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Abstract 

Structural and Functional Study 

on MazEF proteins   

from Mycobacterium tuberculosis 

 

                                        Do-Hwan Ahn 
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 Seoul National University 

 

    The bacterial toxin-antitoxin MazEF system in the tuberculosis (TB)-causing bacterium 

Mycobacterium tuberculosis is activated under unfavorable conditions, including starvation, 

antibiotic exposure, and oxidative stress. This system contains the MazF toxin, which is 

ribonucleolytic enzyme and its cognate MazE antitoxin, which neutralizes the toxicity of MazF.  

    MazF 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-mediated toxicity of 

MazF drives a cell-killing phenomenon, the molecular details are poorly understood. Moreover, 

the divergence in sequences among reported EDFs suggests that each bacterial species has a unique 

EDF. To address these open questions, we report here the structures of MazF4 and MazEF4 

complexes from M. tuberculosis, representing the first MazEF structures 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 
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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 previously reported EDFs. Overall, our results suggest 

that M. tuberculosis 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. 

    MazE consists of DNA binding N-terminus and MazF binding C-terminus. MazE negatively 

regulates transcription of itself by binding to its operator as well as that of MazF. Compared to 

extensive studies conducted on MazF, there are only three structures of MazE available up to date. 

The three structures present MazE structure which is in complex with MazF but not on its own. In 

contrast to the structural similarity among C-terminus of MazE proteins, the structures of N-

terminus are largely different. Therefore, we focused on the DNA binding domain of MazE in this 

study to understand the molecular detail of MazE-DNA interactions. Secondary structure 

prediction based on the primary structure of MazE2 from M. tuberculosis strongly suggests that 

the N-terminus of MazE2 forms Ribbon-Helix-Helix (R-H-H) motif, which is a typical DNA 

binding motif. Based on the secondary structure prediction, we obtained the stable MazE2 N-

terminal domain which crystallized for 3D structure determination. The 3D structure indeed shows 

R-H-H motif. We also confirmed that this domain in itself can bind to its operator. Our NMR 

titration result reveals the MazE2 residues involved in DNA binding. Overall results show that N-

terminus of MazE2 in itself can bind to its operator.  
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Chapter 1.  

Molecular insights and biological implication of a MazEF pair from 

Mycobacterium tuberculosis into latent tuberculosis infection 

 

1.1 Introduction 

Approximately one-third of the world’s population is infected with tuberculosis (TB), 

which is the second most common cause of death from infectious disease after HIV (1). 

Notably, only 5–15% of the infected population develops clinical manifestations of active 

TB disease (2), while the remaining infected population manifests the latent tuberculosis 

infection (LTBI), which is typified by the slow-growing and/or non-replicating state of 

Mycobacterium tuberculosis (M. 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 new lines of drugs to target M. tuberculosis molecules that are closely related to 

LTBI. The toxin-antitoxin (TA) system is a promising 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) (7) (8). Currently, 

TA systems are classified into 6 types, mainly based on how antitoxins neutralize 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, 
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the stable toxin is suppressed by its cognate labile antitoxin. However, stress conditions 

induce degradation of the antitoxin, and the liberated toxin subsequently 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 systems, 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 endoribonuclease activity (19, 20). Unlike 

other type II toxins, MazF toxin recognizes and cleaves a specific sequence of 

intracellular RNAs in a ribosome-independent manner (21). Due to its sequence 

specificity, MazF suppresses translation to a lesser degree than non-sequence-specific 

toxins do 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 (QS) (23, 24). E. 

coli EDF is a linear pentapeptide (NNWNN) which is generated upon ribosome stalling 

by activated MazF (25). The peptide is generated upon cleavage of  glucose-6-phosphate 

1-dehydrogenase (G6PD) mRNA by E. 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 
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contains a codon for pentapeptide sequence (ELWDR) and a MazF4-specific sequence 

(UCGUG) (19) that is 32 codons behind the ELWDR encoding region. Since 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, investigations into the 

relationships between MazF and EDF would provide a molecular basis for the 

development of new anti-tuberculosis drugs that control LTBI. 

In this study, we present the crystal structures of M. tuberculosis (strain H37Rv) MazF4 

alone and in complex with its cognate antitoxin MazE4. Although several M. tuberculosis 

MazF structures were recently revealed such as M. tuberculosis 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 relation to EDF, possibly providing a new strategy for the development of anti-
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tuberculosis agents that are effective for LTBI.      
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1.2 Experimental procedures 

1.2.1 Cloning, expression, and protein purification 

    The gene encoding M. tuberculosis (strain H37Rv) MazE4 (Rv1494) was cloned into 

expression vectors pET28a(+) (Novagen) and pET29a(+) (Novagen) to enable the 

production of hexahistidine-tagged and intact MazE4, respectively. The gene encoding M. 

tuberculosis MazF4 (Rv1495) was cloned into modified expression vector pET28a(+) 

(Novagen) to enable the production of MazF4 fused with hexahistidine-tagged soluble 

protein GB1 with a TEV cleavage site inserted in between two proteins. The 

oligonucleotide primers used for PCR are listed in Table 1. Each MazE4 recombinant 

plasmid was transformed into E. coli Rosetta™ 2 (DE3) pLysS, and MazF4 and the 

MazF4 mutants were transformed into E. coli C41 (DE3). Each colony was separately 

subcultured at 37°C overnight in 5 ml of LB media supplemented with kanamycin and 

subsequently transferred to 1 L of LB media supplemented with kanamycin. Each culture 

was induced by the addition of 0.5 mM isopropyl 1-thio-β-D-galactopyranoside at an O.D. 

of 0.5. The cultures of MazF4 and its mutants were grown at 37°C for 4 hours, and the 

cultures of MazE4 were grown at 15°C for 24 hours after induction. For the preparation 

of SeMet-substituted MazF4, cells were grown in M9 cell culture medium containing 

extra amino acids, including SeMet. For the preparation 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. Each culture of MazF4 and its 

mutants was lysed by sonication in buffer A (20 mM Tris-HCl at pH 8.0 and 500 mM 

NaCl) containing 10% (v/v) glycerol and protease inhibitor cocktail tablets (Roche) and 
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centrifuged to remove cellular 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-Aldrich) for hexahistidine-tagged GB1 removal. After the cleavage was 

completed, the mixture was dialyzed against buffer A and subjected to an affinity 

chromatography column of nickel-nitrilotriacetic acid-agarose (Novagen) equilibrated in 

buffer A once again to obtain intact MazF4 in the eluate. The sample was further purified 

by size-exclusion chromatography (SEC) on a HiLoad 16/60 Superdex 75 prep-grade 

column (GE Healthcare) equilibrated with 20 mM Tris-HCl buffer at pH 7.8 containing 

150 mM NaCl (Figure 1). The cultures of intact MazE4 and GB1-fused MazF4 were 

mixed together for MazEF4 complex production, and the aforementioned purification 

procedure for MazF4 production was applied (Figure 1). The supernatants of 

hexahistidine-tagged MazE4 was also applied to an affinity chromatography column of 

nickel-nitrilotriacetic acid-agarose (Novagen) after lysis in buffer A. The hexahistidine-

tagged MazE4 was eluted with buffer A containing 500 mM imidazole following a wash 

with 100ml of buffer A containing 40 mM imidazole. MazE4 was dialyzed against 20 

mM Tris-HCl at pH 7.5 containing 150 mM NaCl for further experiments. The 

recombinant MazEF4 complex substituted with selenomethionine (SeMet) was obtained 

through the same procedure applied for native MazEF4 complex production. Isotope-

labelled samples were subjected to the same purification protocol used to produce native 

MazF4.The mutations in MazF4 (K19A, T42A and R11A/Y16A) were introduced by site-

directed mutagenesis using mutagenic oligonucleotide primers (Table 2) and Rv1495 in 
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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, Agilent). The PCR products were incubated with DpnI to digest the 

template DNA, and the products were transformed into competent DH5α cells. All point 

mutations were confirmed by DNA sequencing (Cosmogenetech, Seoul, Korea).  
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Figure 1. Purification of MazF4 and MazEF4.  

(A) Purification of MazF4 fused with GB1 by Immobilized Metal Affinity Chromatography 

(IMAC). (B) Cleavage of MazF4 fused with GB1 by TEV protease. (C) MazF4 in the eluate 

passed through IMAC. (D) Purification of MazE4 complexed with MazF4 fused with GB1 by 

IMAC. (E) Cleavage of MazF4 fused with GB1 complexed with MazF4 by TEV protease. (F) 

Purification of MazE4 complexed with MazF4 by Size Exclusion Chromatography (SEC).   
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Table 1. Primers used to clone the MazE4 and MazF4 expression plasmid. In primer IDs, 

“F” represents forward, and “R” represents reverse. 

 

 

Table 2. Primers for site-directed mutagenesis. In primer IDs, “F” represents forward, and “R” 

represents reverse. Mutated nucleotides are underlined in the primer sequences used for site-

directed mutagenesis. 

Primer ID Primer sequence (5'3') 

K19A-F CTCGGATACGGGGCCGCACCGTGGCTCATCGTC 

K19A-R GACGATGAGCCACGGTGCGGCCCCGTATCCGAG 

T42A-F GTGGCTGTGCGCCTGGCAACAACGCGGAGAACC 

T42A-R GGTTCTCCGCGTTGTTGCCAGGCGCACAGCCAC 

E70R-F AACGCGGACAACATCCGGACCCTCGGCAAAGAC 

E70R-R GTCTTTGCCGAGGGTCCGGATGTTGTCCGCGTT  

E76R-F ACCCTCGGCAAAGACCGGCTCGGTGACTACCTC  

E76R-R GAGGTAGTCACCGAGCCGGTCTTTGCCGAGGGT 

R11A-F GCGTGGTCAGGTCTATGCATGCGACCTCGGATAC 

R11A-R GTATCCGAGGTCGCATGCATAGACCTGACCACGC 

Y16A-F GCATGCGACCTCGGAGCCGGGGCCAAACCGTGG 

Y16A-R CCACGGTTTGGCCCCGGCTCCGAGGTCGCATGC 

 

  

Primer ID Primer sequence (5'3') Restriction 
enzyme 

MazF4-F CCGGAATTCATGAACGCGCCGTTGCGT EcoRI 

MazF4-R CCGCTCGAGTCATGGCCACGGTAGCCC XhoI 

MazE4-F GGAATTCCATATGCCGTTTCTGGTTGCATTATC NdeI 

MazE4-R CCGCTCGAGTCACTGTGCCGAGCGCTG XhoI 
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1.2.2 Crystallization and structure determination 

    Crystals of native M. tuberculosis MazF4 and native, SeMet-labelled 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 μl 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 at pH 7.0 and 20% (w/v) polyethylene 

glycol 3,350 (Figure 2). The best crystals of native M. tuberculosis MazEF4 were 

obtained using a reservoir solution of 0.1 M citric acid/sodium hydroxide at pH 4.0 and 

0.8 M ammonium sulfate (Figure 2). The best crystals of SeMet-labelled M. tuberculosis 

MazEF4 were obtained using a reservoir solution of 0.2 M calcium acetate, 0.1 M Tris-

HCl at pH 7.0 and 20% (w/v) polyethylene glycol 3,000. The crystallization conditions 

are summarized in Table 3. The crystals of native MazF4 were mounted without any 

additional cryoprotectant, but the crystals of native and SeMet-labelled 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-labelled 

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 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 (29).  

Initially, phase calculation with data from the SeMet-labelled MazEF4 crystal was 

attempted using Autosol of PHENIX (30), but the acquisition of a reasonable electron 

density map and model was not successful. Alternatively, molecular replacement (MR) 

was carried out by Molrep (31) to find a solution using the crystal structure of the Fic 

protein from Neisseria meningitidis (PDB code 3SE5) as a template. Molecular 
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replacement (MR) was conducted by Molrep (31) using chain A of the MazEF4 complex 

as a template for the structural determination of MazE4-free MazF4. Subsequent manual 

model building was conducted using Coot (32), and the models were refined using 

Refmac5 (33) and PHENIX (30), including the bulk solvent correction. Five percent of 

the data were randomly set aside as the test data for the calculation of Rfree (34). Water 

molecules were added using Coot (32) and were manually inspected. Superimpositions 

and calculations of structural deviations were performed using the secondary structure 

matching (SSM) function in Coot (32). Solvent-accessible surface areas were calculated 

using PISA (35). The refined model was visualized and drawn using PyMOL (36) and 

Chimera (37). Sequence alignments were performed using ClustalX 2.0 (38) and 

visualized using ESPript 3.0 (39). 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 outliers, 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 4. 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, α = 90.000°, β = 90.000° and γ = 90.000°. One asymmetric unit is present in 

one 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 (Glu-

1 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 residues Gly15 to Gly17, which appear to be disordered. The MazEF4 crystal 
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belongs to space group P21 with unit cell dimensions of a = 60.473 Å, b = 70.018 Å, c = 

76.754 Å, α = 90.000°, β = 113.275° and γ = 90.000°. Two asymmetric units are present 

in one 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 (Figure 3A). 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.   

