis, while the other ion (MnB) stabilizes the inter-
actions between the protein and nucleic acids. Mg1 of M.
tuberculosis VapC30 likely corresponds to MnA of M. jan-
naschii FEN-1 and may play a role in nucleophilic attack
during the reaction. Consistent with this analysis, our ri-
bonuclease experiments revealed that the ribonuclease ac-
tivity was increased significantly upon the addition of both
Mg2+ and Mn2+ ions, as described below. A possible metal
ion corresponding to MnB was not observed in M. tuber-
culosis VapC30 due to the structural dissimilarity of the
equivalent secondary structures. M. tuberculosis VapC30
may have a two-metal-ion mechanism similar to that pre-
viously suggested (54).

M. tuberculosis VapC30 toxin inhibits cellular growth
through both Mg2+ and Mn2+-dependent ribonuclease activ-
ity

Most PIN domain-containing proteins, including VapC
toxins, recognize specific substrates and exhibit ribonucle-
ase activities. PAE2754 from P. aerophilum and VapC4 from
M. tuberculosis both exhibit weak nuclease activities for
single-stranded DNA and bacteriophage MS2 RNA, re-
spectively, while FitB (the PIN domain toxin from the fast
intracellular trafficking locus) from Neisseria gonorrhoeae
has no nuclease activity (21,53,55). VapC from Haemophilus
influenzae and the VapBC5 complex from M. tuberculosis
exhibit ribonuclease activities for total RNA and double-
stranded RNA as substrates, respectively (23,33). A more
recent study of VapC toxins from S. flexneri and Salmonella
typhimurium revealed specific cleavage of tRNAfMet at a sin-
gle site between the stem and loop of its anticodon (25). In
this work, we have identified M. tuberculosis VapC30 as a
ribonuclease that regulates cellular growth and exhibits dis-
tinct features in its mode of action and metal dependency,
despite common characteristics with the VapC toxins from
S. flexneri and S. typhimurium.

To determine whether the expression of VapC30 causes
growth arrest or cell death, we performed an expression test
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Figure 4. Detailed active site structures of M. tuberculosis VapC30 and homologs. (A) Close-up view of the M. tuberculosis VapC30 active site (chain A of
crystal form II). The bound Mg2+ (Mg1) is shown as a red sphere, and the loop (residues 87–96) connecting �5 and �6 is colored in pink. The positively
charged region of the loop (residues 89–92) is disordered in crystal form I. The key residues engaged in the hydrogen bonding network are also shown in the
stick models. (B) Superposition of key conserved residues of M. tuberculosis VapC30 (yellow carbons) with M. jannaschii FEN-1 (pink), M. tuberculosis
VapC3 (cyan), and M. tuberculosis VapC15 (grey). The Mn2+ ions (from M. jannaschii FEN-1 and M. tuberculosis VapC15) and Mg2+ ions (from M.
tuberculosis VapC3 and VapC15) are represented as purple and blue spheres, respectively. Mg1 is represented as a red sphere with its difference electron
density map (mFo-Fc; contoured at 1�).

of VapC30 under the control of an isopropyl 1-thio-�-D-
galactopyranoside-inducible promoter in E. coli. As shown
in Figure 5A, E. coli cells expressing VapC30 did not grow
when the media was supplemented with isopropyl 1-thio-�-
D-galactopyranoside. When we co-expressed VapC30 with
VapB30, cells expressing both VapC30 and VapB30 grew
at the same rate as control cells, confirming that VapB30
neutralizes the inhibitory effect of VapC30 on E. coli cell
growth.

To identify the ribonuclease activity and metal depen-
dency of VapC30, we performed a fluorescence quenching
assay in vitro. PIN domain-containing VapC family mem-
bers use divalent metal ions such as Mg2+ and Mn2+ for en-
zymatic catalysis. For M. tuberculosis VapC30, the cleavage
of RNA molecules increased significantly upon the addition
of Mg2+ or Mn2+ ions (Figure 5B and C). To determine
the optimal concentrations of Mg2+ and Mn2+ ions, we
have added varying amounts of Mg2+ or Mn2+ ions (1 �M,
10 �M, 100 �M, 1 mM and 10 mM) to VapC30 proteins
(10 �M) and performed fluorescence quenching assay (Fig-
ure 5B and C). Possible bound metal ions were removed be-
fore the assay by adding 10 mM EDTA to protein solutions,
followed by dialysis against 20 mM Tris-HCl buffer contain-
ing 500 mM NaCl, pH8. The cleavage of RNA molecules
significantly increased upon the addition of Mg2+ or Mn2+

