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The bacterial toxin-antitoxin MazEF system in the tuberculo-
sis (TB)-causing bacterium Mycobacterium tuberculosis is acti-
vated under unfavorable conditions, including starvation, anti-
biotic exposure, and oxidative stress. This system contains the
ribonucleolytic enzyme MazF and has emerged as a promising
drug target for TB treatments targeting the latent stage of
M. tuberculosis infection and reportedly mediates a cell death
process via a peptide called extracellular death factor (EDF).
Although it is well established that the increase in EDF-medi-
ated toxicity of MazF drives a cell-killing phenomenon, the
molecular details are poorly understood. Moreover, the diver-
gence in sequences among reported EDFs suggests that each
bacterial species has a unique EDF. To address these open ques-
tions, we report here the structures of MazF4 and MazEF4 com-
plexes from M. tuberculosis, representing the first MazEF struc-
tures from this organism. We found that MazF4 possesses
a negatively charged MazE4-binding pocket in contrast to
the positively charged MazE-binding pockets in homologous
MazEF complex structures from other bacteria. Moreover,
using NMR spectroscopy and biochemical assays, we unraveled
the molecular interactions of MazF4 with its RNA substrate and
with a new EDF homolog originating from M. tuberculosis. The
EDF homolog discovered here possesses a positively charged
residue at the C terminus, making this EDF distinct from previ-
ously reported EDFs. Overall, our results suggest that M. tubercu-
losis evolved a unique MazF and EDF and that the distinctive EDF
sequence could serve as a starting point for designing new anti-
tuberculosis drugs. We therefore conclude that this study might
contribute to the development of a new line of anti-tuberculosis
agents.

Approximately one-third of the world’s population is
infected with tuberculosis (TB),2 which is the second most
common cause of death from infectious disease after HIV (1).
Notably, only 5–15% of the infected population develops clini-
cal manifestations of active TB disease (2), whereas the remain-
ing infected population manifests the latent tuberculosis
infection (LTBI), which is typified by the slow-growing and/or
non-replicating state of Mycobacterium tuberculosis in host
cells (3). In this state, the pathogen is less susceptible to the host
immune system and conventional anti-tuberculosis agents that
target the biologically active M. tuberculosis (4). For this reason,
it is necessary to develop drugs that specifically target proteins
involved in LTBI. The toxin-antitoxin (TA) system is a prom-
ising drug target for TB treatments, as it can induce LTBI that is
characterized by growth arrest and bacterial persistence (5).
The TA system is activated under unfavorable conditions such
as starvation, antibiotic treatments, high temperatures, DNA
damage, and oxidative stress (6 – 8). Currently, TA systems are
classified into 6 types, mainly based on how antitoxins neutral-
ize the activities of the toxins (9). Among these TA systems, the
type II TA system is the most common system in bacteria and
archaea, especially in M. tuberculosis (10). In this system, the
protein toxin is inhibited by binding of the protein antitoxin.
Under normal conditions, the stable toxin is suppressed by
its cognate labile antitoxin. However, stress conditions induce
degradation of the antitoxin, and the liberated toxin subse-
quently exhibits its ribonucleolytic activity (11–13). Generally,
type II TA systems are further categorized into subfamilies such
as ccd, parDE, mazEF, yafNO, higAB, kid/kis, RelBE, and vapBC
(14 –17). M. tuberculosis possesses abundant type II TA sys-
tems, pertaining to the following families: vapBC, mazEF,
yefM/yoeB, higBA, relBE, and parDE (10). At least seven MazF
homologs have been identified in M. tuberculosis (18), and four
MazF homologs have been confirmed to exhibit an endoribo-
nuclease activity (19, 20). Unlike other type II toxins, MazF
toxin recognizes and cleaves a specific sequence of intracellular
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RNAs in a ribosome-independent manner (21). Due to its
sequence specificity, MazF suppresses translation to a lesser
degree than non-sequence-specific toxins and triggers a quasi-
dormant state, during which cells are non-dividing but still are
capable of protein synthesis (22). Recent studies have revealed
that MazF is also involved in extracellular death factor (EDF)-
mediated quorum sensing (23, 24). E. coli EDF is a linear pen-
tapeptide (NNWNN) that is generated upon ribosome stalling
by activated MazF (25). The peptide is generated upon cleavage
of glucose-6-phosphate 1-dehydrogenase (Glc-6PD) mRNA by
Escherichia coli MazF, which specifically cleaves ACA sites
located 30 codons behind the EDF-encoding region (25). E. coli
EDF reportedly elevates the ribonuclease activity of E. coli
MazF (24), but the interaction mode is not well understood.
The EDF concentration increases in a high population density,
and in this situation, MazF could kill bacteria rather than
induce a quasi-dormant state (24). An alignment of the E. coli
G6PD gene (zwf) and M. tuberculosis G6PD 1 gene (zwf1)
displays an overall high sequence similarity including the
sequence of the E. coli EDF-encoding region. Similar to E. coli
G6PD mRNA, M. tuberculosis G6PD 1 mRNA contains a codon
for a pentapeptide sequence (ELWDR) and a MazF4-specific
sequence (UCGUG) (19) that is 32 codons behind the ELWDR-
encoding region. Because the nascent ribosome peptide exit
tunnel can harbor up to 40 amino acids, these arrangements
allow the localization of the peptide inside the tunnel when the
ribosome is stalled at the truncation site (25). The peptide
sequence of the M. tuberculosis EDF homolog largely differs
from the peptide sequence of the E. coli EDF, notably at the fifth
position. However, the central Trp residue, which is essential
for enhancement of E. coli MazF activity (26), is conserved.
Considering that LTBI is attributed not only to dormancy in an
individual bacterium but also to group-wide regulation, inves-
tigations into the relationships between MazF and EDF would
provide a molecular basis for the development of new anti-
tuberculosis drugs that disrupt LTBI.

In this study, we present the crystal structures of M. tubercu-
losis (strain H37Rv) MazF4 alone and in complex with its cog-
nate antitoxin MazE4. Although several M. tuberculosis
MazF structures were recently revealed such as M. tubercu-
losis MazF3 (PDB code 5UCT) (27), MazF6 substrates (PDB
code 5HKC, 5HK0, and 5HK3), MazF7 (PDB code 5WYG)
(28), and MazF9 substrate (PDB code 5HJZ), the complex
structure of MazEF from M. tuberculosis is first reported
here. In addition, we mapped the interaction site of the
MazF4 toxin with an RNA substrate and a new EDF homolog
derived from M. tuberculosis using NMR spectroscopy. This
study is the first experimental report on the interaction of
MazF with EDF. Together with the structural studies, we
biochemically demonstrate that the EDF homolog increases
the endoribonuclease activity of M. tuberculosis MazF4 and
that it prevents MazE4-mediated neutralization of MazF4.
Our results could expand our understanding of the structure
and biochemistry of the mazEF system in relationship to
EDF, possibly providing a new strategy for the development
of anti-tuberculosis agents.