 

Table 3. Conditions for MazF4 and MazEF4 protein crystallization 

 Precipitation reagent Buffer pH Salt 
 
MazF4  20% (w/v) Polyethylene glycol 3,350. 0.2 M Sodium malonate 7.0 None 

MazEF4 0.8 M Ammonium sulfate. 0.1 M Citric acid/sodium 
hydroxide 4.0 0.2M Calcium chloride dihydrate 

 
MazEF4   
SeMet 
 

20% (w/v) Polyethylene glycol 3,000 0.1 M Tris-HCl 7.0 0.2 M Calcium acetate 
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Figure 2. Protein crystals of MazF4 and MazEF4.  

(A) MazF4 crystals. (B) MazEF4 crystals. 
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Table 4. Conditions for MazF4 and MazEF4 protein crystallization. 

  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 

    α, β, δ (°) 90.00, 90.00, 90.00 90.00, 113.28, 90.00 

Wavelength (Å) 0.97950 0.97970 

Rsym 0.180 (0.433)* 0.082 (0.755)* 

 I / σ 23.65 (3.94)* 30.21 (3.68)* 

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

Redundancy 7.9  4.0 

Refinement 

Resolution (Å)                                               30.00-2.01(2.04-2.01)* 30.00-2.30 (2.34-2.30)* 

No. reflections 6119 23785 

Rwork / Rfree† 0.2037/0.2280 0.2190/0.2680 

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 

Ramachandran plot (%)     

    In favored region  97.00 96.38 

    In allowed region 3.00 3.62 
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1.2.3 Equilibrium sedimentation 

 

    Equilibrium sedimentation studies were performed in six-sector cells using a 

Beckman ProteomeLab XL-A analytical ultracentrifuge in 20 mM Tris-HCl buffer at 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 μM (0.080 mg/ml), 2.7 μM (0.092 mg/ml) and 3.0 μM (0.10 mg/ml)). All measured 

data fit well to a homogeneous heterohexamer (6x, 4 MazF4-2 MazE4 complex) model, 

and a representative result measured at 30,000 rpm using a 3.0 μM (0.10 mg/ml) protein 

concentration is presented. The concentration of the protein complex [heterotrimer (3x), 

2 MazF4-1 MazE4] was calculated using e280nm = 56,380 M-1cm-1, and a molecular weight 

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 hours: this was achieved by 48 hours at most in the six-

sector cells. The partial specific volume of the heterotrimer complex and buffer density 

were calculated using Sednterp (40). The calculated partial specific volume at 20°C was 

0.7295 cm3/g, and the buffer density was 1.01924 g/cm3. For data analysis by 

mathematical modelling using non-linear least-squares curve fitting, the following fitting 

function was used: 

 

Cr = Cbexp(ApMp(r2-rb
2))  + ε 

Ai = (1-vρ )w2/2RT 

 

Where, Cr is the total concentration at the radial position r, Cb is the concentration of 
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protein at the cell bottom, Mp is the molecular weight of the heterotrimer (3x, 2 MazF4-

1 MazE4), v and r are the partial specific volume and the solution density, respectively. 

w is the rotor angular velocity, and ε 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 

modelling were performed using MLAB2 operating on the data analysis computer. 

 

1.2.4 Ribonuclease assay 

    The ribonuclease activity of MazF4 and its enhancement by the EDF homolog were 

assessed by a fluorometric method (41) using 11-base-long mRNA (5’-

AUAUCGCUAUG-3) as a substrate. Mixtures of MazF4 with the EDF homolog were 

prepared in several ratios and incubated at 37°C for one hour. To confirm 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-

labelled synthetic mRNA substrate. Briefly, a fluorophore (6-FAM) was covalently 

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 substrate (Bioneer, Daejeon, Korea) 
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were commercially ordered. The ribonuclease activity of MazF4 mutants (K19A, T42A, 

E70R and E76R) was also measured by the protocol described above.  

 

1.2.5 NMR spectroscopy 

    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 (Δδave) for the 15N and 

1H nuclei were calculated as follows:  

 
Δδave = {0.5[(ΔδHN) 2 + (ΔδN/5)2]}0.5 

 

 

Where, ΔδHN and ΔδN are the CSP values of the amide proton and nitrogen, respectively. 

For the backbone resonance assignments, 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. 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 at pH 6.5 containing 1 mM DTT and 200 mM NaCl) and 

the spectra were recorded at 308K. The NMR samples contained 10% D2O for the lock 

signal. All spectra were processed and analyzed using NMRPipe/NMRDraw (42) and 

NMRView (43), respectively. 
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1.3 Results 

1.3.1 Overall architecture of the M. tuberculosis MazEF4 complex 

    The MazEF4 complex consists of a dimer of two heterotrimers composed of two 

MazF4 molecules and one MazE4 molecule (Figure 3A). The hydrogen bonds that take 

part in MazE4 and MazF4 heterotrimer formation are clustered on helices α1 and η1 and 

strands β3 and β6 (β4 for chains B and D) of MazF4. The counterpart residues on MazE4 

are clustered on helices α2 and α3 (Figure 4A, left panel). Residues on loops between 

strands β1 and β2 (S1–S2 loop) and between strands β3 and β4 (S3–S4 loop) of MazF4 

are also involved in MazEF4 heterotrimer formation via hydrophobic interactions (Figure 

4A, 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) (44), which is one of only two MazEF complex 

structures published to date (Figure 1B). The other available MazEF complex structure is 

the E. coli MazEF complex (PDB code 1UB4) (45)  in which MazE interacts with MazF 

via its long C-terminal loop instead of the helix α3 (Figure 3B) 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. 
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Figure 3. Overall structure of M. tuberculosis MazF4 and MazF4 in complex with MazE4. 

(A) The structure of the M. tuberculosis MazEF4 heterohexamer. The disordered regions (Thr44 

to Arg47) of the loop connecting β3 and β4 are depicted as dotted lines. (B) Structural comparison 

of the M. tuberculosis MazEF4 heterohexamer with other MazEF complexes. (C) Cartoon 

presentation of the M. tuberculosis MazF4 monomer and M. tuberculosis MazE4 monomer in the 

MazEF4 complex. The α–helices, β–strands and a 310 helix of the MazF4 fold are labelled α1 to 

α2, β1 to β7 and η1, respectively. The disordered regions of the loops are depicted as dotted lines. 
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The α–helices of the MazE4 fold are labelled α1 to α3. (D) The structure of the M. tuberculosis 

MazF4 homodimer. The disordered regions (Gly15 to Gly17) of the loop connecting β1 and β2 

are depicted as dotted lines. 
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1.3.2 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. Figure 4 

shows the data (circles) and fits for the homogeneous heterotrimer (3x, dotted line) and 

heterohexamer (6x, solid line) models, respectively. The weighted root-mean-square 

errors (RMS) for the homogeneous 3x and 6x fits were 2.55 x 10-2 and 7.05 x 10-3, 

respectively, indicating the superiority of the 6x model. In the Figure 4 inset, residual 

plots are also shown. While the 6x model shows a random residual distribution, the 3x 

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 different speeds (20,000 and 25,000 

rpm) and concentrations (2.3 and 2.7 mM) also support the homogeneous heterohexamer 

(6x) 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. 
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Figure 4. The assembly of MazF4 in solution. 

 

 

 

 

 

 

 

 

 

 

 



23 

 

1.3.3 Structure of the M. tuberculosis MazF4 in MazEF4   

    A β-barrel-like structure composed of six anti-parallel β 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 residues placed on strands β3, β6 (β4 for chains 

B and D) and helix α2 (Figure 5B). The homodimer formation buries approximately 1,510 

Å2 of solvent-accessible surface area.  

 

1.3.4 Structure of the M. tuberculosis MazE4 in MazEF4  

    The model built for the M. tuberculosis MazE4 antitoxin consists of three α helices 

(Figure 3C, 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 approximately 2,390 Å2 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 β1 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 region of MazE4 is believed to form a β strand as part of the RHH motif. 
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Figure 5. 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. (B) Interactions between two MazF4 monomers constituting the MazEF4 complex (left: 

hydrophilic interaction, right: hydrophobic interaction). (C) Interactions involved in M. 
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tuberculosis MazF4 homodimer formation (left: hydrophilic interaction, right: hydrophobic 

interaction). 
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1.3.5 Structural comparison with MazF homologs 

    The architecture of M. tuberculosis MazF4 is defined as a β-barrel-like structure 

formed by seven anti-parallel β strands flanked by three helices (Figure 3C, left panel).  

Homodimer formation is mainly driven by the hydrogen bonds, ionic interactions and 

hydrophobic interactions that occur between strand β6, helix α1 and helix α2, burying 

approximately 1,835 Å2 of solvent-accessible surface area (Figure 5C). A homolog search 

using the DALI server (46) found several M. tuberculosis MazF4 homologs, which are 

the PemK-like, MazF-like toxins. The closest structural homologs are (i) MazF from 

Bacillus subtilis [PDB code 4MDX (chains A and B); r.m.s. deviation of 1.2 Å for 101 

equivalent Cα positions, Z-scores of 17.4–17.5, and sequence identity of 26%] (44), (ii) 

MazF6 from Mycobacterium tuberculosis [PDB code 5HK3 (chains A and B); r.m.s. 

deviations of 1.3–1.5 Å for 97 equivalent Cα 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 Cα positions, Z-score of 

16.9, and sequence identity of 29%] (47) 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 equivalent Cα 

positions, Z-scores of 16.6–16.7, and sequence identity of 27%] (48). 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 (Figures 6A and 6B) 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 

RNA substrate where is significant for sequence specificity of MazF (49). Interestingly, 

one of the major MazE binding pockets (the area named as Site 1 in former studies (48)) 



27 

 

of MazF4 is negatively charged which is opposite to that of structural homologs (Figures 

7A and 7B) also with the exception of the M. tuberculosis MazF3 structure (PDB code 

5UCT). As the MazF4 residues on Site 1 are highly negatively charged (Figures 7A and 

8), their counterpart MazE4 residues are mainly positively charged. 
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Figure 6. Sequence alignment and structural comparison of the MazF homologs.  

(A) Sequence alignment with MazF homologs. Highly conserved residues are indicated by boxes, 

and strictly conserved residues are highlighted using a red background in the boxes. The putative 

catalytic residues are marked with light blue dots. The secondary structural elements of M. 

tuberculosis MazF4 are presented above the sequence. (B) Superposition of M. tuberculosis 

MazF4, B. subtilis MazF-RNA, E. coli MazF-ssDNA and S. aureus MazF-RNA. 

 

 

 

 

 

 



29 

 

 

 

Figure 7. The comparison of electrostatic surface potential with a homolog.  

(A) (upper) The electrostatic surface potential of M. tuberculosis MazF4 dimer constituting 

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 B. subtilis MazF dimer constituting MazEF complex with ribbon 

representation of MazE4 (magenta). ) (lower) The electrostatic surface potential of B. subtilis 

MazE C-terminus constituting MazEF complex with ribbon representations of MazE (magenta) 

and MazF dimer (cornflower blue) (PDB code 4ME7). The MazE binding pockets and charged 

MazF binding patches are marked. 
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Figure 8. The relative location of RNA substrate, EDF and MazE4 binding area presented 

on MazF4 surface.  

Electrostatic surface of MazF4 with the MazE4 C-terminal a helix (magenta), the RNA binding 

pocket (red circle) and EDF binding pocket (blue circle) marked. The RNA binding pocket is 

positively charged in contrast to the negatively charged EDF binding pocket. 

 

 

 

 

 

 

 

 

RNA 

EDF 



31 

 

1.3.6 Backbone assignments of the MazF4 

    The backbone 1H, 13C, and 15N resonance assignments for 78 out 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 structure elements are present in the crystal 

structure of MazF4. Point mutations to alanine were introduced 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 spectrum of MazF4 R11A/Y16A with peak 

assignments is shown in Figure 9. Based on the assignment, the secondary structures with 

regard to the MazF residues were predicted by the TALOS+ program (50) The result 

revealed the presence of three helices and seven β-strands in MazF4. 
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Figure 9. The backbone assignment of MazF4.  

The [1H,15N]-HSQC spectrum was recorded on a 0.5-mM 15N-labeled sample dissolved in 20 mM 

MES, 200 mM NaCl and 1 mM DTT, pH 6.5 (90% H2O:10% D2O). 
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1.3.7 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 (Figure 3C, 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 α3 (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 (Figures 5A right panel, 

and 3B). 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 (Figures 3A). 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 α2 of MazE4. These 

interactions are mainly attributed to hydrophobic interactions among residues Ile48, 

Pro49 and Trp51 of MazF4 and helix α2 of MazE4 along with the salt bridges formed 

between Arg46 of MazF4 and Asp72 of MazE4 (Figure 5A). Apart from residues placed 

on the S1–S2 and S3–S4 loops, residues comprising the toxin dimerization interface 

undergo changes as two toxin molecules rotate about their symmetric axis. The residues 

on strand β6 (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 rearrangement increases the angle between two MazF4 monomers. 