ions. Also, it was observed that addition of 1 mM Mg2+ of-
fered the highest fluorescence compared to addition of 1
�M, 10 �M, 100 �M and 10 mM of Mg2+ (Figure 5B).
The optimal concentration of Mn2+ was determined to be
100 �M (Figure 5C). This result indicates an important role
of Mg2+ and Mn2+ ions in enzymatic catalysis. The Mg2+

and Mn2+ dependency of M. tuberculosis VapC30 is consis-
tent with crystal structures of VapC15 from M. tuberculo-
sis (35), which revealed the presence of both metal ions in
their active sites. The ribonuclease activity of the M. tuber-
culosis VapBC30 complex was significantly lower than the
VapC30 toxin. However, we did not observe complete in-
hibition of the ribonuclease activity of the VapBC30 com-
plex. This partial inhibition is likely due to the presence of

detergent in the assay buffer, which may sequester the TA
complex, as reported previously (33).

M. tuberculosis VapC30 did not exhibit a nuclease activity
against DNA molecules, including the vapC30 gene region.
However, M. tuberculosis VapC30 cleaved M. tuberculosis
tRNAfMet, as reported for S. flexneri and S. typhimurium
(25) (Figure 5D). However, M. tuberculosis VapC30 exhibits
a slightly different mode for the cleavage of tRNAfMet sub-
strate. The M. tuberculosis tRNAfMet molecules were to-
tally degraded by increasing the amount of M. tuberculosis
VapC30, and small fragmented tRNAfMet was not observed.
For S. flexneri and S. typhimurium, VapC degraded E.
coli tRNAfMet and produced small fragmented tRNAfMet.
The experimental result also indicates that M. tuberculosis
VapC30 is an endoribonuclease similar to S. flexneri VapC
and S. typhimurium VapC.

Structural insights into the novel inactivation of the VapC30
toxin via swapped blocking by the VapB30 antitoxin

VapB antitoxin blocks the enzymatic function of the cog-
nate VapC toxin by forming the VapBC toxin-antitoxin
complex. The inactivation of VapC proteins occurs via the
unique structural mechanism of complex formation be-
tween the toxin and antitoxin. For example, a single Rick-
ettsia felis VapB2 binds to a VapC2 homodimer and inter-
rupts the access of substrate molecules to each active site of
the VapC2 homodimer (51). In M. tuberculosis VapBC3 and
VapBC5, a single antitoxin binds tightly to its single cog-
nate toxin and directly blocks the active sites of both VapC3
and VapC5 (33,34). In contrast, our structure of M. tuber-
culosis VapBC30 reveals a novel inactivation of VapC30 via
swapped blocking by VapB30, as described below. In addi-
tion, the VapB30 structures in crystal forms I and II reveal
multiple conformations of the C-terminal regions, suggest-
ing a possible mechanism for the inactivation of VapC30 by
VapB30.

The interface areas per monomer between VapB30 and
VapC30 are calculated to be 800–1100 Å2 for crystal form
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Figure 5. M. tuberculosis VapC30 regulates cellular growth through both Mg2+ and Mn2+-dependent ribonuclease activity. (A) Expression of the VapC30
or VapBC30 complex was induced at hour 0, and cell growth was monitored by measuring the optical density at 600 nm (OD600). Red curves indicate cells
expressing the VapC30, and the blue curves indicate cells co-expressing the VapC30 and VapB30. The green curves indicate cells carrying empty pCOLD1
vector and pGro7 plasmids. The data (OD600) represent the average of experiments performed in triplicate, with standard deviations indicated by error
bars. (B and C) Fluorescence quenching assay. In this assay system, fluorescence increases when the substrate RNA is cleaved. For the assay, 10 �M VapC30
(or VapBC30), 0.5 M NaCl, 20 mM Tris-HCl buffer at pH 8.0, 40 units of RiboLockTM RNase inhibitor (Thermo Scientific), and various concentrations
of (B) MgCl2 or (C) MnCl2 were included in a 50 �l reaction volume and incubated at 37◦C. For the assay, possible bound metal ions were removed before
the assay (see main text for details). Control contained 10 mM MgCl2 (or 10 mM MnCl2), 0.5 M NaCl, 50 mM Tris-HCl buffer pH 8.0, and 40 units
of RiboLockTM (Thermo scientific) RNase inhibitor. Each experiment was performed in triplicate. (D) M. tuberculosis tRNAfMET (1 �M) was used to
analyze the ribonuclease activity of VapC30 (2, 4, and 6 �M, respectively). For the assay, 0.5 M NaCl, 20 mM Tris-HCl buffer at pH 8.0, and 40 units
of RiboLockTM RNase inhibitor (Thermo Scientific) and 1 mM MgCl2 were included in a 10 �l reaction volume and incubated at 37◦C for 60 minutes.
Digested RNA fragments were analyzed by denaturing 15% acrylamide gel electrophoresis in the presence of 8 M urea.