Results

Overall architecture of the M. tuberculosis MazEF4 complex

The MazEF4 complex consists of a dimer of two heterotrim-
ers composed of two MazF4 molecules and one MazE4 mole-
cule (Fig. 1A). The hydrogen bonds that take part in MazE4 and
MazF4 heterotrimer formation are clustered on helices �1 and
�1 and strands �3 and �6 (�4 for chains B and D) of MazF4. The
counterpart residues on MazE4 are clustered on helices �2 and
�3 (Fig. 2A, left panel). Residues on loops between strands �1
and �2 (S1–S2 loop) and between strands �3 and �4 (S3–S4
loop) of MazF4 are also involved in MazEF4 heterotrimer for-
mation via hydrophobic interactions (Fig. 2A, right panel). The
assembly of MazE4 and MazF4 in the M. tuberculosis MazEF4
complex is highly similar to the assembly of MazE and MazF in
the Bacillus subtilis MazEF complex (PDB code 4ME7) (29),
which is one of only two MazEF complex structures published
to date (Fig. 1B). The other available MazEF complex structure
is the E. coli MazEF complex (PDB code 1UB4) (30) in which
MazE interacts with MazF via its long C-terminal loop instead
of the helix �3 (Fig. 1B) observed in the MazE antitoxins from
M. tuberculosis and B. subtilis. Although the overall E. coli
MazE structure is completely different from M. tuberculosis
and B. subtilis MazEs, His68 of E. coli MazE superimposes well
with Tyr61 of B. subtilis MazE and Tyr76 of M. tuberculosis
MazE, which are essential for MazEF interaction. All MazEF
structures form a heterohexamer in a molar ratio of 4 MazFs:2
MazEs.

Structure of the M. tuberculosis MazF4 toxin in the MazEF4
complex

A �-barrel-like structure composed of six anti-parallel �
strands, which is flanked by three helices defines the global
structure of M. tuberculosis MazF4 in MazEF4 complex. Two
MazF4 monomers interact with each other through hydrogen
bonds and close hydrophobic contacts, mainly formed by resi-
dues placed on strands �3, �6 (�4 for chains B and D) and helix
�2 (Fig. 2B). The homodimer formation buries �1,510 A°2 of
solvent-accessible surface area.

Structure of the M. tuberculosis MazE4 antitoxin in the
MazEF4 complex

The model built for the M. tuberculosis MazE4 antitoxin
consists of three � helices (Fig. 1C, right panel), showing an
obvious electron density for residues Met19–Ala99 among a
total of 100 residues. Close hydrophobic contacts between two
MazE4 N termini allow MazE4 homodimer formation burying
�2,390 A°2 of solvent-accessible surface area. Overall, the
MazE4 structure is highly similar to the MazE structure in the
B. subtilis MazEF complex (PDB code 4ME7), which shows a
ribbon-helix-helix (RHH) motif at the N terminus. However,
strand �1 of the RHH motif is absent in the crystal structure of
MazE4 due to a poor electron density for the corresponding
residues at the N terminus. The RHH motif is not shown in the
crystal structure for MazE in the E. coli MazEF complex (PDB
code 1UB4), but it forms an intertwined barrel structure that
is also a typical DNA-binding fold. The invisible N-terminal
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region of MazE4 is believed to form a � strand as part of the
RHH motif.

Structural comparison between homologous MazFs

The architecture of M. tuberculosis MazF4 is defined as a
�-barrel-like structure formed by seven anti-parallel � strands
flanked by three helices (Fig. 1C, left panel). Homodimer for-
mation is mainly driven by the hydrogen bonds, ionic interac-
tions, and hydrophobic interactions that occur between strand
�6, helix �1, and helix �2, burying �1,835 Å2 of solvent-acces-
sible surface area (Fig. 2C). A homolog search using the DALI
server (31) found several M. tuberculosis MazF4 homologs,
which are the PemK-like, MazF-like toxins. The closest struc-
tural homologs are (i) MazF from B. subtilis (PDB code 4MDX
(chains A and B); r.m.s. deviation of 1.2 Å for 101 equivalent C�
positions, Z-scores of 17.4 –17.5, and sequence identity of 26%)
(29), (ii) MazF6 from M. tuberculosis (PDB code 5HK3 (chains
A and B); r.m.s. deviations of 1.3–1.5 Å for 97 equivalent C�
positions, Z-scores of 15.8 –17.0, and sequence identity of 30%),
(iii) MazF from Staphylococcus aureus (PDB code 4MZT

(chains A and B); r.m.s. deviation of 1.5 Å for 100 equivalent C�
positions, Z-score of 16.9, and sequence identity of 29%) (32),
and (iv) MoxT from Bacillus anthracis (PDB code 4HKE
(chains A and B); r.m.s. deviations of 1.5–1.6 Å for 100 equiva-
lent C� positions, Z-scores of 16.6 –16.7, and sequence identity
of 27%) (33). Although M. tuberculosis MazF4 shows high
Z-scores with its structural homologs, it has a remarkably
shorter S1–S2 loop than that of its homologs (Figs. 3, A and B)
with the exception of M. tuberculosis MazF3 structure (PDB
code 5UCT) (27). The less stringent sequence specificity of
MazF4 (19) is believed to result from the shorter S1–S2 loop,
which is proposed by Hoffer et al. (27) as the loop is not long
enough to reach the downstream of the RNA substrate where
it is significant for sequence specificity of MazF (34). Inter-
estingly, one of the major MazE-binding pockets (the area
named as Site 1 in former studies (33)) of MazF4 is negatively
charged, which is opposite to that of structural homologs
(Fig. 4, A and B) also with the exception of the M. tuberculo-
sis MazF3 structure (PDB code 5UCT). As the MazF4
residues on Site 1 are highly negatively charged (Figs. 4A and

Figure 1. Overall structure of M. tuberculosis MazF4 and MazF4 in complex with MazE4. A, the structure of the M. tuberculosis MazEF4 heterohexamer. The
models of the MazF4 toxin are shown as pale orange (chains A and C) and pale cyan (chains B and D), respectively. The models of the MazE4 antitoxin are shown
as light pink. The disordered regions (Thr44 to Arg47) of the loop connecting �3 and �4 are depicted as dotted lines. B, structural comparison of the M. tuberculosis
MazEF4 heterohexamer with other MazEF complexes (B. subtilis MazEF (PDB code 4ME7); E. coli MazEF (PDB code 1UB4)). The models of the MazF toxin
and MazE antitoxin are colored blue and pale pink, respectively. C, schematic presentation of the M. tuberculosis MazF4 monomer (pale green) and M. tubercu-
losis MazE4 monomer (light pink) in the MazEF4 complex. The �-helices, �-strands, and a 310 helix of the MazF4-fold are labeled �1 to �2, �1 to �7, and �1,
respectively. The disordered regions of the loops are depicted as dotted lines. The �-helices of the MazE4-fold are labeled �1 to �3. D, the structure of the
M. tuberculosis MazF4 homodimer. The models of the MazF4 toxin are shown as pale green (chain A) and pale yellow (chain B). The disordered regions (Gly15 to
Gly17) of the loop connecting �1 and �2 are depicted as dotted lines.
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5), their counterpart MazE4 residues are mainly positively
charged.

Structural changes in M. tuberculosis MazF4 upon binding to
MazE4 reveal the mode of MazF4 neutralization

The overall-fold of M. tuberculosis MazF4 upon MazE4
binding remains at large. However, the structural comparison
between MazE4-bound MazF4 and MazE4-free MazF4 shows
noticeable differences on the S1–S2 loop, S3–S4 loop, and
dimerization interface. The S1–S2 loop, which shows no clear
electron density map for MazE4-free MazF4, is believed to be
flexible (Fig. 1C, left panel). In contrast, the electron density for
the S1–S2 loop is visible in the MazEF4 complex. The S1–S2
loop of each MazF4 monomer forms hydrophobic contacts

with MazE4 helix �3 (Ala86 and Ala99, respectively). These
interactions induce S1–S2 loop closure and mask the entrance
that leads into a hydrophobic pocket, where the active site is
located (Figs. 2A, right panel, 3B, and supplemental Fig. S1). In
contrast to the disordered-to-ordered transition of the S1–S2
loop upon binding to MazE4, the S3–S4 loop of two MazF4
monomers (chains B and D) becomes flexible (Figs. 1A and
supplemental Fig. S1). Although, the S3–S4 loop of the other
two monomers (chains A and C) still shows a clear electron
density map, it moves toward helix �2 of MazE4. These inter-
actions are mainly attributed to hydrophobic interactions
among residues Ile48, Pro49, and Trp51 of MazF4 and helix �2 of
MazE4 along with the salt bridges formed between Arg46 of
MazF4 and Asp72 of MazE4 (Fig. 2A). Apart from residues