However, the toxin dimerization interface does not directly interact with RNA. In addition 
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to conformational changes, several hydrogen bonds are formed between MazE4 and 

residues on helix α2 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 α2 and S5–S6 loop) in the structures of the B. subtilis MazF-RNA complex 

(PDB code 4MDX) (44), S. aureus MazF-RNA complex (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 (Figures 10A, 10B and 10C).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



35 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. M. tuberculosis MazF4 residues involved in RNA recognition.  

(A) Overlaid [1H,15N]-HSQC titration spectra of 0.1mM of 15N-labeled MazF4 titrated with 

uncleavable RNA. Examples of peaks that exhibit large chemical shift changes following RNA 

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 and intensity losses following 

RNA titration. Chemical shift changes of residues in MazF4 produced by RNA binding are plotted. 
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(B, upper) The ratio of the cross-peak intensities of residues in MazF4 produced by RNA binding 

is plotted against the residue number. (B, lower) The ratio of the peak intensities was normalized 

to the ratio of the peak intensity of Asn27. (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 moderate chemical shift changes are indicated (C, upper). 

The residues that showed reductions in their signal intensities are indicated (C, lower). Only one 

set of affected residues is coloured for clarity. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



37 

 

1.3.8 Catalytic core of MazF4 

    Superposition with the structures of B. subtilis MazF in complex with RNA (PDB 

code 4MDX) (44), E. coli MazF in complex with a substrate analog (PDB code 5CR2) 

(49) 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 (Figure 6B). 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 residues which 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 (Figure 6A). In our NMR titration result against an uncleavable RNA substrate 

(5’-AUA(dU)CGCUAUG-3’), Lys19 shows a significant intensity reduction (Figures 

10A and 10B) and Thr42 shows moderate chemical shift perturbations (CSP, Figures 10A 

and 10B).  Moreover, two mutants (MazF4 K19A and MazF4 T42A) show a reduction 

in the ribonuclease activity compared to the wild type thus, Lys19 and Thr42 are believed 

to be the critical residues in catalysis (Figure 11A). It is quite clearly stated by Zorzini et 

al. (49) that E. coli MazF Arg29 residue (the equivalent of Lys19 in M. tuberculosis 

MazF4) acts as general acid/base during charge-relay while 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 contribution of the Thr53 

as a charge stabilizer in E. coli MazF is supported by the fact that the Thr53 is within 

hydrogen bonding distance 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. tuberculosis MazF4 may also compensate the role of Thr42 
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in T42A mutant.  This explains why T42A mutant shows only a little decrease in 

ribonuclease activity while K19A shows a significant ribonuclease activity reduction. The 

NMR titration result also revealed other residues involved in RNA recognition (Figures 

10A and 10B). 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 (Figure 10C). Leu60 and Glu70 are the residues which display the largest 

CSP in our study. Leu60 is the structural equivalent of Phe69 in B. subtilis MazF which 

interacts with RNA via hydrophobic and van der Waal interactions. Glu70 is located on 

β6 which corresponds to β5–β6 loop, the major RNA recognition site in B. subtilis MazF 

in complex with RNA structure (PDB code 4MDX) (44). This also agrees well with the 

trajectory of the RNA substrate in the crystal structures of the MazF homolog-RNA 

complexes (Figure 6B). 

 

1.3.9 In vitro ribonuclease assays in the presence of the EDF homolog 

    The effect of the EDF homolog (ELWDR) on MazF4 ribonuclease 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 extension (19). The fluorometric assay result showed an elevation of 

MazF4 activity in presence of EDF homolog (Figure 11B). MazF4 mixed with MazE4 in 

the presence of the EDF homolog showed a higher ribonuclease activity than without the 

EDF homolog (Figure 11C). 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 dissociated from the MazEF4 complex. The increase in a ribonuclease 
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activity upon EDF homolog addition is believed to result from both the elevated intrinsic 

MazF4 activity and inhibited MazEF4 complex formation. 
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Figure 11. The in vitro ribonuclease assay of M. tuberculosis MazF4.  

EDF homolog (0–25 μM) were added to the reactions. (A) Ribonuclease activities of 1 μM of 

wild-type M. tuberculosis MazF4 and its mutants. (B) Effects of the EDF homolog on the 

ribonuclease activities of 1 μM of M. tuberculosis MazF4. (C) Effects of the EDF homolog on 

the ribonuclease activities of the M. tuberculosis MazEF4 complex. The slope between the 

10th and 110th readings of each reaction was calculated and is shown on the right panels in (A), 

(B) and (C). We assigned the value of 100% to the MazF4 activity without EDF. Data shown are 

the mean of three independent experiments. Error bars indicate the SEM. 
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1.3.10 EDF homolog binding site on MazF4  

    NMR titration experiments of 0.1mM of 15N-labeled MazF4 with the EDF homolog 

were carried out. The result displayed chemical shift changes for several residues (Figure 

8A). The most perturbed residues were Ile69, Glu70, Thr71 and Gly73 on strand β6 

(Figures 12B and 12C). The split peaks which 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 (48). It is interesting that the 

arginine residues which are likely to interact with EDF in the structural homologs are 

replaced with glutamates in MazF4. Moreover, 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 Glu70 residue is perturbed upon addition of the 

EDF homolog due to its interaction with Arg5 of the EDF homolog. As the third 

tryptophan residue of EDF is conserved across the species, the EDF homolog 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 R to E swap peptide 

(ELWDE) confirmed that there are interactions between the mutants and the R to E swap 

peptide (Figure 13A). 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 homolog 

(Figure 13B). The results support the idea that the electrostatic interaction between 

MazF4 and the EDF homolog is critical in increasing MazF4 activity. The peak shifts 
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without resonance broadening on the 2D-[1H-15N] HSQC spectra of MazF4 indicate 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 

consistent with our in vitro ribonuclease assay results in that a large amount of EDF 

homolog was required to increase the activity of MazF4. 
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Figure 12. 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 0.1mM of 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 
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that showed significant chemical shift changes are indicated in black, and the residues that showed 

slight chemical shift changes are indicated in grey. (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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Figure 13. The interaction between E to R mutants of M. tuberculosis MazF4 (E70R and 

E76R) and the R to E swap peptide (ELWDE).  

(A) Overlaid [1H,15N]-HSQC titration spectra of 0.1mM of 15N-labeled MazF4 E70R titrated with 

different ratios of the R to E swap peptide (ELWDE) (A, upper left). Examples of E70R peaks 

that exhibited chemical shift changes following ELWDE titration. The arrows in the diagram 

indicate the direction of the chemical shift (A, lower left). Overlaid [1H,15N]-HSQC titration 

spectra of 0.1mM of 15N-labeled MazF4 E76R titrated with different ratios of the R to E swap 

peptide (ELWDE) (A, upper right). Examples of E76R peaks that exhibited chemical shift 

changes following ELWDE titration. 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 μM of M. tuberculosis MazF4 E70R) (B, left) and E76R (B, right) mutants evaluated by 

fluorometric assay. Reactions were recorded every 30 sec for 60 min in all fluorometric assays. 
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1.4 Discussion 

1.4.1 The significance of MazF4 and EDF from M. tuberculosis             

for a new drug design 

    M. tuberculosis MazF4 is known to specifically cleave pentad sequences which 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 the suppression of PPE protein expression requires hyper active 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 (51). As PPE 

proteins are reported to be the marker of the progression to active TB (51), it is believed 

that hyper active 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 hyper activity 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. 
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1.4.2 The distinct charge distribution of MazF4 implies the 

independence of M. tuberculosis  

 

    MazF4 displays a negatively charged pocket where positively charged MazE4 

residues bind. This charge distribution is opposite in B. subtilis and E. coli MazEF 

complexes which show positively charged pocket on MazF where negatively charged 

MazE residues bind. Interestingly, the new EDF homolog from M. tuberculosis we 

present here has an arginine residue at the fifth position. The positively charged cluster 

near S1–S2 loop formed by Arg81 and Arg 87 in B. anthracis MoxT is required to be 

occupied by a negatively charged residue for the activity enhancement (48). As the cluster 

is substituted with negatively charged residues in M. tuberculosis 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 interaction 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.  

 

1.4.3 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 (Figures 8 and 12C). This region 

corresponds to an area called Site 1 (Figure 7), which was named in previous MazF 

studies (45, 48). This agrees well with the E. coli EDF and EDF-like peptide docking 

studies performed on E. coli MazF and B. anthracis MoxT (26, 48). Site 1 is located on 
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strand β6 which is significant for MazF4 homo dimerization. This implies that EDF 

binding loosens the homodimeric interface of MazF4. The loose dimeric interface is 

believed to cause the RNA binding crevice located on top of MazF4 to widen. As a result 

of wide RNA binding crevice, RNA can access to MazF4 active site more easily and this 

is believed to be the mechanism by which EDF elevates ribonuclease activity of MazF4.  

Additionally, Site 1 is where the major interaction between MazE and MazF is observed 

(Figure 8). This supports our assumption that the EDF homolog hinders MazEF4 complex 

formation by occupying the MazE4 binding site on MazF4. Overall, our in vitro data 

suggest that M. tuberculosis MazF4 with an elevated activity by the EDF homolog 

probably induce bactericidal stage to lessen the bacterial density. As the effect of EDF is 

advantageous in high population density, treatment of the pathogen in low population 

density such as LTBI with EDF would disrupt the bacterial survival. 

 

1.4.4 The tight regulation of M. tuberculosis in LTBI 

 

   Interestingly, the E. coli G6PD gene also shows a high similarity with the M. 

tuberculosis G6PD 2 gene (zwf2) in its nucleotide 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 fragment 

(PIWNA) that exists in the M. tuberculosis G6PD 2 sequence is generated by other MazF 

toxins from M. tuberculosis, our NMR titration result confirmed the absence of an 

interaction between MazF4 and the peptide. Therefore, the interaction between MazF4 

and the EDF homolog is specific. However, two G6PD isozymes and the relatively high 
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number of mazEF pairs present in M. tuberculosis suggest a low likelihood of complete 

deprivation of G6DP, which is a key enzyme for nucleotide precursor production (52) 

upon mazEF pair activation in M. tuberculosis. Consequently, M. tuberculosis is believed 

to have a very complex regulation during the latently infected state for a long-term 

survival. 

 

1.5 Conclusion 

This study reveals that M. tuberculosis has a unique EDF which elevates the 

ribonuclease activity of MazF4 from M. tuberculosis. The mechanism of ribonuclease 

activity enhancement by EDF is also structurally demonstrated. The unique EDF interacts 

with strand β6 of MazF4 via electrostatic interaction, where is also involved in MazF4 

homodimerization and MazE4 binding. This shows that EDF interfere with the MazF4 

homodimer and MazEF4 complex formation. The homodimer interface of MazF4 

widened by EDF reduces the steric hindrance for RNA to access to the active site of 

MazF4 thereby, increases the ribonuclease activity of MazF4. Moreover, MazF4 remains 

active by the inhibition of MazEF4 complex formation caused by EDF. Overall results 

suggest that the unique EDF-like peptide we found, has a potential to exert bactericidal 

effect on M. tuberculosis thereby, is expected to be a candidate for new anti-tubercular 

drug design. 
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Chapter 2.  

Studies on DNA binding modes of MazE2 N-terminus from 

Mycobacterium tuberculosis 

2.1 Introduction 

    The proteins belong to MazEF system are defined based on the sequence similarity 

of MazF and the location of its gene in relation to MazE encoding gene. As the 

categorization entirely depends on the primary structure of MazF, the characteristics of 

its counterpart MazE are not reflected in this classification. The common feature of MazE 

proteins display is that it has DNA binding N-terminus and MazF binding C-terminus 

(53). The C-terminus of MazE proteins shows structural resemblances onto one another 

but N-terminus is variable. For example, Escherichia coli MazE N-terminus bears 

intertwined β-barrel structure on the other hand, Bacillus subtilis MazE N-terminus bears 

Ribbon-Helix-Helix (R-H-H) motif (44, 45). As there was no Mycobacterial tuberculosis 

MazE N-terminus structure reported, it remained elusive how M. tuberculosis MazE binds 

to its operator DNA. Therefore, we focused on the DNA binding domain of MazE in this 

study to understand the molecular detail of MazE-DNA interactions. Here, we report the 

crystal structure of MazE2 N-terminal domain determined at 1.7 Å. We also found the 

palindromic DNA sequence located upstream of mazE2 which is probably an operator 

region. By using the palindromic DNA sequence, we confirmed the DNA binding and the 

residues involved in DNA binding of MazE2. 
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2.2 Experimental procedures 

2.2.1 Cloning, expression, and protein purification 

The genes coding three N-terminal MazE2 constructs were amplified by PCR with 

M. tuberculosis H37Rv genomic DNA used as template. The forward and reverse 

oligonucleotide primers contain the restriction enzyme sites NdeI and XhoI, respectively 

(Table 5). Consecutive six histidine residues were tagged to the N-terminus of protein in 

order to increase the efficiency of purification. The amplified PCR products which were 

digested by NdeI and XhoI, were cloned into the expression vector pET-28a(+) (Novagen). 