I (or 930–1070 Å2 for crystal form II), indicating that
VapBC30 is a stable complex. The interactions between
VapB30 and VapC30 are formed entirely through the com-
plex and can be classified into two regions according to
the interacting regions in VapB30: (i) N-terminal regions
(residues 49–69) comprising an �-helix (residues 49–62) and
a loop and (ii) C-terminal regions (residues 71–81 in chains
B and D, residues 71–73 and 71–74 in chains F and H, re-
spectively, of crystal form I; residues 71–76 in chains B, D,
F and H of crystal form II). In the N-terminal region, the
interactions between VapB30 and VapC30 are highly con-
served in the eight monomers in crystal forms I and II. The
residues contributing to hydrophobic interactions in the N-
terminal region of VapB30 are Leu53/Ile56/Leu63/Val65/Va
l66/Ile74/Leu75, which interact with Leu12/Val25/Leu43/
Val44/Ala47/Phe49/Gly50/Pro52/Leu59/Trp60 in VapC30.
The residues involved in hydrophilic interactions in the N-
terminal region of VapB30 are Leu49/Arg50/Glu52/Arg57/
Arg59/Val66/Asp67 and interact with Asp14/Glu22/Arg48/
Glu56/Arg63 in VapC30 (Figure 6A and B). Interactions
mediated by Leu49 or Arg50 of VapB30 are observed only
in crystal form II, and the interaction contributed by Glu52
is observed only in chain B of crystal form I. Among the
residues contributing to interactions between VapB30 and
VapC30, Arg57 in VapB30 exhibits strong interactions with
both Asp14 and Glu22 in VapC30.

While the N-terminal region of VapB30 is structurally
conserved in other VapB family members, the structure of
the C-terminal region of VapB30 is clearly distinct from
those of other VapB family members, as discussed above.
The C-terminal residues exhibit large deviations ranging
from 3.2 to 9.4 Å between equivalent C� atoms when

VapB30 is compared with other homologs. The residue with
the greatest deviation is Gly76, with an r.m.s. deviation
of 9.4 Å between equivalent C� atoms. Surprisingly, our
VapBC30 complex structures revealed that the C-terminal
region of the VapB30 antitoxin interacts with residues of
the distal VapC30 toxin. The C-terminal regions of VapB30
may interrupt enzymatic catalysis of the distal toxin via a
swapped inactivation process (Figure 6A, C and D). The
interactions between the C-terminal regions of antitoxin
VapB30 (chains B and D) and its distal toxin VapC30 are
shown in the Figure 6C and D. When the interactions of
VapB30 (chain D) and VapC30 (chain A) (Figure 6C) with
VapB30 (chain B) and VapC30 (chain C) (Figure 6D) were
compared, some conformational differences were revealed.
In chain A of VapC30, Asn96 engages in intramolecular hy-
drogen bonding with active site residues Asp99 and Asp119
(Figure 6C). However, in chain C of VapC30, Asn96 is hy-
drogen bonded to the main chain carbonyl oxygens of both
Leu75 and Gly76 of VapB30 (chain B). These interactions
reorient the side chain of Asn96 of VapC30 by a distance of
2.8 Å, pushing Asn96 away from the key active site residues
of Asp99 and Asp119 (Figure 6D). This conformational
change may orient the key active site residues in a cat-
alytically unfavorable position. In addition, a few but dis-
tinct hydrophobic interactions were observed between two
VapB30 antitoxins (chains B and D). The interactions are
contributed by both Leu75 and Tyr77 in chains B and D of
two VapB30 monomers and may strengthen the inactivation
of VapC30 toxins through the cooperative actions of two
VapB30 antitoxins. The C-terminal regions of VapB30 anti-
toxins in the other chains have fewer interactions with their
distal VapC30 toxins (Supplementary Figure S8). However,
interactions between VapB30 and its distal VapC30, medi-
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Figure 6. Interactions between M. tuberculosis VapC30 and VapB30. (A) Overview of the heterotetrameric complex shown in surface representations. The
pink dotted rectangles indicate the views shown in (B), (C) and (D). (B) The interface between VapC30 and its proximal VapB30 is shown for hydrophilic
interactions (left) and hydrophobic interactions (right). Residues participating in hydrophilic interactions (left) are shown in the stick models, and hydrogen
bonds and salt bridges are shown as black dotted lines. Residues participating in hydrophobic interactions (right) are shown in the stick models. VapC30
and VapB30 are colored as in Figure 1. (C and D) Recognition and inhibition of VapC30 chain A by its distal VapB30 chain D (C) and VapC30 chain C
by its distal VapB30 chain B (D). Residues participating in hydrophilic interactions are shown in the stick models, and hydrogen bonds are shown as black
dotted lines.