Figure 2. Detailed structure of the interfaces in the MazF4 homodimer and MazEF4 heterohexamer. A, interactions between the MazF4 dimer and MazE4
in the MazEF4 complex (left, hydrophilic interaction; right, hydrophobic interaction). The residues involved in the hydrophilic interaction are shown as a stick
representation. Hydrogen bonds and salt bridges are shown as black dotted lines. See also supplemental Fig. S1. B, interactions between two MazF4 monomers
constituting the MazEF4 complex (left, hydrophilic interaction; right, hydrophobic interaction). C, interactions involved in M. tuberculosis MazF4 homodimer
formation (left, hydrophilic interaction; right, hydrophobic interaction).
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placed on the S1–S2 and S3–S4 loops, residues comprising the
toxin dimerization interface undergo changes as two toxin mol-
ecules rotate about their symmetric axis. The residues on
strand �6 (Asn68, Ile69, and Thr71) are no longer involved in
dimer formation, but a hydrogen bond is formed between Asn26

(chain A) and Thr98 (chain B) after MazE4 binding. This rear-
rangement increases the angle between two MazF4 monomers.
However, the toxin dimerization interface does not directly
interact with RNA. In addition to conformational changes, sev-
eral hydrogen bonds are formed between MazE4 and residues
on helix �2 and S5–S6 loop of MazF4 upon binding to MazE4.
Structural equivalents of residues located on these 4 major
MazE4-binding sites (S1–S2 loop, S3–S4 loop, helix �2, and
S5–S6 loop) in the structures of the B. subtilis MazF–RNA
complex (PDB code 4MDX) (29), S. aureus MazF–RNA com-
plex (PDB code 5DLO), M. tuberculosis MazF6 –RNA complex
(PDB code 5HK0), and M. tuberculosis MazF9 –RNA complex
(PDB code 5HJZ) are involved in RNA substrate binding. This is
consistent with our NMR titration result against uncleavable
RNA (Fig. 6, A–C).

Catalytic core of MazF4

Superposition with the structures of B. subtilis MazF in com-
plex with RNA (PDB code 4MDX) (29), E. coli MazF in complex
with a substrate analog (PDB code 5CR2) (34), and S. aureus
MazF in complex with a substrate analog (PDB code 5DLO)
strongly suggests that two residues (Lys19 and Thr42) in
M. tuberculosis MazF4 are involved in RNA catalysis (Fig. 3B).
The recently deposited crystal structures of M. tuberculosis
MazF9 –RNA complex (PDB code 5HJZ) and M. tuberculosis
MazF6 –RNA complex (PDB code 5HK0) also show the resi-
dues that take part in RNA binding are similarly positioned.
Additionally, the sequence alignment result shows that the two
residues (Lys19 and Thr42) of M. tuberculosis MazF4 are well
conserved in the structural homologs (Fig. 3A). In our NMR
titration result against an uncleavable RNA substrate (5�-AUA-
(dU)CGCUAUG-3�), Lys19 shows a significant intensity reduc-
tion (Fig. 6, A and B) and Thr42 shows moderate chemical shift
perturbations (CSP, Fig. 6, A and B). Moreover, two mutants
(MazF4 K19A and MazF4 T42A) show a reduction in the ribo-
nuclease activity compared with the wild-type thus, Lys19 and

Figure 3. Sequence alignment and structural comparison of the MazF homologs. A, sequence alignment of M. tuberculosis MazF4, B. subtilis MazF,
M. tuberculosis MazF6, S. aureus MazF, and B. anthracis MoxT. Highly conserved residues are indicated by boxes, and strictly conserved residues are highlighted
using a red background in the boxes. The putative catalytic residues discussed in the text are marked with light blue dots. The secondary structural elements of
M. tuberculosis MazF4 are presented above the sequence, where the helices and strands are indicated by cylinders and arrows, respectively. B, superposition of
M. tuberculosis MazF4 (PDB code 5XE2; pale green), B. subtilis MazF-RNA (PDB code 4MDX; light purple), E. coli MazF-ssDNA (PDB code 5CR2; gray), and S. aureus
MazF-RNA (PDB code 5DLO; pink). Residues involved in RNA recognition are drawn as sticks, and RNA molecules are similarly colored, but in a darker tone, to
their corresponding proteins. The close-up view of the overlaid active sites is boxed.
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Thr42 are believed to be the critical residues in catalysis (Fig.
7A). It is quite clearly stated by Zorzini et al. (34) that E. coli
MazF Arg29 residue (the equivalent of Lys19 in M. tuberculosis

MazF4) acts as general acid/base during charge-relay, whereas
E. coli MazF Thr52 (the equivalent of Thr42 in M. tuberculosis
MazF4) serves as a charge stabilizer along with Thr53 (the
equivalent of Thr43 in M. tuberculosis MazF4). The contribu-
tion of the Thr53 as a charge stabilizer in E. coli MazF is sup-
ported by the fact that Thr53 is within hydrogen bonding dis-
tance to a non-bridging oxygen of the phosphate of DNA analog
in E. coli MazF–substrate analog complex structure (PDB code
5CR2). Thus, we assume that Thr43 and/or Thr44 of M. tuber-
culosis MazF4 may also compensate the role of Thr42 in T42A
mutant. This explains why T42A mutant shows only a little
decrease in ribonuclease activity, whereas K19A shows a sig-
nificant ribonuclease activity reduction. The NMR titration
result also revealed other residues involved in RNA recogni-
tion (Fig. 6, A and B). The residues showing CSP and/or peak
intensity reductions are located on the deep crevice between
two MazF4 molecules and a cleft between the S1–S2 loop
and S3–S4 loop (Fig. 6C). Leu60 and Glu70 are the residues,
which display the largest CSP in our study. Leu60 is the struc-
tural equivalent of Phe69 in B. subtilis MazF, which interacts
with RNA via hydrophobic and van der Waal interactions.

Figure 4. The comparison of electrostatic surface potential with a homolog. A, upper, the electrostatic surface potential of the M. tuberculosis MazF4 dimer
constituting the MazEF4 complex with ribbon representation of MazE4 (magenta). Lower, the electrostatic surface potential of M. tuberculosis MazE4 C terminus
constituting MazEF4 complex with ribbon representations of MazE4 (magenta) and MazF4 dimer (cornflower blue). B, upper, the electrostatic surface potential
of the B. subtilis MazF dimer constituting the MazEF complex with ribbon representation of MazE4 (magenta). Lower, the electrostatic surface potential of
B. subtilis MazE C terminus constituting the MazEF complex with ribbon representations of MazE (magenta) and MazF dimers (cornflower blue) (PDB code 4ME7).
The charged MazE-binding pockets (Site 1) and charged MazF-binding patches are marked.

Figure 5. The relative location of RNA substrate, EDF, and MazE4-binding
area presented on the MazF4 surface. Electrostatic surface of the MazF4 with
the MazE4 C-terminal � helix (magenta), the RNA-binding pocket (red dotted cir-
cle), and EDF-binding pocket (blue dotted circle) marked. The RNA-binding pocket
is positively charged in contrast to the negatively charged EDF-binding pocket.
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Glu70 is located on �6, which corresponds to the �5–�6 loop,
the major RNA recognition site in B. subtilis MazF in com-
plex with the RNA structure (PDB code 4MDX) (29). This

also agrees well with the trajectory of the RNA substrate in
the crystal structures of the MazF homolog–RNA complexes
(Fig. 3B).