After ligation of PCR inserts and vectors, the recombinant plasmids were transformed to 

competent cell, E. coli DH5α. After sequence analysis of the recombinant plasmid, the 

plasmid was transformed to E. coli BL21 (DE3), Codon plus (DE3), C41 (DE3) and 

Rosetta2 (DE3) for protein over expression test with IPTG. Each of the transformed BL21 

(DE3), Codon plus (DE3), C41 (DE3) and Rosetta2 (DE3) cells was grown in 5 ml of LB 

media with 5 μl of kanamycin (30 μg/ml) at 37°C with shaking speed of 180 rpm 

overnight. Next day, they were inoculated into 200 ml of the fresh autoclaved LB media 

each containing kanamycin and incubated at 37°C with shaking speed of 180 rpm until 

the value of Optical Density (O.D.) at 600 nm reached at 0.5. 200 μl from each of the 

cultured cells was transferred to micro centrifuge tubes. They were centrifuged for 5 

minutes at 13,000 rpm to save pellet only for later analysis. 0.5 mM of isopropyl-β-D-1-

thiogalactopyranoside (IPTG) was added to each of the cultured cells to induce expression. 

After 4 hours, we took 200 μl from each of the induced cells and removed supernatants 

after centrifugation. The pellet fractions for both pre samples and post induced samples 

were suspended in 50 μl of distilled water with glycine buffer and boiled for 10 minutes. 
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We ran SDS-PAGE electrophoresis to observe the presence of induced band. 

Overexpressed cells were harvested by a centrifugation (Beckham J2-MC) at 6,000 rpm 

for 10 minutes. The cell pellet was suspended in 30 ml of the lysis buffer (20 mM Tris-

HCl (pH 7.8) and 500 mM NaCl) at 4 °C. The suspended cells were disrupted by an 

ultrasonic homogenizer on ice bath for total 10 minutes (pulse on 1 second, pulse off 5 

seconds) at amplitude of 30%. The lysate was clarified by centrifugation at 18,000 rpm 

for 1 hour. After centrifugation, the supernatant was filtered by 0.45 μm syringe filter and 

loaded onto a Ni2+ affinity column, which was previously equilibrated with lysis buffer 

(20 mM Tris-HCl(pH 7.8) and 500 mM NaCl). Then, the column was washed with the 

same buffer at gravity flow. The target protein was eluted by a stepwise concentration 

gradient of imidazole from 50 to 500 mM. The elution fractions were checked visually 

by SDS-PAGE electrophoresis and concentrated by ultrafiltration using an Amicon Ultra-

15 centrifugal filter unit (Millipore,USA) up to 2 ml. Concentrated samples were cleaved 

with thrombin overnight at 4 °C to remove His-tag and then loaded onto IMAC to obtain 

only intact MazE2 (1–44). The solution was then concentrated until the concentration of 

target protein reached 1mM. For the preparation of 15N-labeled sample and 15N, 13C-

labeled sample, cells were grown in M9 medium containing 15NH4Cl and/or [13C] glucose 

as stable isotope sources. 
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Table 5. Primers used to clone the MazE2 (1–44) expression plasmid. In primer IDs, “F” 

represents forward, and “R” represents reverse. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer ID Primer sequence (5'3') Restriction 
enzyme 

MazE2N1–41 F GGAATTCCATATGCTCAGCTTCCGCGCC NdeI 

MazE2N1–41 R CCGCTCGAGTCAGGCCAGCGCGGCCAAG XhoI 

MazE2N1–44 F GGAATTCCATATGCTCAGCTTCCGCGCC NdeI 

MazE2N1–44 R CCGCTCGAGTCACTGGTCCGCGGCCAGC XhoI 

MazE2N1–52 F GGAATTCCATATGCTCAGCTTCCGCGCC NdeI 

MazE2N1–52 R CCGCTCGAGTCATCGCTCGGTGTAGGCCTG XhoI 
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2.2.2 Crystallization and structure determination 

Crystallization conditions were searched by the sitting drop vapor diffusion method 

at 20℃ using screening kits from Hampton Research Inc. (Crystal Screen I, II, Index I, 

II) and from Emerald Biosystems Inc. (Wizard I, II, III, and IV). The crystallization drops 

were made by mixing the protein solution and the reservoir solution in one-to-one ratio. 

The well-made crystals appeared in 2-3 days in reservoir solution (Table 6) consisting of 

0.1 M Tris pH 8.5, 0.3 M Magnesium formate dehydrate (Figure 14). By optimizing this 

buffer condition, we could get a better crystal. The crystal was protected using the 

cryoprotectant solution consisting of the reservoir solution supplemented with 20 % (v/v) 

glycerol. Crystals were soaked in 5 mM of Sodium bromide for 10 mins and then in 

cryoprotectant for a few seconds before being frozen in liquid nitrogen. X-ray diffraction 

data was collected using synchrotron radiation on ADSC Q315r detector at beamline 

PAL-5C (SBII) (Pohang, South Korea) at λ=0.97944. Raw data was processed and scaled 

using HKL2000 program package (29). The structure was determined using Autosol in 

Phenix (30). Coot was used for manual model (32). Data collection and refinement 

statistics of MazE2 N-terminus are summarized in Table 7. 

 

Table 6. Conditions for MazF2 N-terminus protein crystallization. 

 Precipitation reagent Buffer pH Salt 
 
MazE2 

(1–44)  
0.3 M Magnesium formate dehysrate 0.1 M Tris-HCl 8.5 None 
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Figure 14. MazE2 (1–44) crystals. The crystal diffracted up to 1.69 Å. 
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Table 7. Data collection and refinement statistics of MazE2 N-terminus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MazE2 (1–44) crystal 

Data collection 

Space group                                               P 6522  

Cell dimensions    
    a, b, c (Å) 60.84  60.84  67.43 

    α, β, δ (°) 90.00  90.00  120.00 

Wavelength (Å) 0.91968  

Rsym 0.290 (0.453)*  

I / σ 30.27 (8.25)*  

Completeness (%) 98.41 (92.5)*  

Redundancy 4.0   

Refinement 

Resolution (Å)                                               30.00-1.69  

No. reflections 26974 

Rwork / Rfree† 0.1655/ 0.1878 

No. atoms 

    Protein 388 

    Water oxygen 33 

B-factors 

    Protein 11.97 

    Water 33.00 

R.m.s. deviations     

    Bond lengths (Å) 0.006  

    Bond angles (°) 0.879   

Ramachandran plot (%)     

    In favored region  99.00  

    In allowed region 0.00  
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2.2.3 NMR spectroscopy  

NMR spectra were obtained by JEOL 600 MHz NMR spectrometer equipped with 

a triple resonance probe and xyz-pulsed field gradient unit. 2D-15N HSQC at 298K (25°C) 

was recorded using 0.5 mM concentration of 15N-labeled MazE2 (1–44) in 20 mM Tris-

HCl (pH 7.8), 500 mM NaCl and 10 % D2O. 3D NMR spectra for backbone assignments 

(HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, HN(CA)CO and HNCO) were 

measured using 1 mM of 15N, 13C-labeled protein at 298K (25°C) in 20 mM Tris-HCl (pH 

7.8), 500 mM NaCl and 10 % D2O. All NMR datasets were processed in NMRPipe (42) 

and analyzed in NMRView (43). 

 

2.2.4 Electrophoretic mobility shift assays 

The 20-base pair palindromic dsDNA fragment located 10 bases upstream 

of Rv0660c was commercially ordered (Bioneer, Daejeon, Korea). The dsDNA and 

MazE2 (1–44) were mixed and incubated at 20 °C for 30 min in the buffer (50 mM Tris–

HCl at pH 7.5 containing 5 mM MgCl2, 5% glycerol and 500 mM NaCl). Electrophoresis 

was carried out on a 2.5% agarose gel containing ethidium bromide with Tris 

borate/EDTA buffer. 
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2.3 Results 

2.3.1 Secondary structure prediction 

    Using Jpred (54), we predicted the secondary structure of M. tuberculosis MazE2 

with the primary structure of MazE2 as an input. This suggests that MazE2 consists of 1 

strand and 3 helices on N-terminus and no secondary structure elements on C-terminus 

(Figure 15). As MazE N-terminal domain is known to take part in DNA binding by 

forming either R-H-H motif (44) or swapped hairpin motif (45), we could assume from 

the secondary element prediction of MazE2 that the N-terminus of MazE2 forms R-H-H 

motif which is responsible for DNA binding. Based on the prediction, we generated three 

possibly stable constructs (construct 1: N1–41, construct 2: N1–44 and construct 3: N1–

52).  
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Figure 15. The predicted secondary structure of MazE2. Based on the results from Jpred, 3 

constructs were designed. Among them 1-44 constructs show suitable amount and solubility to 

perform further experiments. 
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2.3.2 Structure of MazE2 (1–44) 

Ribbon-Helix-Helix (R-H-H) motif defines the overall structure of M. tuberculosis 

MazE2 (1–44) (Figure 16). Two MazE2 (1–44) monomers interact with each other 

through hydrogen bonds, mainly formed between residues on strand β1 and helix α1. 

(Figure 17). The hydrogen bonds are also formed between Arg20 and Gln44, which 

answers why MazE2 (1–44) construct is stable and easily crystallized. The homodimer 

formation buries approximately 1,816 Å2 of solvent-accessible surface area.  
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Figure 16. The crystal structure of MazE2 (1–44) dimer. The secondary elements are labeled over 

the 3D structure. 
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Figure 17. The residues involved in MazE2 (1–44) homo dimerization. 
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2.3.3 Sequential backbone assignment 

 

Approximately 95% of backbone assignment was completed except for Met1, Arg25 

and Ser26. Figure 18 shows a 2D 1H-15N HSQC spectrum with assigned peaks of M. 

tuberculosis MazE2 (1–44). 
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Figure 18. The backbone assignment of MazE2 (1–44). The spectra were measure in 20 mM Tris-

HCl (pH 7.8) and 500 mM NaCl.   
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2.3.4 MazE2 (1–44) binds to its operator DNA 

Electrophoretic mobility shift assay (EMSA) results of the M. tuberculosis MazE2 

(1–44) and palindromic dsDNA located upstream of the operon encoding the M. 

tuberculosis mazEF2 shows that MazE2 (1–44) binds to the palindromic dsDNA 

sequence (Figure19). The protein bound fraction of DNA increases upon addition of an 

increasing amount of the MazE2 (1–44). Twenty equivalents of MazE2 (1–44) are enough 

to saturate the operator dsDNA. 
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Figure 19. EMSA experiments. The 20bps-long palindromic dsDNA located 10 bases 

upstream of mazEF2 gene were used. 
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2.3.5 The MazE2 residues involved in DNA binding 

In order to figure out where in MazE2 protein interacts with DNA, we titrated the 

palindromic dsDNA against 15N-labeled MazE2 (1–44). As 0.6 equivalents of the DNA 

added to the protein, most peaks disappeared. Some residues show chemical shift 

perturbation (CSP) in a lower DNA concentration (Figure 20). These residues are located 

at strand β1, N-terminus of helix α1 and C-terminus of helix α2 (Figure 21). Among these 

residues, the residues on the C-terminus of helix α2 show less intensity reduction 

compared to other residues which show CSP. Therefore, we suspected that the residues 

on the C-terminus of helix α2 are involved in DNA binding in a different way to the other 

residues. We could find the answer from AmrZ which binds to DNA via R-H-H motif 

(55). The crystal structure of the transcription factor AmrZ in complex with 18 bp amrZ1 

binding site (PDB id: 3QOQ) shows strand β1, N-terminus of helix α1 and strand β1 and 

N-terminus of helix α2 interact with DNA (Figure 22). Interestingly, homodimeric AmrZ 

reconstitutes into homotetramer upon binding to DNA and the homotetramer formation 

is mediated by C-terminus of helix α2. It is plausible that the residues involved in 

homotetramer formation show less intensity reduction because only two monomers 

among four monomers in the tetramer are involved in the homotetramer formation. 

Overall, our NMR titration result show that MazE2 interact with operator DNA through 

strand β1 and N-terminus of helix α2. 

 

 

 



68 

 

 

 

 

 

Figure 20. NMR titration of MazE2 (1–44) against operator DNA. The examples of peaks 

that exhibit large chemical shift changes following RNA titration are boxed and enlarged.  