ated by VapC30 Tyr83 and VapB30 Ala73 (or Ile74), are
observed in seven of the eight chains of crystal forms I and
II, indicating an important role of VapC30 Tyr83.

As we have described above, a role of the Mg2+ ion
in the enzymatic catalysis of VapC30 is also suggested by
the crystal structure of VapC30. The locations of Mg1
molecules in our crystal structure and interacting residues
are in good agreement with those in other reported struc-
tures (34,35,54). Interestingly, no Mg1 molecule is observed
in chains E and G of VapC30 (crystal form I) or in chain G
of VapC30 (crystal form II). Among these three chains, the
entire region of the loop between �5 and �6 is only visible in
chain G of VapC30 (crystal form II). The clear electron den-
sity map of the loop can be explained by a loss of flexibility,
which may be affected by the closely positioned VapB30. By
contrast, the four loops between �5 and �6 are disordered
in crystal form II. This flexibility of the loop may not allow
interaction with Asp119 on the C-terminal loop. Moreover,
only chain G of VapC30 (crystal form II) exhibits an inter-
molecular interaction between Tyr83 and Lys88. The con-
formation of the active site in chain G of VapC30 (crystal
form II) may explain the absence of Mg1 and resulting in-

activation of VapC30. Our two crystal forms (crystal forms
I and II) may explain how VapB30 stabilizes the loop be-
tween �5 and �6 and affects the catalytic activity of VapC30
by disrupting metal binding.

Disruption of VapB30-VapC30 interaction via designed pep-
tides

The crystal structure of VapBC30 shows that the het-
erodimeric interface of the VapBC30 complex is mainly
composed of three structural components; �1-helix of
VapB30 (residues 49–62), �2-helix of VapC30 (residues 17–
27), and �4-helix of VapC30 (residues 52–65) (Figure 6B).
Any potential disruptor of the toxin-antitoxin interactions
should be designed to block the interface between toxin
protein and antitoxin protein, without affecting the toxic-
ity of toxin protein. We therefore designed peptides either
to mimic the �1-helix of VapB30, competing with VapB30
for interaction with VapC30, or to mimic the �2 and �4-
helices of VapC30, competing with VapC30 for interaction
with VapB30. Three designed peptides are 8-residue pep-
tide I (Glu-Leu-Ala-Ala-Ile-Arg-His-Arg), 17-residue pep-
tide II (Asp-Glu-Pro-Asp-Ala-Glu-Arg-Phe-Glu-Ala-Ala-
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Figure 7. Fluorescence quenching assays with 10 �M VapC30 (or
VapBC30 complex) and various concentrations of the peptides [10 �M
(blue), 25 �M (orange), and 100 �M (red)]. VapBC30 complex and the
peptides were incubated at 37◦C for 60 min before measuring the fluores-
cence. Fluorescence (RFU) obtained with the 10 �M VapC30 was taken
as 100% and fluorescence (RFU) obtained with the 10 �M VapBC30 com-
plex was taken as 0%. For the assay, 0.5 M NaCl, 20 mM Tris–HCl buffer
at pH 8.0, 1 mM MgCl2, and 40 units of RiboLockTM RNase inhibitor
(Thermo Scientific) were included in a 50 �l reaction volume. Error bars
represent the standard deviation of three replicate reactions.