Figure 6. M. tuberculosis MazF4 residues involved in RNA recognition. A, overlaid [1H,15N]-HSQC titration spectra of 0.1 mM
15N-labeled MazF4 titrated with

uncleavable RNA. Examples of peaks that exhibit large chemical shift changes following RNA titration are boxed and enlarged. The peak corresponding to Thr42

is circled. The arrows in the diagram indicate the direction of the chemical shift. Lys19 is indicated by an arrow. B, examples of peaks that exhibit chemical shift
changes and intensity losses following RNA titration. Chemical shift changes of residues in MazF4 produced by RNA binding are plotted. Thr42 is indicated by
an arrow. B, upper, the ratio of the cross-peak intensities of residues in MazF4 produced by RNA binding is plotted against the residue number. Lys19 is indicated
by an arrow. B, lower, the ratio of the peak intensities was normalized to the ratio of the peak intensity of Asn27. The secondary structural elements of MazF4 are
shown above the plot, where the helices and strands are indicated by cylinders and arrows, respectively. C, the chemical shift changes and reductions in the
signal intensities produced by RNA titration were mapped onto the crystal structure of the MazF4 homodimer. The residues that showed the largest chemical
shift changes are indicated in red, and the residues that showed moderate chemical shift changes are indicated in sky blue (C, upper). The residues that showed
reductions in their signal intensities are indicated in purple (C, lower). Only one set of affected residues is colored for clarity.

Figure 7. The in vitro ribonuclease assay of M. tuberculosis MazF4. In vitro ribonuclease assays were performed as described under “Experimental proce-
dures.” Different amounts of the EDF homolog (0 –25 �M) were added to the reactions. Fluorometric assays were performed in triplicate. A, ribonuclease
activities of 1 �M wild-type M. tuberculosis MazF4 and its mutants assessed by fluorometric assay. B, effects of the EDF homolog on the ribonuclease activities
of 1 �M M. tuberculosis MazF4 evaluated by fluorometric assay. C, effects of the EDF homolog on the ribonuclease activities of the M. tuberculosis MazEF4
complex (0.5 �M MazE4 and 1 �M MazF4) evaluated by fluorometric assay. Reactions were recorded every 30 s for 60 min in all fluorometric assays. The slope
between the 10th and 110th readings of each reaction was calculated and is shown on the right panels in A–C. We assigned the value of 100% to the MazF4
activity without EDF. Data shown are the mean of three independent experiments.

The crystal structure of M. tuberculosis MazEF4

J. Biol. Chem. (2017) 292(46) 18832–18847 18839



In vitro ribonuclease assays in the presence of the EDF
homolog

The effect of the EDF homolog (ELWDR) on MazF4 ribonu-
clease activity was evaluated using fluorometric assays. For the
assay, an 11-base long mRNA substrate that contains the
MazF4-specific sequence (UCGCU) was selected based on a
previously published report as UCGCU is the most common
cleavage sequence of MazF4 confirmed by their primer exten-
sion (19). The fluorometric assay result showed an elevation of
MazF4 activity in the presence of the EDF homolog (Fig. 7B).
MazF4 mixed with MazE4 in the presence of the EDF homolog
showed a higher ribonuclease activity than without the EDF
homolog (Fig. 7C). The mixture of MazF4 and MazE4 in the
absence of the EDF homolog still showed ribonuclease activity,
which is probably due to a small fraction of free MazF4 disso-
ciated from the MazEF4 complex. The increase in a ribonucle-
ase activity upon EDF homolog addition is believed to result
from both the elevated intrinsic MazF4 activity and inhibited
MazEF4 complex formation.

EDF homolog-binding site on MazF4

NMR titration experiments of 0.1 mM 15N-labeled MazF4
with the EDF homolog were carried out. The result displayed
chemical shift changes for several residues (Fig. 8A). The most
perturbed residues were Ile69, Glu70, Thr71, and Gly73 on strand
�6 (Fig. 8, B and C). The split peaks that correspond to Glu70

indicate a slightly different conformation of the two monomers
constituting MazF4 homodimer in solution. B. anthracis
MoxT-EDF models suggest a negatively charged residue of
EDF, placed in proximity to Arg81 and Arg87 of MoxT, which
are structural equivalents of Glu70 and Glu76 in MazF4, strongly
increases the MoxT activity (33). It is interesting that the argi-
nine residues that are likely to interact with EDF in the struc-
tural homologs are replaced with glutamates in MazF4. More-
over, the new EDF homolog (ELWDR) presented here bears an
arginine residue at the fifth position, which possibly recognizes
the glutamate residues. It is believed that the Glu70 residue is
perturbed upon addition of the EDF homolog due to its inter-
action with Arg5 of the EDF homolog. As the third tryptophan

Figure 8. M. tuberculosis MazF4 residues involved in the interaction with the EDF homolog derived from M. tuberculosis G6PD 1. A, overlaid [1H,15N]-
HSQC titration spectra of 0.1 mM

15N-labeled MazF4 titrated with different ratios of the EDF homolog. Examples of peaks that exhibit chemical shift changes
following EDF homolog titration are boxed and enlarged. The arrows in the diagram indicate the direction of the chemical shift. B, examples of peaks that exhibit
chemical shift changes following EDF homolog titration. Chemical shift changes of residues that showed relatively large chemical shift changes in MazF4
produced by EDF homolog binding are plotted. The residues that showed significant chemical shift changes are indicated in black, and the residues that
showed slight chemical shift changes are indicated in gray. C, the chemical shift changes produced by EDF homolog titration were mapped onto the crystal
structure of the MazF4 homodimer. The residues showing significant chemical shift changes are indicated in pink.
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residue of EDF is conserved across the species, the EDF homo-
log seems to bind to MazF4 in a similar conformation as other
EDFs but with a swapped charge distribution. This was further
investigated by generating E70R and E76R mutants. Our NMR
titration experiments using the E70R and E76R mutants against
Arg to Glu swap peptide (ELWDE) confirmed that there are
interactions between the mutants and the Arg to Glu swap pep-
tide (Fig. 9A). Moreover, we measured the ribonuclease activity
of E70R and E76R mutants with increasing amounts of EDF
homolog. As expected, ribonuclease activities of E70R and
E76R mutants were not elevated upon addition of EDF homo-
log (Fig. 9B). The results support the idea that the electrostatic
interaction between MazF4 and the EDF homolog is critical in
increasing MazF4 activity. The peak shifts without resonance
broadening on the 2D-[1H-15N]-HSQC spectra of MazF4 indi-
cate that the EDF homolog binds to MazF4 in a fast exchange
mode on the NMR time scale. This observation implies a weak

interaction between MazF4 and EDF homolog, which is consis-
tent with our in vitro ribonuclease assay results in that a large
amount of EDF homolog was required to increase the activity of
MazF4.