 

 

 

 

 

 

 

 

 

 

 

 

 



69 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 21. The perturbed MazE2 residues by DNA binding. The perturbed residues are colored 

marine blue. 
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Figure 22. The crystal structure of the transcription factor AmrZ in complex with 18 bp amrZ1 

binding site (PDB id: 3QOQ). The red circle indicates the area involved in homotetramer 

formation.  
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2.4 Discussion 

 

Although mazEF system is the first TA system found in bacterial chromosomal DNA, 

most studies were focused on MazF toxin, but not on MazE antitoxin. As a result of 

extensive studies on MazF, MazF toxin is very well characterized including its active site, 

various binding partners and 3D structure. In contrast to many deposited MazF structures, 

there are only a few MazE structures reported in Protein Data Bank and furthermore, all 

these reported MazE structures are a part of MazEF complex structure. However, we 

believe that the importance of MazE has been underestimated considering that antitoxin 

N-terminal domain is responsible for mazEF system activation through transcriptional 

repression (8). Since TA system became a target for antibacterial drug discovery, the 

majority of researches sought to activate TA system by TA complex disrupting molecules. 

However, the role of MazE as a transcriptional repressor implies that DNA binding 

domain of MazE also can be used as a TA system activator. In theory, antitoxin-like 

molecules which act as TA gene repressor can achieve the artificial activation of mazEF 

system, thereby cause cell death. Therefore, it is worthwhile to study the structure of 

MazE and its DNA binding mode for new antimicrobial agent development. On that note, 

the structure of M. tuberculosis MazE2 N-terminus and its DNA binding information we 

present here, are believed to provide new perspective for antibacterial strategy in regard 

to TA system. 
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2.5 Conclusion 

 

  As type II TA systems are merely defined based on the primary structure of putative 

toxins, it needs to be checked whether it is a bona fide component of type II TA system. 

The putative MazEF2 pair from M. tuberculosis is also categorized into MazEF system 

as the MazF2 protein shows a sequence similarity with MazF homologs and its gene 

constitutes an operon with mazE2 gene. Here, we characterized the DNA-binding domain 

of MazE2 from M. tuberculosis and confirmed the DNA-binding of this domain to its 

own operator. This result strengthens the reliability of the classification by which this 

putative MazEF2 pair is defined as mazEF system.  

 

 

 

 

 

 

 

 

 



73 

 

References 

 

1. Lonnroth K & Raviglione M (2008) Global epidemiology of tuberculosis: Prospects for 

control. Semin Resp Crit Care 29(5):481-491. 

2. WHO (2016) Global Tuberculosis Report 2016.  (World Health Organization, Geneva, 

Switzerland). 

3. Gengenbacher M & Kaufmann SHE (2012) Mycobacterium tuberculosis: success 

through dormancy. Fems Microbiol Rev 36(3):514-532. 

4. Schluger NW (2013) Advances in the diagnosis of latent tuberculosis infection. Semin 

Respir Crit Care Med 34(1):60-66. 

5. Hayes F & Van Melderen L (2011) Toxins-antitoxins: diversity, evolution and function. 

Crit Rev Biochem Mol Biol 46(5):386-408. 

6. Christensen SK, Mikkelsen M, Pedersen K, & Gerdes K (2001) ReIE, a global inhibitor 

of translation, is activated during nutritional stress. P Natl Acad Sci USA 98(25):14328-

14333. 

7. Sat B, et al. (2001) Programmed cell death in Escherichia coli: Some antibiotics can 

trigger mazEF lethality. J Bacteriol 183(6):2041-2045. 

8. Hazan R, Sat B, & Engelberg-Kulka H (2004) Escherichia coli mazEF-mediated cell 

death is triggered by various stressful conditions. J Bacteriol 186(11):3663-3669. 

9. Page R & Peti W (2016) Toxin-antitoxin systems in bacterial growth arrest and 

persistence. Nat Chem Biol 12(4):208-214. 

10. Sala A, Bordes P, & Genevaux P (2014) Multiple toxin-antitoxin systems in 

Mycobacterium tuberculosis. Toxins (Basel) 6(3):1002-1020. 

11. Yamaguchi Y, Park JH, & Inouye M (2011) Toxin-Antitoxin Systems in Bacteria and 

Archaea. Annu Rev Genet 45:61-79. 

12. Hayes F (2003) Toxins-antitoxins: Plasmid maintenance, programmed cell death, and 

cell cycle arrest. Science 301(5639):1496-1499. 

13. Schuster CF & Bertram R (2013) Toxin-antitoxin systems are ubiquitous and versatile 

modulators of prokaryotic cell fate. Fems Microbiol Lett 340(2):73-85. 

14. Bernard P & Couturier M (1992) Cell Killing by the F-Plasmid Ccdb Protein Involves 

Poisoning of DNA-Topoisomerase-Ii Complexes. J Mol Biol 226(3):735-745. 

15. Diago-Navarro E, et al. (2010) parD toxin-antitoxin system of plasmid R1-basic 

contributions, biotechnological applications and relationships with closely-related 

toxin-antitoxin systems. Febs J 277(15):3097-3117. 

16. Hargreaves D, et al. (2002) Structural and functional analysis of the Kid toxin protein 



74 

 

from E-coli plasmid R1. Structure 10(10):1425-1433. 

17. Hazan R & Engelberg-Kulka H (2004) Escherichia coli mazEF-mediated cell death as a 

defense mechanism that inhibits the spread of phage P1. Mol Genet Genomics 

272(2):227-234. 

18. Pandey DP & Gerdes K (2005) Toxin-antitoxin loci are highly abundant in free-living 

but lost from host-associated prokaryotes. Nucleic Acids Res 33(3):966-976. 

19. Zhu L, et al. (2008) The mRNA interferases, MazF-mt3 and MazF-mt7 from 

Mycobacterium tuberculosis target unique pentad sequences in single-stranded RNA. 

Mol Microbiol 69(3):559-569. 

20. Zhu L, et al. (2006) Characterization of mRNA interferases from Mycobacterium 

tuberculosis. J Biol Chem 281(27):18638-18643. 

21. Yamaguchi Y & Inouye M (2011) Regulation of growth and death in Escherichia coli 

by toxin-antitoxin systems. Nat Rev Microbiol 9(11):779-790. 

22. Suzuki M, Zhang J, Liu M, Woychik NA, & Inouye M (2005) Single protein production 

in living cells facilitated by an mRNA interferase. Mol Cell 18(2):253-261. 

23. Kolodkin-Gal A & Engelberg-Kulka H (2008) The extracellular death factor: 

Physiological and genetic factors influencing its production and response in 

Escherichia coli. J Bacteriol 190(9):3169-3175. 

24. Kolodkin-Gal I, Hazan R, Gaathon A, Carmeli S, & Engelberg-Kulka H (2007) A linear 

pentapeptide is a quorum-sensing factor required for mazEF-mediated cell death in 

Escherichia coli. Science 318(5850):652-655. 

25. Kumar S, et al. (2016) Escherichia coli Quorum-Sensing EDF, A Peptide Generated by 

Novel Multiple Distinct Mechanisms and Regulated by trans-Translation. Mbio 

7(1):e02034-02015. 

26. Belitsky M, et al. (2011) The Escherichia coli extracellular death factor EDF induces the 

endoribonucleolytic activities of the toxins MazF and ChpBK. Mol Cell 41(6):625-635. 

27. Hoffer ED, Miles SJ, & Dunham CM (2017) The structure and function of 

Mycobacterium tuberculosis MazF-mt6 toxin provide insights into conserved features 

of MazF endonucleases. J Biol Chem 292(19):7718-+. 

28. Chen R, et al. (2017) Structure of the MazF-mt9 toxin, a tRNA-specific endonuclease 

from Mycobacterium tuberculosis. Biochem Bioph Res Co 486(3):804-810. 

29. Otwinowski Z & Minor W (1997) Processing of X-ray diffraction data collected in 

oscillation mode. Method Enzymol 276:307-326. 

30. Adams PD, et al. (2010) PHENIX: a comprehensive Python-based system for 

macromolecular structure solution. Acta Crystallogr D Biol Crystallogr 66(Pt 2):213-

221. 

31. A. Vagin AT (2010) Molecular replacement with MOLREP. Acta Crystallogr D Biol 

Crystallogr 66: 22-25. 



75 

 

32. Emsley P, Lohkamp B, Scott WG, & Cowtan K (2010) Features and development of 

Coot. Acta Crystallogr D Biol Crystallogr 66(Pt 4):486-501. 

33. Murshudov GN, et al. (2011) REFMAC5 for the refinement of macromolecular crystal 

structures. Acta Crystallogr D Biol Crystallogr 67(Pt 4):355-367. 

34. Brunger AT (1992) Free R value: a novel statistical quantity for assessing the accuracy 

of crystal structures. Nature 355(6359):472-475. 

35. Krissinel E & Henrick K (2007) Inference of macromolecular assemblies from crystalline 

state. J Mol Biol 372(3):774-797. 

36. W.L. D (2002) The PyMOL Molecular Graphics System (San Carlos, CA: DeLano 

Scientific). 

37. Pettersen EF, et al. (2004) UCSF chimera - A visualization system for exploratory 

research and analysis. J Comput Chem 25(13):1605-1612. 

38. Larkin M.A. BG, Brown N., Chenna R., McGettigan P.A., McWilliam H., Valentin F., Wallace 

I.M., Wilm A., Lopez R (2007) Clustal W and Clustal X version 2.0. Bioinformatics 

23(21):2947-2948. 

39. Robert X. GP (2014) Deciphering key features in protein structures with the new 

ENDscript server. Nucleic Acids Res 42:W320-W324. 

40. Harding SE, Rowe AJ, & Horton JC (1992) Analytical Ultracentrifugation in Biochemistry 

and Polymer Science (The Royal Society of Chemistry, Cambridge) pp pp. 90-125. 

41. Wang NR & Hergenrother PJ (2007) A continuous fluorometric assay for the 

assessment of MazF ribonuclease activity. Anal Biochem 371(2):173-183. 

42. Delaglio F, et al. (1995) Nmrpipe - a Multidimensional Spectral Processing System 

Based on Unix Pipes. J Biomol Nmr 6(3):277-293. 

43. Johnson BA & Blevins RA (1994) Nmr View - a Computer-Program for the Visualization 

and Analysis of Nmr Data. J Biomol Nmr 4(5):603-614. 

44. Simanshu DK, Yamaguchi Y, Park JH, Inouye M, & Patel DJ (2013) Structural Basis of 

mRNA Recognition and Cleavage by Toxin MazF and Its Regulation by Antitoxin MazE 

in Bacillus subtilis. Mol Cell 52(3):447-458. 

45. Kamada K, Hanaoka F, & Burley SK (2003) Crystal structure of the MazE/MazF complex: 

molecular bases of antidote-toxin recognition. Mol Cell 11(4):875-884. 

46. Holm L & Rosenstrom P (2010) Dali server: conservation mapping in 3D. Nucleic Acids 

Res 38:W545-W549. 

47. Zorzini V, et al. (2014) Structural and biophysical characterization of Staphylococcus 

aureus SaMazF shows conservation of functional dynamics. Nucleic Acids Res 

42(10):6709-6725. 

48. Verma S, et al. (2015) Structural basis of Bacillus anthracis MoxXT disruption and the 

modulation of MoxT ribonuclease activity by rationally designed peptides. J Biomol 

Struct Dyn 33(3):606-624. 



76 

 

49. Zorzini V, et al. (2016) Substrate Recognition and Activity Regulation of the Escherichia 

coli mRNA Endonuclease MazF. J Biol Chem 291(21):10950-10960. 

50. Shen Y, Delaglio F, Cornilescu G, & Bax A (2009) TALOS plus : a hybrid method for 

predicting protein backbone torsion angles from NMR chemical shifts. J Biomol Nmr 

44(4):213-223. 

51. Singh KK, et al. (2005) Immunogenicity of the Mycobacterium tuberculosis PPE55 

(Rv3347c) protein during incipient and clinical tuberculosis. Infect Immun 73(8):5004-

5014. 

52. Herrmann KM & Weaver LM (1999) The Shikimate Pathway. Annu Rev Plant Physiol 

Plant Mol Biol 50:473-503. 

53. Hazan R, Sat B, Reches M, & Engelberg-Kulka H (2001) Postsegregational killing 

mediated by the P1 phage "addiction module" phd-doc requires the Escherichia coli 

programmed cell death system mazEF. J Bacteriol 183(6):2046-2050. 

54. Cole C, Barber JD, & Barton GJ (2008) The Jpred 3 secondary structure prediction 

server. Nucleic Acids Res 36(Web Server issue):W197-201. 

55. Waligora EA, et al. (2010) AmrZ beta-sheet residues are essential for DNA binding and 

transcriptional control of Pseudomonas aeruginosa virulence genes. J Bacteriol 

192(20):5390-5401. 