Val-Glu-Ala-Asp-His-Ile), and 9-residue peptide III (Arg-
Phe-Gly-Glu-Pro-Gly-Gly-Arg-Glu). Peptide I mimics the
�1-helical region of VapB30 (residues 52–59), which con-
tains five (Glu52, Leu53, Arg57, Arg59 and Ile56) of eight
residues engaged in interactions with VapC30. Peptide II
mimics the �2-helical region of VapC30 (residues 14–30),
which contains four (Asp14, Glu22, Val25 and Glu26)
of 17 residues engaged in interactions with VapB30. Pep-
tide III mimics the �4-helical region of VapC30 (residues
48–56), which contains five (Arg48, Glu56, Phe49, Gly50
and Pro52) of nine residues engaged in interactions with
VapB30.

To investigate the ability to disrupt the VapB30-VapC30
interaction, in vitro, the three peptides were mixed with
VapBC30 complex, and the subsequent ribonuclease activ-
ities were measured (Figure 7 and Supplementary Figure
S9). Compared with the VapBC complex, all three pep-
tides were proven its capability of disrupting the toxin-
antitoxin interaction to some extent in a concentration de-
pendent manner (10–100 �M). Interestingly, peptides II
and III, which mimic the VapC30, were shown to dis-
rupt the VapBC30 complex more effectively than peptide
I, which mimics the VapB30. Although the previously re-
ported peptides modulated the toxin-antitoxin interaction
by mimicking the structure of antitoxin (32,56), our re-
sults indicate that mimicking the toxin structure could
be a more effective strategy to design an antimicrobial
peptide targeting the toxin-antitoxin interactions. Of the
two peptides which mimic the VapC30, peptide III (9-
residue peptide containing five residues engaged in inter-
actions with VapB30) was shown to disrupt the VapBC30
complex more effectively than peptide II (17-residue pep-
tide containing four residues engaged in interactions with
VapB30). The peptide III may allow increased binding as
the shorter peptides need a smaller configurational entropic
cost to overcome (57). In addition, the hydrophobic in-
teractions (Phe49/Gly50/Pro52 in VapC30 interact with
Leu63/Val65/Val66 in VapB30) observed between the �4
of VapC30 and the C-terminal region of VapB30 may con-

tribute to the specific inter-molecular interactions between
peptide III and VapB30.

CONCLUSION

M. tuberculosis is the causative agent of tuberculosis and
contains an unusually high number of VapBC systems (30).
The VapBC system, which is implicated in dormant state
formation (31), virulence (58), and stress response (59), is
an interesting target for the rational design of an antimi-
crobial peptide against tuberculosis (26). Via biochemical
analysis, we confirmed that M. tuberculosis VapC30 is an
Mg2+ and Mn2+ dependent ribonuclease that inhibits cellu-
lar growth. Although the crystal structures of VapC from
P. aerophilum (52) and VapBC complex from M. tubercu-
losis (35) revealed the presence of manganese ions in their
active sites, previous in vitro studies of VapC from various
organisms have indicated a dependence of VapC ribonucle-
ase activity on Mg2+ ions (25,33,35,60,61). We also deter-
mined the crystal structure of the M. tuberculosis VapBC30
complex at 2.7-Å resolution. The crystal structure reveals
a novel inactivation of VapC30 via swapped blocking by
VapB30. Finally, based on structural and functional stud-
ies of the M. tuberculosis VapBC30 complex, we designed
the peptides to disrupt the toxin-antitoxin interactions. Our
designed peptides mimic the helical regions of the VapB30
or VapC30 in the heterodimer interface of the VapBC30
complex, and they were capable of disrupting the interac-
tions between VapBC30 complex in vitro. Our approach de-
scribed here may form a foundation for the design of an-
timicrobial peptides targeting toxin-antitoxin systems, and
the designed peptides may prove to be viable candidates in
the development of anti-tuberculosis drugs.
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