Backbone assignments of the MazF4

The backbone 1H, 13C, and 15N resonance assignments for 78
of 97 residues of M. tuberculosis MazF4 were carried out. There
were no assignments for the S3–S4 loop and S7–H3 loop, where
no secondary structural elements are present in the crystal
structure of MazF4. Point mutations to alanine were intro-
duced on residues Arg11 and Tyr16 (MazF4 R11A/Y16A) to
improve the solubility of MazF4 for the acquisition of better 3D
spectra. The 2D-[1H-15N]-HSQC (heteronuclear single quan-
tum coherence spectroscopy) spectra of MazF4 and MazF4
R11A/Y16A are overlaid (supplemental Fig. S2). The 2D-[1H-
15N]-HSQC spectrum of MazF4 R11A/Y16A with peak assign-

Figure 9. The interaction between Glu to Arg mutants of M. tuberculosis MazF4 (E70R and E76R) and the Arg to Glu swap peptide (ELWDE). A, overlaid
[1H,15N]-HSQC titration spectra of 0.1 mM

15N-labeled MazF4 E70R titrated with different ratios of the Arg to Glu swap peptide (ELWDE) (A, upper left). Examples
of E70R peaks that exhibited chemical shift changes following ELWDE titration are shown. The arrows in the diagram indicate the direction of the chemical shift
(A, lower left). Overlaid [1H,15N]-HSQC titration spectra of 0.1 mM

15N-labeled MazF4 E76R titrated with different ratios of the Arg to Glu swap peptide (ELWDE)
(A, upper right) are shown. Examples of E76R peaks that exhibited chemical shift changes following ELWDE titration are shown. The arrows in the diagram
indicate the direction of the chemical shift (A, lower right). B, effects of the EDF homolog on the ribonuclease activities of 1 �M M. tuberculosis MazF4 E70R (B, left)
and E76R (B, right) mutants evaluated by fluorometric assay. Reactions were recorded every 30 s for 60 min in all fluorometric assays.
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ments is shown in supplemental Fig. S3A. Based on the assign-
ment, the secondary structures with regard to the MazF
residues were predicted by the TALOS� program (35). The
result revealed the presence of three helices and seven
�-strands in MazF4 (supplemental Fig. S3B).

Oligomeric state of the MazEF4 complex in solution

Oligomeric states of the MazEF4 complex were investigated
using equilibrium analytical ultracentrifugation techniques at
various speeds and concentrations. Supplemental Fig. S4 shows
the data (circles) and fits for the homogeneous heterotrimer
(3�, dotted line) and heterohexamer (6�, solid line) models,
respectively. The weighted r.m.s. errors for the homogeneous
3� and 6� fits were 2.55 � 10�2 and 7.05 � 10�3, respectively,
indicating the superiority of the 6� model. In the the inset of
supplemental Fig. S4, residual plots are also shown. Although
the 6� model shows a random residual distribution, the 3�
model shows systematic deviations at the beginning and end
of the radial positions. The velocity sedimentation data
(50,000 rpm) that showed a single c(s)3 distribution and the
equilibrium sedimentation data that were measured at dif-
ferent speeds (20,000 and 25,000 rpm) and concentrations
(2.3 and 2.7 mM) also support the homogeneous heterohex-
amer (6�) model (data not shown). These data confirm that
the MazEF4 complex exists as a heterohexamer in solution.
This result is consistent with our crystal structure of
M. tuberculosis MazEF4.

Discussion

The significance of MazF4 and EDF from M. tuberculosis for a
new drug design

M. tuberculosis MazF4 is known to specifically cleave pentad
sequences that are relatively less presented in several genes
such as PPE55 and PPE56 (19), thus the cleavage of the genes by
MazF4 is believed to occur only in a certain condition. We
speculate that suppression of the PPE protein expression
requires hyperactive MazF4, which is accomplished by quorum
sensing molecules such as EDF. PPE55 is reported to trigger
immune responses in hosts and be expressed during subclinical
TB infection but not in latent TB infection. PPE56 is highly
homologous (67%) to PPE55 (36). As PPE proteins are reported
to be the marker of the progression to active TB (36), it is
believed that hyperactive MazF4 under high bacterial density
prevents the progression to active TB. In other words, MazF4 is
believed to serve as a safety precaution before switching to
active TB from latent TB because it is not beneficial to move on
to active TB in high bacterial density. The ability of MazF4 as a
quorum sensor is expected to be exploited by incorporating
EDF externally so that MazF4 exhibits hyperactivity even in low
bacterial density. In that environment, the pathogen is unable
to enter the active TB state even in favorable conditions. That
would keep the bacterial density low and then eventually cause
the clearance of the pathogen. We expect that modifications
based on the sequence of the EDF homolog could conceive new
anti-tuberculosis drug candidates.

The distinct charge distribution of MazF4 implies the
independence of M. tuberculosis

MazF4 displays a negatively charged pocket where posi-
tively charged MazE4 residues bind. This charge distribution
is opposite in B. subtilis and E. coli MazEF complexes, which
show a positively charged pocket on MazF where negatively
charged MazE residues bind. Interestingly, the new EDF ho-
molog from M. tuberculosis we present here has an arginine
residue at the fifth position. The positively charged cluster
near the S1–S2 loop formed by Arg81 and Arg87 in B. anthra-
cis MoxT is required to be occupied by a negatively charged
residue for the activity enhancement (33). As the cluster is
substituted with negatively charged residues in M. tubercu-
losis MazF4 (Glu70 and Glu76), arginine residue at the fifth
position is believed to be critical for enhancement of the
MazF4 activity. The swapped charged MazF-EDF interac-
tion shown in the MazF4 case suggests that M. tuberculosis
have developed a novel EDF and its corresponding MazF for
the advantage of its own survival without being disturbed by
other species.

Biological implication of M. tuberculosis MazF4 activity
enhancement by the EDF homolog

Our NMR result shows that the MazF4 residues involved in
binding to the EDF homolog are located at the bottom of the
S1–S2 loop (Figs. 5 and 8C). This region corresponds to an area
called Site 1 (Fig. 4), which was named in previous MazF studies
(30, 33). This agrees well with the E. coli EDF and EDF-like
peptide docking studies performed on E. coli MazF and
B. anthracis MoxT (26, 33). In the peptide docking model of
MoxT, the opening of the S1–S2 loop is required for peptide
binding at the bottom of the S1–S2 loop of MoxT, as the area is
buried under the S1–S2 loop (33). Therefore, the S1–S2 loop
opening is believed to be a mechanism by which the peptide
increases the ribonuclease activity of MoxT. The M. tuberculo-
sis EDF homolog probably opens the S1–S2 loop in a similar
manner to that shown in the MoxT-peptide model. Consider-
ing the size of the EDF homolog, the hydrophobic cavity
wherein the catalytic residues are located is unlikely to be
affected. Taken together, the EDF homolog placed at the bot-
tom of the S1–S2 loop is believed to keep the loop from masking
the catalytic site, but not to interact with the catalytic residues.
We assume that reorientation of the S1–S2 loop renders the
catalytic cavity more exposed, and this allows the substrate
RNA to access the active site of MazF4 more easily and subse-
quently increase the ribonuclease activity of MazF4. Addition-
ally, Site 1 is where the major interaction between MazE and
MazF is observed (Fig. 5). This supports our assumption that
the EDF homolog hinders MazEF4 complex formation by occu-
pying the MazE4-binding site on MazF4. Overall, our in vitro
data suggest that M. tuberculosis MazF4 with an elevated activ-
ity by the EDF homolog probably induce the bactericidal stage
to lessen the bacterial density. As the effect of EDF is advanta-
geous in high population density, treatment of the pathogen in
low population density such as LTBI with EDF would disrupt
the bacterial survival.
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The tight regulation of M. tuberculosis in LTBI

Interestingly, the E. coli G6PD gene also shows a high simi-
larity with the M. tuberculosis G6PD 2 gene (zwf2) in its nucle-
otide sequence, but the M. tuberculosis G6PD 2 gene does
not contain an M. tuberculosis MazF4-cleavable nucleotide
sequence behind the EDF-like sequence (PIWNA) codon.
Therefore, this peptide is believed to not be generated by
MazF4. Although it is unclear whether or not the peptide frag-
ment (PIWNA) that exists in the M. tuberculosis G6PD 2
sequence is generated by other MazF toxins from M. tubercu-
losis, our NMR titration result shows the absence of an interac-
tion between MazF4 and the peptide (supplemental Fig. S5).
Therefore, the interaction between MazF4 and the EDF homo-
log is specific. However, two G6PD isozymes and the relatively
high number of mazEF pairs present in M. tuberculosis suggest
a low likelihood of complete deprivation of G6PD, which is a
key enzyme for nucleotide precursor production (37) upon
mazEF pair activation in M. tuberculosis. Consequently, M.
tuberculosis is believed to have a very complex regulation dur-
ing the latently infected state for a long-term survival.