 

 

 

 

 

 

 

 

 

 



77 

 

국문초록 

Mycobacterium tuberculosis에서 유래한 MazEF 단백질의 

구조적, 기능적 연구 

서울대학교 대학원  

약학과 물리약학 전공  

  안 도 환  

 

    결핵은 대표적인 감염병의 하나로 전 세계인구의 1/3 이 감염되어있을 정도로 

만연해있는 질병이다. 이와 같은 높은 감염률은 가혹한 환경에서도 오랜 기간 생존하는 

결핵균의 생리와 더불어 기존 항생제에 내성을 나타내는 다제 내성 결핵균 (MDR-TB)과 

광범위 다제 내성 결핵균 (XDR-TB) 에 기인한다. 이러한 기존의 항생제에 내성을 

나타내는 결핵균들이 출현하면서 결핵치료에 여러 가지 다른 항생제들이 추가되어 사용되고 

있지만 기존의 결핵 약물을 대체할 정도의 효과적인 약물은 현재 없는 실정이다. 이에 따라 

결핵의 퇴치를 위해서는 지금까지의 항생제와는 다른 새로운 작용기전의 약물 개발이 

요구된다. 이 요구에 부합하기 위해 본 연구는 결핵균의 성장억제, 사멸에 관여하는 인자인 

독소-항독소 체계 (Toxin-antitoxin system)에 초점을 맞추어 진행되었다.  

 독소-항독소 체계는 독성을 나타내는 안정한 독소와 이를 중화하는 상대적으로 불안정한 

항독소로 구성되어있으며, 평상시에 항독소에 의해 독성이 억제되고 있던 독소가 특정 상황 

하에서 항독소에서 유리되어 독성을 나타낸다. 다섯 가지 타입의 독소-항독소 체계 

중 Type II 독소-항독소 체계는 자연계에 존재하는 거의 모든 고세균, 세균에서 발견되지만, 

대부분이 10 개 내외를 지니고 있는 반면 사람에서 결핵을 유발하는 Mycobacterium 

tuberculosis 의 경우 상당히 많은 수인 90 개 가량을 지니고 있다. 특히 결핵균과 같이 

Mycobacteria 로 분류되지만 병원성이 없는 Mycobacterium smegmatis 는 단 2 가지의 



78 

 

type II 독소-항독소 체계만 지닌다는 점에서 이 체계가 병원성과도 관련되어 있음을 

유추할 수 있다. 다른 독소-항독소 체계와 마찬가지로 평상시에 강한 결합으로 독소의 

독성발현을 막고 있는 항독소는 고온, 산화 스트레스 또는 영양 결핍 등 불리한 생장 

조건아래 놓였을 때 과 발현된 단백분해효소에 의하여 분해되고 이로 인해 유리된 독소가 

RNA 를 분해하여 균의 성장을 억제 또는 사멸을 유도한다. Type II 독소-항독소 체계는 

다시 독소의 구조 기능적 유사성에 따라 여러 가지로 분류되는데 대표적으로 VapBC, 

MazEF, RelBE 쌍이 있다. 이 중 MazEF 쌍은 다른 쌍과 다르게 인식하는 RNA 의 

염기서열의 선택성이 높고, 균의 군집 내의 개체 수를 조절 (quorum sensing)한다는 연구가 

보고되어있다. 본 연구에서는 이에 착안하여 결핵균이 지닌 7 개의 MazEF 쌍 중 MazEF2 

쌍과 MazEF4 쌍의 구조와 기능 분석을 진행하였다. RNA 분해기전을 알아내기 

위하여 MazF4 의 RNA 분해활성에 주요한 잔기들을 알아내었다. 또한 MazF4 가   quorum 

sensing 에 이용하는 결핵균의 Extracellular Death Factor (EDF)인 ELWDR 서열의 

펩타이드를 대장균과의 유전자 서열 비교를 통해 발굴하였다. 

 더 나아가 본 연구에서는 이 EDF 유사 펩타이드가 어떻게 MazF4 의 RNA 분해능을 

향상시키고, MazEF4 복합체의 형성을 저해하는지 알아보기 위하여 MazF4 와 MazEF4 

복합체의 삼차원 결정 구조를 규명하였다. 규명된 구조를 바탕으로 EDF 유사체가 어느 

부위에 결합하는지를 알아보기 위해 3 차원 NMR 분광학 기법을 이용 MazF4 의 backbone 

assignment 를 수행하였다. 이 후 NMR 적정을 이용하여 EDF 유사체가 결합하는 지역이 

MazF4 의 3 차원 결정 구조 상에 어느 부위에 위치하는 지 규명하였다. 이를 통해 EDF 

유사체가 결합하는 부위는 MazF4 dimer 형성과 MazEF4 복합체 형성에 주요한 위치임을 

알 수 있었다. 따라서 EDF 유사체는 MazF4상의 MazE4 결합자리 중 일부를 차지함으로서 

경쟁적으로 MazE4 의 결합을 방해하고 이로서 MazEF4 복합체 형성을 저해함을 알 수 

있었다. 이 자리에 위치한 EDF 유사체가 MazF4 의 RNA 분해능 향상에 어떻게 영향을 

미치는 지 알아보기 위하여 RNA 유사체를 적정하여 NMR 분석을 하였다. 이를 통해 

RNA는 S1-S2 loop과 S3-S4 loop 사이와 MazF4 dimer위쪽의 crevice에 놓이게 됨을 알 

수 있었다. 결과를 종합하여 볼 때, EDF 유사체는 독소 dimer 형성에 중요한 strand 6 에 
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결합해 interface 를 느슨하게 함으로서 RNA 접근을 용이하게 하여 MazF4 의 RNA 

분해능을 높이는 것으로 보인다. 추가적으로 본 연구에서는 EDF 유사체 펩타이드가 

대장균이나 고초균 유래의 EDF 와 달리 5 번 째 위치에 양전하를 띈 Arginine 잔기를 

가지고 있는 점에 주목하였다. 대장균과 고초균의 MazF 의 경우 EDF 결합에 주요한 

잔기는 양전하를 띄고 있는 잔기들로 알려져 있고, 양전하를 띈 잔기 여러 가지가 모여서 

cluster 를 형성하고 있다. 이에 반해 결핵균 유래의 MazF4 는 3 차원 구조 상에서 이에 

상응하는 부위 잔기들이 음전하를 띈 glutamate 로 이루어져 있다. 이를 볼 때 본 연구에서 

발굴한 결핵균 유래 EDF 유사체 펩타이드가 Arginine 잔기를 지닌 것이 음전하를 띄고 

있는 MazF4 와의 결합에 유리할 것으로 예측되므로, 더 나아가 펩타이드 결합에 주요할 

것으로 보이는 Glu70 과 Glu76 를 각 각 Arginine 으로 치환한 mutant 를 제작하여 5 번 째 

Arginine 을 Glutamate 로 치환한 펩타이드 (ELWDE)와의 결합여부를 실험하였다. 예상과 

같이, mutant단백질들과 치환된 펩타이드는 결합함을 NMR 적정을 통해 확인할 수 있었다. 

결론적으로, 본 연구에서 발굴한 결핵균에서 유래한 EDF 유사체 펩타이드는 다른 균에서 

유래한 펩타이드와 특이적인 서열을 지님으로서 다른 MazF 들과 상반된 전하를 띄는 

결핵균의 MazF4 에 특이적으로 결합하여 이 단백질의 RNA 분해능만을 특이적으로 

증가시킬 것으로 예상된다. 이는 결핵균이 다른 균들의 MazF 와 상반된 전하를 띈 

MazF4를 지님으로서 다른 균들이 분비하는 quorum sensing 펩타이드의 영향을 받지 않고 

독립적으로 자신들의 군집의 개체 수만을 감지하는데 유익할 것으로 예상된다. 또한 본 

연구에서 발견된 펩타이드가 과량 존재시 결핵균의 사멸을 유도할 것으로 예상되므로, 

새로운 결핵치료제 개발에 선도물질로 가치가 있을 것이라 기대한다.  

  결핵균이 지니고 있는 7 가지의 MazEF 쌍 중 MazEF2 의 독소인 MazF2 는 결핵균의 

독소이지만, 대장균에서 발현 시 대장균의 사멸을 유도하는 것으로 보고되어있다. MazE2와 

MazF2 역시 유전자 상에서 이웃하여 위치하며 하나의 promoter 에 의해 조절되는 

operon 형태를 이루고 있다. 본 연구에서는 이 시스템의 항독소인 MazE2 의 DNA 결합 

부위인 N-말단의 삼차원 결정 구조를 규명하였고, 이 단백질이 결합하는 MazEF2 유전자 

전사의 조절자인 operator 지역을 찾아내었다. 단백질 발현에 앞서 항독소인 MazE 는 
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안정한 2 차 구조를 갖추는 N-말단 지역과 flexible 한 C-말단 지역으로 나뉘므로 아미노산 

서열 분석을 통해 안정한 N-말단 지역이 아미노산 서열상 어느 부위인지 탐색하였다. 

그 결과 N-말단의 44 번 째 잔기까지가 DNA 에 결합하는 대표적인 motif 인 Ribbon-

Helix-Helix (R-H-H) motif 를 이룰 가능성이 큰 것으로 나타났다. 이를 반영하여 본 

연구에서는 N-말단의 44 개의 아미노산으로 이루어진 단백질의 3 차원 구조를 규명하였다. 

구조 결정 결과 아미노산 서열에서 예측했던 바와 같이 이 도메인은 R-H-H motif 를 

형성하고 있으며 두 개의 단백질이 dimer 를 형성하고 있음을 알 수 있었다. 이와 더불어 

이 단백질이 결합하는 유전자 전사 조절 부위인 operator 를 규명하기 위해 MazE2 를 

암호화하는 유전자의 상위 유전자 서열을 분석하였다. 그 결과 전사 조절자들이 주로 

결합하는 회문구조 (palindromic) 형태의 DNA 서열을 MazE2 개시 코돈의 10 염기서열 

앞에서 찾을 수 있었다. 이 서열에 MazE2 단백질이 실제로 결합하는 것을 EMSA 

(Electrophoretic mobility shift assay)를 통해 확인하였다. 더불어 MazE2 의 N-말단 

도메인이 DNA 에 결합하는 양상을 파악하기 위하여 MazE2 N-말단 도메인의 backbone 

assignment 와 DNA 적정을 시행하였다. 이 결과를 3 차원 구조 위에 표시하여보니, 이 

잔기들은 양전하를 띄는 β1 과 α1 의 N-말단에 분포하고 있었다. 이로써 인산 골격을 

지니어 음전하를 띄고 있는 DNA 와 MazE2 의 양전하를 띄는 잔기들이 결합을 매개하고 

있음을 확인하였다. 결론적으로 본 연구는 아미노산 서열 분석으로 예측되었던 결핵균의 

MazE2 단백질이 실제로 전사조절자의 역할을 하는 지와 더불어 그 작용기전을 규명하였다.  

 

주요어: 결핵균, 독소-항독소 체계, MazEF, Extracellular death factor, 전사조절자 

학 번: 2011-31102 
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Abstract 

Structural and Functional Study 

on MazEF proteins   

from Mycobacterium tuberculosis 

 

                                        Do-Hwan Ahn 

College of Pharmacy 

 Seoul National University 

 

    The bacterial toxin-antitoxin MazEF system in the tuberculosis (TB)-causing bacterium 

Mycobacterium tuberculosis is activated under unfavorable conditions, including starvation, 

antibiotic exposure, and oxidative stress. This system contains the MazF toxin, which is 

ribonucleolytic enzyme and its cognate MazE antitoxin, which neutralizes the toxicity of MazF.  

    MazF 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-mediated toxicity of 

MazF drives a cell-killing phenomenon, the molecular details are poorly understood. Moreover, 

the divergence in sequences among reported EDFs suggests that each bacterial species has a unique 

EDF. To address these open questions, we report here the structures of MazF4 and MazEF4 

complexes from M. tuberculosis, representing the first MazEF structures 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 
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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 previously reported EDFs. Overall, our results suggest 

that M. tuberculosis 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. 

    MazE consists of DNA binding N-terminus and MazF binding C-terminus. MazE negatively 

regulates transcription of itself by binding to its operator as well as that of MazF. Compared to 

extensive studies conducted on MazF, there are only three structures of MazE available up to date. 

The three structures present MazE structure which is in complex with MazF but not on its own. In 

contrast to the structural similarity among C-terminus of MazE proteins, the structures of N-

terminus are largely different. Therefore, we focused on the DNA binding domain of MazE in this 

study to understand the molecular detail of MazE-DNA interactions. Secondary structure 

prediction based on the primary structure of MazE2 from M. tuberculosis strongly suggests that 

the N-terminus of MazE2 forms Ribbon-Helix-Helix (R-H-H) motif, which is a typical DNA 

binding motif. Based on the secondary structure prediction, we obtained the stable MazE2 N-

terminal domain which crystallized for 3D structure determination. The 3D structure indeed shows 

R-H-H motif. We also confirmed that this domain in itself can bind to its operator. Our NMR 

titration result reveals the MazE2 residues involved in DNA binding. Overall results show that N-

terminus of MazE2 in itself can bind to its operator.  
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Chapter 1.  

Molecular insights and biological implication of a MazEF pair from 

Mycobacterium tuberculosis into latent tuberculosis infection 

 

1.1 Introduction 

Approximately one-third of the world’s population is infected with tuberculosis (TB), 

which is the second most common cause of death from infectious disease after HIV (1). 