Experimental procedures

Strains

The E. coli strains used in this study included E. coli
DH5�TM, E. coli RosettaTM 2 (DE3) pLysS, and E. coli C41
(DE3).

Cloning

The gene encoding M. tuberculosis (strain H37Rv) MazE4
(Rv1494) was cloned into expression vectors pET28a(�)
(Novagen) and pET29a(�) (Novagen) to enable the production
of His6-tagged and intact MazE4, respectively. The gene encod-
ing M. tuberculosis MazF4 (Rv1495) was cloned into modified
expression vector pET28a(�) (Novagen) to enable the produc-
tion of MazF4 fused with His6-tagged soluble protein GB1 with
a TEV cleavage site inserted between two proteins. The oligo-
nucleotide primers used for PCR are listed in supplemental
Table S1. Each MazE4 recombinant plasmid was transformed
into E. coli RosettaTM 2 (DE3) pLysS, and MazF4 and the
MazF4 mutants were transformed into E. coli C41 (DE3).

Growth conditions

Each colony was separately subcultured at 37 °C overnight in
5 ml of LB media supplemented with kanamycin and subse-
quently transferred to 1 liter of LB media supplemented with
kanamycin. Each culture was induced by the addition of 0.5 mM

isopropyl 1-thio-�-D-galactopyranoside at an OD of 0.5. The
cultures of MazF4 and its mutants were grown at 37 °C for 4 h,
and the cultures of MazE4 were grown at 15 °C for 24 h after
induction. For the preparation of selenomethionine (SeMet)-
substituted MazF4, cells were grown in M9 cell culture medium
containing extra amino acids, including SeMet. For the prepa-
ration of 15N-labeled MazF4 and 15N,13C-labeled MazF4
mutants, cells were grown in M9 medium containing 15NH4Cl
and/or [13C]glucose as stable isotope sources. Each culture was
harvested by centrifugation at 5,600 � g. The resulting pellets
were stored at �80 °C.

Protein purification

Each culture of MazF4 and its mutants was lysed by sonica-
tion in buffer A (20 mM Tris-HCl, pH 8.0, and 500 mM NaCl)
containing 10% (v/v) glycerol and protease inhibitor mixture
tablets (Roche Applied Science) and centrifuged to remove cel-
lular debris at 17,900 � g. The supernatant 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 following a
wash with 100 ml of buffer A containing 40 mM imidazole.
Then, the eluted protein was concentrated to 3 mg ml�1 prior
to the addition of 100 units of TEV protease (Sigma) for His6-
tagged GB1 removal. After the cleavage was completed, the
mixture was dialyzed against buffer A and subjected to an affin-
ity chromatography column of nickel-nitrilotriacetic acid-aga-
rose (Novagen) equilibrated in buffer A once again to obtain
intact MazF4 in the eluate. The sample was further purified by
size-exclusion chromatography on a HiLoad 16/60 Superdex 75
prep-grade column (GE Healthcare) equilibrated with 20 mM

Tris-HCl buffer, pH 7.8, containing 150 mM NaCl. The cultures
of intact MazE4 and GB1-fused MazF4 were mixed together for
MazEF4 complex production, and the aforementioned purifi-
cation procedure for MazF4 production was applied. To
acquire MazE4 alone, the supernatants of His6-tagged MazE4
was also applied to an affinity chromatography column of nickel-
nitrilotriacetic acid-agarose (Novagen) after lysis in buffer A. The
His6-tagged MazE4 was eluted with buffer A containing 500 mM

imidazole following a wash with 100 ml of buffer A containing 40
mM imidazole. MazE4 was dialyzed against 20 mM Tris-HCl, pH
7.5, containing 150 mM NaCl for further experiments. The recom-
binant MazEF4 complex substituted with SeMet was obtained
through the same procedure applied for native MazEF4 complex
production. Isotope-labeled samples were subjected to the same
purification protocol used to produce native MazF4.

Site-directed mutagenesis

The mutations in MazF4 (K19A, T42A, E70R, E76R, and
R11A/Y16A) were introduced by site-directed mutagenesis
using mutagenic oligonucleotide primers (supplemental Table
S1) and Rv1495 in modified expression vector pET28a(�) as a
template. The R11A/Y16A mutant construct was obtained
using a stepwise procedure. Reaction components were mixed
and subjected to PCR guided by the manufacturer’s protocol
(QuikChange Lightning Site-directed Mutagenesis Kit, Agi-
lent). The PCR products were incubated with DpnI to digest the
template DNA, and the products were transformed into com-
petent DH5� cells. All point mutations were confirmed by
DNA sequencing (Cosmogenetech, Seoul, Korea).

Equilibrium sedimentation

Equilibrium sedimentation studies were performed in 6-sec-
tor cells using a Beckman ProteomeLab XL-A analytical ultra-
centrifuge in 20 mM Tris-HCl buffer, pH 7.8, containing 500
mM NaCl and 1 mM DTT at 20 °C. The MazEF4 complex was
measured at three different speeds (20,000, 25,000, and 30,000
rpm) and concentrations (2.3 �M (0.080 mg/ml), 2.7 �M (0.092
mg/ml), and 3.0 �M (0.10 mg/ml)). All measured data fit well to
a homogeneous heterohexamer (6�, 4 MazF4 –2 MazE4 com-
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plex) model, and a representative result measured at 30,000
rpm using a 3.0 �M (0.10 mg/ml) protein concentration is pre-
sented. The concentration of the protein complex (hetero-
trimer (3�), 2 MazF4 –1 MazE4) was calculated using e280 nm �
56,380 M�1 cm�1, and a molecular mass of 34,692 daltons was
calculated from its amino acid composition. The time required
for the attainment of equilibrium was established through a run
at a given rotor speed until the scans were invariant for 4 h: this
was achieved by 48 h at most in the 6-sector cells. The partial
specific volume of the heterotrimer complex and buffer density
were calculated using Sednterp (38). The calculated partial spe-
cific volume at 20 °C was 0.7295 cm3/g, and the buffer density
was 1.01924 g/cm3. For data analysis by mathematical modeling
using non-linear least-squares curve fitting, the following fit-
ting function was used,

Cr � Cbexp� ApMp�r2 � rb
2		 � 	Ai � �1 � v
	w2/2 RT (Eq. 1)

where, Cr is the total concentration at the radial position r, Cb is
the concentration of protein at the cell bottom, Mp is the
molecular weight of the heterotrimer (3�, 2 MazF4 –1 MazE4),
v and r are the partial specific volume and the solution density,
respectively. w is the rotor angular velocity, and 	 is a baseline
error term. The selection of the model was made by examining
the numbers of the weighted sum or square values and
weighted root mean square error values. Further data handling
and data analysis by mathematical modeling were performed
using MLAB2 operating on the data analysis computer.