Notably, only 5–15% of the infected population develops clinical manifestations of active 

TB disease (2), while the remaining infected population manifests the latent tuberculosis 

infection (LTBI), which is typified by the slow-growing and/or non-replicating state of 

Mycobacterium tuberculosis (M. 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 new lines of drugs to target M. tuberculosis molecules that are closely related to 

LTBI. The toxin-antitoxin (TA) system is a promising 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) (7) (8). Currently, 

TA systems are classified into 6 types, mainly based on how antitoxins neutralize 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, 
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the stable toxin is suppressed by its cognate labile antitoxin. However, stress conditions 

induce degradation of the antitoxin, and the liberated toxin subsequently 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 systems, 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 endoribonuclease activity (19, 20). Unlike 

other type II toxins, MazF toxin recognizes and cleaves a specific sequence of 

intracellular RNAs in a ribosome-independent manner (21). Due to its sequence 

specificity, MazF suppresses translation to a lesser degree than non-sequence-specific 

toxins do 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 (QS) (23, 24). E. 

coli EDF is a linear pentapeptide (NNWNN) which is generated upon ribosome stalling 

by activated MazF (25). The peptide is generated upon cleavage of  glucose-6-phosphate 

1-dehydrogenase (G6PD) mRNA by E. 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 
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contains a codon for pentapeptide sequence (ELWDR) and a MazF4-specific sequence 

(UCGUG) (19) that is 32 codons behind the ELWDR encoding region. Since 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, investigations into the 

relationships between MazF and EDF would provide a molecular basis for the 

development of new anti-tuberculosis drugs that control LTBI. 

In this study, we present the crystal structures of M. tuberculosis (strain H37Rv) MazF4 

alone and in complex with its cognate antitoxin MazE4. Although several M. tuberculosis 

MazF structures were recently revealed such as M. tuberculosis 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 relation to EDF, possibly providing a new strategy for the development of anti-
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tuberculosis agents that are effective for LTBI.      
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1.2 Experimental procedures 

1.2.1 Cloning, expression, and protein purification 

    The gene encoding M. tuberculosis (strain H37Rv) MazE4 (Rv1494) was cloned into 

expression vectors pET28a(+) (Novagen) and pET29a(+) (Novagen) to enable the 

production of hexahistidine-tagged and intact MazE4, respectively. The gene encoding M. 

tuberculosis MazF4 (Rv1495) was cloned into modified expression vector pET28a(+) 

(Novagen) to enable the production of MazF4 fused with hexahistidine-tagged soluble 

protein GB1 with a TEV cleavage site inserted in between two proteins. The 

oligonucleotide primers used for PCR are listed in Table 1. Each MazE4 recombinant 

plasmid was transformed into E. coli Rosetta™ 2 (DE3) pLysS, and MazF4 and the 

MazF4 mutants were transformed into E. coli C41 (DE3). Each colony was separately 

subcultured at 37°C overnight in 5 ml of LB media supplemented with kanamycin and 

subsequently transferred to 1 L of LB media supplemented with kanamycin. Each culture 

was induced by the addition of 0.5 mM isopropyl 1-thio-β-D-galactopyranoside at an O.D. 

of 0.5. The cultures of MazF4 and its mutants were grown at 37°C for 4 hours, and the 

cultures of MazE4 were grown at 15°C for 24 hours after induction. For the preparation 

of SeMet-substituted MazF4, cells were grown in M9 cell culture medium containing 

extra amino acids, including SeMet. For the preparation 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. Each culture of MazF4 and its 

mutants was lysed by sonication in buffer A (20 mM Tris-HCl at pH 8.0 and 500 mM 

NaCl) containing 10% (v/v) glycerol and protease inhibitor cocktail tablets (Roche) and 
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centrifuged to remove cellular 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-Aldrich) for hexahistidine-tagged GB1 removal. After the cleavage was 

completed, the mixture was dialyzed against buffer A and subjected to an affinity 

chromatography column of nickel-nitrilotriacetic acid-agarose (Novagen) equilibrated in 

buffer A once again to obtain intact MazF4 in the eluate. The sample was further purified 

by size-exclusion chromatography (SEC) on a HiLoad 16/60 Superdex 75 prep-grade 

column (GE Healthcare) equilibrated with 20 mM Tris-HCl buffer at pH 7.8 containing 

150 mM NaCl (Figure 1). The cultures of intact MazE4 and GB1-fused MazF4 were 

mixed together for MazEF4 complex production, and the aforementioned purification 

procedure for MazF4 production was applied (Figure 1). The supernatants of 

hexahistidine-tagged MazE4 was also applied to an affinity chromatography column of 

nickel-nitrilotriacetic acid-agarose (Novagen) after lysis in buffer A. The hexahistidine-

tagged MazE4 was eluted with buffer A containing 500 mM imidazole following a wash 

with 100ml of buffer A containing 40 mM imidazole. MazE4 was dialyzed against 20 

mM Tris-HCl at pH 7.5 containing 150 mM NaCl for further experiments. The 

recombinant MazEF4 complex substituted with selenomethionine (SeMet) was obtained 

through the same procedure applied for native MazEF4 complex production. Isotope-

labelled samples were subjected to the same purification protocol used to produce native 

MazF4.The mutations in MazF4 (K19A, T42A and R11A/Y16A) were introduced by site-

directed mutagenesis using mutagenic oligonucleotide primers (Table 2) and Rv1495 in 
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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, Agilent). The PCR products were incubated with DpnI to digest the 

template DNA, and the products were transformed into competent DH5α cells. All point 

mutations were confirmed by DNA sequencing (Cosmogenetech, Seoul, Korea).  
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Figure 1. Purification of MazF4 and MazEF4.  

(A) Purification of MazF4 fused with GB1 by Immobilized Metal Affinity Chromatography 

(IMAC). (B) Cleavage of MazF4 fused with GB1 by TEV protease. (C) MazF4 in the eluate 

passed through IMAC. (D) Purification of MazE4 complexed with MazF4 fused with GB1 by 

IMAC. (E) Cleavage of MazF4 fused with GB1 complexed with MazF4 by TEV protease. (F) 

Purification of MazE4 complexed with MazF4 by Size Exclusion Chromatography (SEC).   
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Table 1. Primers used to clone the MazE4 and MazF4 expression plasmid. In primer IDs, 

“F” represents forward, and “R” represents reverse. 

 

 

Table 2. Primers for site-directed mutagenesis. In primer IDs, “F” represents forward, and “R” 

represents reverse. Mutated nucleotides are underlined in the primer sequences used for site-

directed mutagenesis. 

Primer ID Primer sequence (5'3') 

K19A-F CTCGGATACGGGGCCGCACCGTGGCTCATCGTC 

K19A-R GACGATGAGCCACGGTGCGGCCCCGTATCCGAG 

T42A-F GTGGCTGTGCGCCTGGCAACAACGCGGAGAACC 

T42A-R GGTTCTCCGCGTTGTTGCCAGGCGCACAGCCAC 

E70R-F AACGCGGACAACATCCGGACCCTCGGCAAAGAC 

E70R-R GTCTTTGCCGAGGGTCCGGATGTTGTCCGCGTT  

E76R-F ACCCTCGGCAAAGACCGGCTCGGTGACTACCTC  

E76R-R GAGGTAGTCACCGAGCCGGTCTTTGCCGAGGGT 

R11A-F GCGTGGTCAGGTCTATGCATGCGACCTCGGATAC 

R11A-R GTATCCGAGGTCGCATGCATAGACCTGACCACGC 

Y16A-F GCATGCGACCTCGGAGCCGGGGCCAAACCGTGG 

Y16A-R CCACGGTTTGGCCCCGGCTCCGAGGTCGCATGC 

 

  

Primer ID Primer sequence (5'3') Restriction 
enzyme 

MazF4-F CCGGAATTCATGAACGCGCCGTTGCGT EcoRI 

MazF4-R CCGCTCGAGTCATGGCCACGGTAGCCC XhoI 

MazE4-F GGAATTCCATATGCCGTTTCTGGTTGCATTATC NdeI 

MazE4-R CCGCTCGAGTCACTGTGCCGAGCGCTG XhoI 
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1.2.2 Crystallization and structure determination 

    Crystals of native M. tuberculosis MazF4 and native, SeMet-labelled 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 μl 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 at pH 7.0 and 20% (w/v) polyethylene 

glycol 3,350 (Figure 2). The best crystals of native M. tuberculosis MazEF4 were 

obtained using a reservoir solution of 0.1 M citric acid/sodium hydroxide at pH 4.0 and 

0.8 M ammonium sulfate (Figure 2). The best crystals of SeMet-labelled M. tuberculosis 

MazEF4 were obtained using a reservoir solution of 0.2 M calcium acetate, 0.1 M Tris-

HCl at pH 7.0 and 20% (w/v) polyethylene glycol 3,000. The crystallization conditions 

are summarized in Table 3. The crystals of native MazF4 were mounted without any 

additional cryoprotectant, but the crystals of native and SeMet-labelled 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-labelled 

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 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 (29).  

Initially, phase calculation with data from the SeMet-labelled MazEF4 crystal was 

attempted using Autosol of PHENIX (30), but the acquisition of a reasonable electron 

density map and model was not successful. Alternatively, molecular replacement (MR) 

was carried out by Molrep (31) to find a solution using the crystal structure of the Fic 

protein from Neisseria meningitidis (PDB code 3SE5) as a template. Molecular 
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replacement (MR) was conducted by Molrep (31) using chain A of the MazEF4 complex 

as a template for the structural determination of MazE4-free MazF4. Subsequent manual 

model building was conducted using Coot (32), and the models were refined using 

Refmac5 (33) and PHENIX (30), including the bulk solvent correction. Five percent of 

the data were randomly set aside as the test data for the calculation of Rfree (34). Water 

molecules were added using Coot (32) and were manually inspected. Superimpositions 

and calculations of structural deviations were performed using the secondary structure 

matching (SSM) function in Coot (32). Solvent-accessible surface areas were calculated 

using PISA (35). The refined model was visualized and drawn using PyMOL (36) and 

Chimera (37). Sequence alignments were performed using ClustalX 2.0 (38) and 

visualized using ESPript 3.0 (39). 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 outliers, 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 4. 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, α = 90.000°, β = 90.000° and γ = 90.000°. One asymmetric unit is present in 

one 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 (Glu-

1 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 residues Gly15 to Gly17, which appear to be disordered. The MazEF4 crystal 
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belongs to space group P21 with unit cell dimensions of a = 60.473 Å, b = 70.018 Å, c = 

76.754 Å, α = 90.000°, β = 113.275° and γ = 90.000°. Two asymmetric units are present 

in one 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 (Figure 3A). 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.   

 

Table 3. Conditions for MazF4 and MazEF4 protein crystallization 

 Precipitation reagent Buffer pH Salt 
 
MazF4  20% (w/v) Polyethylene glycol 3,350. 0.2 M Sodium malonate 7.0 None 

MazEF4 0.8 M Ammonium sulfate. 0.1 M Citric acid/sodium 
hydroxide 4.0 0.2M Calcium chloride dihydrate 

 
MazEF4   
SeMet 
 

20% (w/v) Polyethylene glycol 3,000 0.1 M Tris-HCl 7.0 0.2 M Calcium acetate 
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Figure 2. Protein crystals of MazF4 and MazEF4.  

(A) MazF4 crystals. (B) MazEF4 crystals. 
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Table 4. Conditions for MazF4 and MazEF4 protein crystallization. 

  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 

    α, β, δ (°) 90.00, 90.00, 90.00 90.00, 113.28, 90.00 

Wavelength (Å) 0.97950 0.97970 

Rsym 0.180 (0.433)* 0.082 (0.755)* 

 I / σ 23.65 (3.94)* 30.21 (3.68)* 

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

Redundancy 7.9  4.0 

Refinement 

Resolution (Å)                                               30.00-2.01(2.04-2.01)* 30.00-2.30 (2.34-2.30)* 

No. reflections 6119 23785 

Rwork / Rfree† 0.2037/0.2280 0.2190/0.2680 

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 

Ramachandran plot (%)     

    In favored region  97.00 96.38 

    In allowed region 3.00 3.62 
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1.2.3 Equilibrium sedimentation 

 

    Equilibrium sedimentation studies were performed in six-sector cells using a 

Beckman ProteomeLab XL-A analytical ultracentrifuge in 20 mM Tris-HCl buffer at 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 μM (0.080 mg/ml), 2.7 μM (0.092 mg/ml) and 3.0 μM (0.10 mg/ml)). All measured 

data fit well to a homogeneous heterohexamer (6x, 4 MazF4-2 MazE4 complex) model, 

and a representative result measured at 30,000 rpm using a 3.0 μM (0.10 mg/ml) protein 

concentration is presented. The concentration of the protein complex [heterotrimer (3x), 

2 MazF4-1 MazE4] was calculated using e280nm = 56,380 M-1cm-1, and a molecular weight 

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 hours: this was achieved by 48 hours at most in the six-

sector cells. The partial specific volume of the heterotrimer complex and buffer density 

were calculated using Sednterp (40). The calculated partial specific volume at 20°C was 

0.7295 cm3/g, and the buffer density was 1.01924 g/cm3. For data analysis by 

mathematical modelling using non-linear least-squares curve fitting, the following fitting 

function was used: 

 

Cr = Cbexp(ApMp(r2-rb
2))  + ε 

Ai = (1-vρ )w2/2RT 

 

Where, Cr is the total concentration at the radial position r, Cb is the concentration of 
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protein at the cell bottom, Mp is the molecular weight of the heterotrimer (3x, 2 MazF4-

1 MazE4), v and r are the partial specific volume and the solution density, respectively. 

w is the rotor angular velocity, and ε 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 

modelling were performed using MLAB2 operating on the data analysis computer. 