Crystallization and X-ray data collection

Crystals of native M. tuberculosis MazF4 and native, SeMet-
labeled M. tuberculosis MazEF4 were grown using 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 reservoir solution. The best crystals of native
M. tuberculosis MazF4 were obtained using a reservoir solution
of 0.2 M sodium malonate, pH 7.0, and 20% (w/v) polyethylene
glycol 3,350. The best crystals of native M. tuberculosis MazEF4
were obtained using a reservoir solution of 0.1 M citric acid/
sodium hydroxide, pH 4.0, and 0.8 M ammonium sulfate. The
best crystals of SeMet-labeled M. tuberculosis MazEF4 were
obtained using a reservoir solution of 0.2 M calcium acetate, 0.1
M Tris-HCl, pH 7.0, and 20% (w/v) polyethylene glycol 3,000.
The crystals of native MazF4 were mounted without any addi-
tional cryoprotectant, but the crystals of native and SeMet-labeled
MazEF4 were transferred to a cryoprotectant solution containing
23% (v/v) glycerol in the reservoir solution prior to mounting.
X-ray diffraction data for the native and SeMet-labeled crystals
were collected at 100 K using an ADSC Quantum 315r CCD detec-
tor system (Area Detector Systems Corp., Poway, CA) at the
BL-5C experimental station of 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 (39).

Structure determination and refinement

Initially, phase calculation with data from the SeMet-labeled
MazEF4 crystal was attempted using Autosol of PHENIX (40),
but the acquisition of a reasonable electron density map and
model was not successful. Alternatively, molecular replace-

ment was carried out by Molrep (41) to find a solution using the
crystal structure of the Fic protein from Neisseria meningitidis
(PDB code 3SE5) as a template. Molecular replacement was
conducted by Molrep (41) using chain A of the MazEF4 com-
plex as a template for the structural determination of MazE4-
free MazF4. Subsequent manual model building was conducted
using Coot (42), and the models were refined using Refmac5
(43) and PHENIX (40), including the bulk solvent correction.
Five percent of the data were randomly set aside as the test data
for the calculation of Rfree (44). Water molecules were added
using Coot (42) and were manually inspected. Superimposi-
tions and calculations of structural deviations were performed
using the secondary structure matching function in Coot (42).
Solvent-accessible surface areas were calculated using PISA
(45). The refined model was visualized and drawn using
PyMOL (46) and Chimera (47). Sequence alignments were per-
formed using ClustalX 2.0 (48) and visualized using ESPript 3.0
(49). The M. tuberculosis MazF4 crystal diffracted to a 2.01-Å
resolution and was refined to Rwork/Rfree values of 0.204/0.228.
The M. tuberculosis MazEF4 complex crystal diffracted to a
2.30-Å resolution and was refined to Rwork/Rfree values of 0.219/
0.268. Ninety-seven percent of the residues in the MazF4 model
lie in favored regions of the Ramachandran plot with no outli-
ers, and 96.38% of the residues in the MazEF4 model lie in
favored regions of the Ramachandran plot with no outliers. The
crystallographic and refinement statistics are summarized in
Table 1. The MazF4 crystal belongs to space group C2221 with
unit cell dimensions of a � 49.475 Å, b � 65.548 Å, c � 57.390
Å, � � 90.000°, � � 90.000°, and � � 90.000°. One asymmetric
unit is present in 1 unit cell, which contains a single copy of the
MazF4 molecule. The MazF4 model consists of residues Met1

to Pro105 (except Gly15-Gly17), two additional residues (Glu1

and Phe0) that are introduced onto the N terminus for a TEV
cleavage site insertion, and 59 water molecules. The electron
density is clear for all residues of the MazF4 toxin except resi-
dues Gly15 to Gly17, which appear to be disordered. The
MazEF4 crystal belongs to space group P21 with unit cell
dimensions of a � 60.473 Å, b � 70.018 Å, c � 76.754 Å, � �
90.000°, � � 113.275°, and � � 90.000°. Two asymmetric units
are present in 1 unit cell. Each asymmetric unit consists of a
heterotrimer of two MazF4 toxin molecules and one MazE4
antitoxin molecule (chains ABE or chains CDF) that are related
by a 2-fold symmetry to form a heterohexamer (Fig. 1A). The
MazEF4 model contains 568 amino acid residues of four MazF4
toxin molecules and two MazE4 antitoxin molecules with 70
water molecules. The electron density is clear for all residues of the
four MazF4 toxins except residues Thr44 to Ile48 in chains B and D,
which appear to be disordered. The elongated C terminus of each
MazE4 molecule projects outward from the crystallographic
2-fold symmetry axis and interacts with the MazF4 homodimers.

Sequence alignment between E. coli zwf and M. tuberculosis
zwf genes

Sequence alignment using BLAST (50) allowed the nucleo-
tide sequence comparison between the E. coli glucose-6-phos-
phate 1-dehydrogenase gene (zwf) and the M. tuberculosis glu-
cose-6-phosphate 1-dehydrogenase genes (zwf1 and zwf2).
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The nucleotide sequence around the predicted EDF codon of
M. tuberculosis zwf1 mRNA is shown in supplemental Fig. S6.

Ribonuclease assay

The ribonuclease activity of MazF4 and its enhancement by
the EDF homolog were assessed by a fluorometric method (51)
using 11-base-long mRNA (5�-AUAUCGCUAUG-3) as a sub-
strate. Mixtures of MazF4 with the EDF homolog were pre-
pared in several ratios and incubated at 37 °C for 1 h. To con-
firm the inhibition of MazEF4 complex formation, MazE4 was
added to the preincubated mixture of MazF4 and the EDF
homolog, and further incubated at 37 °C for 30 min. This
assay adopted the fluorescence quenching method to measure
ribonuclease activity using a fluorescence-labeled synthetic
mRNA substrate. Briefly, a fluorophore (6-FAM) was cova-
lently attached to one end of the mRNA molecule and
quenched by a quencher group (BHQ) attached on the other
end. When ribonuclease was added to the synthetic mRNA that
contained a fluorophore-quencher pair, digestion of the RNA
caused the separation of the fluorophore and quencher pair,
resulting in a subsequent escalation of fluorescence at 520 nm
after excitation at 490 nm by a light source. Fluorescence (RFU)
was detected using a SPECTRAmax M5 spectrofluorometer. The
graphs were drawn after subtracting the value obtained from a
reaction containing only buffer and mRNA substrate. Both the
peptide (Peptron, Inc., Daejeon, Korea) and mRNA substrates
(Bioneer, Daejeon, Korea) were commercially ordered. The ribo-
nuclease activity of MazF4 mutants (K19A, T42A, E70R, and
E76R) was also measured by the protocol described above.

NMR spectroscopy and titrations

The 2D-[1H-15N]-HSQC spectra of 15N-labeled wild-type
MazF4, E70R, and E76R mutants (final concentration of 0.1
mM) were obtained on a Bruker Avance 800 spectrometer

equipped with a cryoprobe. The average CSP values (
�ave) for
the 15N and 1H nuclei were calculated as follows,


�ave � �0.5��
�HN	2 � �
�N/5	2�0.5 (Eq. 2)

where, 
�HN and 
�N are the CSP values of the amide proton
and nitrogen, respectively. For the backbone resonance assign-
ments, the MazF4 R11A/Y16A mutant was chosen due to the
poor solubility of the wild-type protein. The comparison
between the HSQC spectra of the mutant and wild-type showed
the conservation of the overall fold (supplemental Fig. S2). The
three-dimensional HNCO, HN(CA)CO, HNCA, HN(CO)CA,
HNCB, and HN(CO)CACB spectra of the 15N,13C-labeled
MazF4 R11A/Y16A mutant were obtained on a Bruker Avance
800 spectrometer equipped with a cryoprobe. All NMR samples
were dissolved in the final buffer (20 mM MES, pH 6.5, contain-
ing 1 mM DTT and 200 mM NaCl) and the spectra were
recorded at 308 K. The NMR samples contained 10% D2O for
the lock signal. All spectra were processed and analyzed using
NMRPipe/NMRDraw (52) and NMRView (53), respectively.
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Table 1
Data collection and refinement statistics

MazF4 crystal MazEF4 crystal

Data collection
Space group C2221 P21
Cell dimensions

a, b, c (Å) 49.48, 65.55, 57.39 60.47, 70.02, 76.75
�, �, � (°) 90.00, 90.00, 90.00 90.00, 113.28, 90.00

Wavelength (Å) 0.97950 0.97970
Rsym 0.180 (0.433)a 0.082 (0.755)a

I/I 23.65 (3.94)a 30.21 (3.68)a

Completeness (%) 99.0 (92.5)a 95.2 (94.6)a

Redundancy 7.9 4.0
Refinement

Resolution (Å) 30.00–2.01 (2.04–2.01)a 30.00–2.30 (2.34–2.30)a

No. reflections 6119 23785
Rwork/Rfree

b 0.2037/0.2280 0.2226/0.2680
No. atoms

Protein 1606 8706
Water oxygen 59 70

B-factors
Protein 23.80 44.70
Water 33.10 38.40

R.m.s. deviations
Bond lengths (Å) 0.007 0.014
Bond angles (°) 1.182 1.677

Residues in favored region of the Ramachandran plot (%) 97.00 96.38
Residues in allowed region of the Ramachandran plot (%) 3.00 3.62

a Highest resolution shell is shown in parenthesis.
b r � � �Fobs� � �Fcalc�/� �Fobs�, where Rfree and Rwork are calculated for a randomly chosen 5% of reflections that were not used for refinement and the remaining reflections,

respectively.
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Cueva-Mèndez, G., Boelens, R., Díaz-Orejas, R., and Rafferty, J. B. (2002)
Structural and functional analysis of the Kid toxin protein from E. coli
plasmid R1. Structure 10, 1425–1433

17. Hazan, R., and Engelberg-Kulka, H. (2004) Escherichia coli mazEF-medi-
ated cell death as a defense mechanism that inhibits the spread of phage
P1. Mol. Genet. Genomics 272, 227–234

18. Pandey, D. P., and Gerdes, K. (2005) Toxin-antitoxin loci are highly abun-
dant in free-living but lost from host-associated prokaryotes. Nucleic Ac-
ids Res. 33, 966 –976

19. Zhu, L., Phadtare, S., Nariya, H., Ouyang, M., Husson, R. N., and Inouye,
M. (2008) The mRNA interferases, MazF-mt3 and MazF-mt7 from My-
cobacterium tuberculosis target unique pentad sequences in single-
stranded RNA. Mol. Microbiol. 69, 559 –569

20. Zhu, L., Zhang, Y., Teh, J. S., Zhang, J., Connell, N., Rubin, H., and Inouye,
M. (2006) Characterization of mRNA interferases from Mycobacterium
tuberculosis. J. Biol. Chem. 281, 18638 –18643

21. Yamaguchi, Y., and Inouye, M. (2011) Regulation of growth and death in
Escherichia coli by toxin-antitoxin systems. Nat. Rev. Microbiol. 9,
779 –790

22. Suzuki, M., Zhang, J., Liu, M., Woychik, N. A., and Inouye, M. (2005)
Single protein production in living cells facilitated by an mRNA inter-
ferase. Mol. Cell 18, 253–261

23. Kolodkin-Gal, I., and Engelberg-Kulka, H. (2008) The extracellular death
factor: physiological and genetic factors influencing its production and
response in Escherichia coli. J. Bacteriol. 190, 3169 –3175

24. Kolodkin-Gal, I., Hazan, R., Gaathon, A., Carmeli, S., and Engelberg-
Kulka, H. (2007) A linear pentapeptide is a quorum-sensing factor re-

quired for mazEF-mediated cell death in Escherichia coli. Science 318,
652– 655

25. Kumar, S., Kolodkin-Gal, I., Vesper, O., Alam, N., Schueler-Furman, O.,
Moll, I., and Engelberg-Kulka, H. (2016) Escherichia coli quorum-sensing
EDF, a peptide generated by novel multiple distinct mechanisms and reg-
ulated by trans-translation. Mbio 7, e02034-15

26. Belitsky, M., Avshalom, H., Erental, A., Yelin, I., Kumar, S., London, N.,
Sperber, M., Schueler-Furman, O., and Engelberg-Kulka, H. (2011) The
Escherichia coli extracellular death factor EDF induces the endoribonu-
cleolytic activities of the toxins MazF and ChpBK. Mol. Cell 41, 625– 635

27. Hoffer, E. D., Miles, S. J., and Dunham, C. M. (2017) The structure and
function of Mycobacterium tuberculosis MazF-mt6 toxin provide insights
into conserved features of MazF endonucleases. J. Biol. Chem. 292,
7718 –7726

28. Chen, R., Tu, J., Liu, Z., Meng, F., Ma, P., Ding, Z., Yang, C., Chen, L., Deng,
X., and Xie, W. (2017) Structure of the MazF-mt9 toxin, a tRNA-specific
endonuclease from Mycobacterium tuberculosis. Biochem. Biophys. Res.
Commun. 486, 804 – 810

29. Simanshu, D. K., Yamaguchi, Y., Park, J. H., Inouye, M., and Patel, D. J.
(2013) Structural basis of mRNA recognition and cleavage by toxin MazF
and its regulation by antitoxin MazE in Bacillus subtilis. Mol. Cell 52,
447– 458

30. Kamada, K., Hanaoka, F., and Burley, S. K. (2003) Crystal structure of the
MazE/MazF complex: molecular bases of antidote-toxin recognition. Mol.
Cell 11, 875– 884

31. Holm, L., and Rosenström, P. (2010) Dali server: conservation mapping in
3D. Nucleic Acids Res. 38, W545–W549

32. Zorzini, V., Buts, L., Sleutel, M., Garcia-Pino, A., Talavera, A., Haesaerts,
S., De Greve, H., Cheung, A., van Nuland, N. A., and Loris, R. (2014)
Structural and biophysical characterization of Staphylococcus aureus Sa-
MazF shows conservation of functional dynamics. Nucleic Acids Res. 42,
6709 – 6725

33. Verma, S., Kumar, S., Gupta, V. P., Gourinath, S., Bhatnagar, S., and Bhat-
nagar, R. (2015) Structural basis of Bacillus anthracis MoxXT disruption
and the modulation of MoxT ribonuclease activity by rationally designed
peptides. J. Biomol. Struct. Dyn. 33, 606 – 624

34. Zorzini, V., Mernik, A., Lah, J., Sterckx, Y. G., De Jonge, N., Garcia-Pino,
A., De Greve, H., Versées, W., and Loris, R. (2016) Substrate recognition
and activity regulation of the Escherichia coli mRNA endonuclease MazF.
J. Biol. Chem. 291, 10950 –10960

35. Shen, Y., Delaglio, F., Cornilescu, G., and Bax, A. (2009) TALOS plus: a
hybrid method for predicting protein backbone torsion angles from NMR
chemical shifts. J. Biomol. Nmr. 44, 213–223

36. Singh, K. K., Dong, Y., Patibandla, S. A., McMurray, D. N., Arora, V. K.,
and Laal, S. (2005) Immunogenicity of the Mycobacterium tuberculosis
PPE55 (Rv3347c) protein during incipient and clinical tuberculosis. Infect.
Immun. 73, 5004 –5014

37. Herrmann, K. M., and Weaver, L. M. (1999) The Shikimate pathway.
Annu. Rev. Plant Physiol. Plant Mol. Biol. 50, 473–503

38. Harding, S. E., Rowe, A. J., and Horton, J. C. (1992) Analytical Ultracen-
trifugation in Biochemistry and Polymer Science, The Royal Society of
Chemistry, Cambridge

39. Otwinowski, Z., and Minor, W. (1997) Processing of X-ray diffraction data
collected in oscillation mode. Methods Enzymol. 276, 307–326
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