 

1.2.4 Ribonuclease assay 

    The ribonuclease activity of MazF4 and its enhancement by the EDF homolog were 

assessed by a fluorometric method (41) using 11-base-long mRNA (5’-

AUAUCGCUAUG-3) as a substrate. Mixtures of MazF4 with the EDF homolog were 

prepared in several ratios and incubated at 37°C for one hour. To confirm 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-

labelled synthetic mRNA substrate. Briefly, a fluorophore (6-FAM) was covalently 

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 substrate (Bioneer, Daejeon, Korea) 
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were commercially ordered. The ribonuclease activity of MazF4 mutants (K19A, T42A, 

E70R and E76R) was also measured by the protocol described above.  

 

1.2.5 NMR spectroscopy 

    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 (Δδave) for the 15N and 

1H nuclei were calculated as follows:  

 
Δδave = {0.5[(ΔδHN) 2 + (ΔδN/5)2]}0.5 

 

 

Where, ΔδHN and ΔδN are the CSP values of the amide proton and nitrogen, respectively. 

For the backbone resonance assignments, 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. 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 at pH 6.5 containing 1 mM DTT and 200 mM NaCl) and 

the spectra were recorded at 308K. The NMR samples contained 10% D2O for the lock 

signal. All spectra were processed and analyzed using NMRPipe/NMRDraw (42) and 

NMRView (43), respectively. 

 



18 

 

1.3 Results 

1.3.1 Overall architecture of the M. tuberculosis MazEF4 complex 

    The MazEF4 complex consists of a dimer of two heterotrimers composed of two 

MazF4 molecules and one MazE4 molecule (Figure 3A). The hydrogen bonds that take 

part in MazE4 and MazF4 heterotrimer formation are clustered on helices α1 and η1 and 

strands β3 and β6 (β4 for chains B and D) of MazF4. The counterpart residues on MazE4 

are clustered on helices α2 and α3 (Figure 4A, left panel). Residues on loops between 

strands β1 and β2 (S1–S2 loop) and between strands β3 and β4 (S3–S4 loop) of MazF4 

are also involved in MazEF4 heterotrimer formation via hydrophobic interactions (Figure 

4A, 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) (44), which is one of only two MazEF complex 

structures published to date (Figure 1B). The other available MazEF complex structure is 

the E. coli MazEF complex (PDB code 1UB4) (45)  in which MazE interacts with MazF 

via its long C-terminal loop instead of the helix α3 (Figure 3B) 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. 
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Figure 3. Overall structure of M. tuberculosis MazF4 and MazF4 in complex with MazE4. 

(A) The structure of the M. tuberculosis MazEF4 heterohexamer. The disordered regions (Thr44 

to Arg47) of the loop connecting β3 and β4 are depicted as dotted lines. (B) Structural comparison 

of the M. tuberculosis MazEF4 heterohexamer with other MazEF complexes. (C) Cartoon 

presentation of the M. tuberculosis MazF4 monomer and M. tuberculosis MazE4 monomer in the 

MazEF4 complex. The α–helices, β–strands and a 310 helix of the MazF4 fold are labelled α1 to 

α2, β1 to β7 and η1, respectively. The disordered regions of the loops are depicted as dotted lines. 
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The α–helices of the MazE4 fold are labelled α1 to α3. (D) The structure of the M. tuberculosis 

MazF4 homodimer. The disordered regions (Gly15 to Gly17) of the loop connecting β1 and β2 

are depicted as dotted lines. 
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1.3.2 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. Figure 4 

shows the data (circles) and fits for the homogeneous heterotrimer (3x, dotted line) and 

heterohexamer (6x, solid line) models, respectively. The weighted root-mean-square 

errors (RMS) for the homogeneous 3x and 6x fits were 2.55 x 10-2 and 7.05 x 10-3, 

respectively, indicating the superiority of the 6x model. In the Figure 4 inset, residual 

plots are also shown. While the 6x model shows a random residual distribution, the 3x 

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 different speeds (20,000 and 25,000 

rpm) and concentrations (2.3 and 2.7 mM) also support the homogeneous heterohexamer 

(6x) 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. 
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Figure 4. The assembly of MazF4 in solution. 
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1.3.3 Structure of the M. tuberculosis MazF4 in MazEF4   

    A β-barrel-like structure composed of six anti-parallel β 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 residues placed on strands β3, β6 (β4 for chains 

B and D) and helix α2 (Figure 5B). The homodimer formation buries approximately 1,510 

Å2 of solvent-accessible surface area.  

 

1.3.4 Structure of the M. tuberculosis MazE4 in MazEF4  

    The model built for the M. tuberculosis MazE4 antitoxin consists of three α helices 

(Figure 3C, 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 approximately 2,390 Å2 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 β1 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 region of MazE4 is believed to form a β strand as part of the RHH motif. 
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Figure 5. 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. (B) Interactions between two MazF4 monomers constituting the MazEF4 complex (left: 

hydrophilic interaction, right: hydrophobic interaction). (C) Interactions involved in M. 
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tuberculosis MazF4 homodimer formation (left: hydrophilic interaction, right: hydrophobic 

interaction). 
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1.3.5 Structural comparison with MazF homologs 

    The architecture of M. tuberculosis MazF4 is defined as a β-barrel-like structure 

formed by seven anti-parallel β strands flanked by three helices (Figure 3C, left panel).  

Homodimer formation is mainly driven by the hydrogen bonds, ionic interactions and 

hydrophobic interactions that occur between strand β6, helix α1 and helix α2, burying 

approximately 1,835 Å2 of solvent-accessible surface area (Figure 5C). A homolog search 

using the DALI server (46) found several M. tuberculosis MazF4 homologs, which are 

the PemK-like, MazF-like toxins. The closest structural homologs are (i) MazF from 

Bacillus subtilis [PDB code 4MDX (chains A and B); r.m.s. deviation of 1.2 Å for 101 

equivalent Cα positions, Z-scores of 17.4–17.5, and sequence identity of 26%] (44), (ii) 

MazF6 from Mycobacterium tuberculosis [PDB code 5HK3 (chains A and B); r.m.s. 

deviations of 1.3–1.5 Å for 97 equivalent Cα 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 Cα positions, Z-score of 

16.9, and sequence identity of 29%] (47) 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 equivalent Cα 

positions, Z-scores of 16.6–16.7, and sequence identity of 27%] (48). 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 (Figures 6A and 6B) 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 

RNA substrate where is significant for sequence specificity of MazF (49). Interestingly, 

one of the major MazE binding pockets (the area named as Site 1 in former studies (48)) 
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of MazF4 is negatively charged which is opposite to that of structural homologs (Figures 

7A and 7B) also with the exception of the M. tuberculosis MazF3 structure (PDB code 

5UCT). As the MazF4 residues on Site 1 are highly negatively charged (Figures 7A and 

8), their counterpart MazE4 residues are mainly positively charged. 
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Figure 6. Sequence alignment and structural comparison of the MazF homologs.  

(A) Sequence alignment with MazF homologs. Highly conserved residues are indicated by boxes, 

and strictly conserved residues are highlighted using a red background in the boxes. The putative 

catalytic residues are marked with light blue dots. The secondary structural elements of M. 

tuberculosis MazF4 are presented above the sequence. (B) Superposition of M. tuberculosis 

MazF4, B. subtilis MazF-RNA, E. coli MazF-ssDNA and S. aureus MazF-RNA. 
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Figure 7. The comparison of electrostatic surface potential with a homolog.  

(A) (upper) The electrostatic surface potential of M. tuberculosis MazF4 dimer constituting 

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 B. subtilis MazF dimer constituting MazEF complex with ribbon 

representation of MazE4 (magenta). ) (lower) The electrostatic surface potential of B. subtilis 

MazE C-terminus constituting MazEF complex with ribbon representations of MazE (magenta) 

and MazF dimer (cornflower blue) (PDB code 4ME7). The MazE binding pockets and charged 

MazF binding patches are marked. 
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Figure 8. The relative location of RNA substrate, EDF and MazE4 binding area presented 

on MazF4 surface.  

Electrostatic surface of MazF4 with the MazE4 C-terminal a helix (magenta), the RNA binding 

pocket (red circle) and EDF binding pocket (blue circle) marked. The RNA binding pocket is 

positively charged in contrast to the negatively charged EDF binding pocket. 
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1.3.6 Backbone assignments of the MazF4 

    The backbone 1H, 13C, and 15N resonance assignments for 78 out 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 structure elements are present in the crystal 

structure of MazF4. Point mutations to alanine were introduced 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 spectrum of MazF4 R11A/Y16A with peak 

assignments is shown in Figure 9. Based on the assignment, the secondary structures with 

regard to the MazF residues were predicted by the TALOS+ program (50) The result 

revealed the presence of three helices and seven β-strands in MazF4. 
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Figure 9. The backbone assignment of MazF4.  

The [1H,15N]-HSQC spectrum was recorded on a 0.5-mM 15N-labeled sample dissolved in 20 mM 

MES, 200 mM NaCl and 1 mM DTT, pH 6.5 (90% H2O:10% D2O). 
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1.3.7 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 (Figure 3C, 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 α3 (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 (Figures 5A right panel, 

and 3B). 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 (Figures 3A). 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 α2 of MazE4. These 

interactions are mainly attributed to hydrophobic interactions among residues Ile48, 

Pro49 and Trp51 of MazF4 and helix α2 of MazE4 along with the salt bridges formed 

between Arg46 of MazF4 and Asp72 of MazE4 (Figure 5A). Apart from residues placed 

on the S1–S2 and S3–S4 loops, residues comprising the toxin dimerization interface 

undergo changes as two toxin molecules rotate about their symmetric axis. The residues 

on strand β6 (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 rearrangement increases the angle between two MazF4 monomers. 

However, the toxin dimerization interface does not directly interact with RNA. In addition 
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to conformational changes, several hydrogen bonds are formed between MazE4 and 

residues on helix α2 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 α2 and S5–S6 loop) in the structures of the B. subtilis MazF-RNA complex 

(PDB code 4MDX) (44), S. aureus MazF-RNA complex (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 (Figures 10A, 10B and 10C).  
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Figure 10. M. tuberculosis MazF4 residues involved in RNA recognition.  

(A) Overlaid [1H,15N]-HSQC titration spectra of 0.1mM of 15N-labeled MazF4 titrated with 

uncleavable RNA. Examples of peaks that exhibit large chemical shift changes following RNA 

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 and intensity losses following 

RNA titration. Chemical shift changes of residues in MazF4 produced by RNA binding are plotted. 
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(B, upper) The ratio of the cross-peak intensities of residues in MazF4 produced by RNA binding 

is plotted against the residue number. (B, lower) The ratio of the peak intensities was normalized 

to the ratio of the peak intensity of Asn27. (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 moderate chemical shift changes are indicated (C, upper). 

The residues that showed reductions in their signal intensities are indicated (C, lower). Only one 

set of affected residues is coloured for clarity. 
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1.3.8 Catalytic core of MazF4 

    Superposition with the structures of B. subtilis MazF in complex with RNA (PDB 

code 4MDX) (44), E. coli MazF in complex with a substrate analog (PDB code 5CR2) 

(49) 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 (Figure 6B). 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 residues which 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 (Figure 6A). In our NMR titration result against an uncleavable RNA substrate 

(5’-AUA(dU)CGCUAUG-3’), Lys19 shows a significant intensity reduction (Figures 

10A and 10B) and Thr42 shows moderate chemical shift perturbations (CSP, Figures 10A 

and 10B).  Moreover, two mutants (MazF4 K19A and MazF4 T42A) show a reduction 

in the ribonuclease activity compared to the wild type thus, Lys19 and Thr42 are believed 

to be the critical residues in catalysis (Figure 11A). It is quite clearly stated by Zorzini et 

al. (49) that E. coli MazF Arg29 residue (the equivalent of Lys19 in M. tuberculosis 

MazF4) acts as general acid/base during charge-relay while 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 contribution of the Thr53 

as a charge stabilizer in E. coli MazF is supported by the fact that the Thr53 is within 

hydrogen bonding distance 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. tuberculosis MazF4 may also compensate the role of Thr42 
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in T42A mutant.  This explains why T42A mutant shows only a little decrease in 

ribonuclease activity while K19A shows a significant ribonuclease activity reduction. The 

NMR titration result also revealed other residues involved in RNA recognition (Figures 

10A and 10B). 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 (Figure 10C). Leu60 and Glu70 are the residues which display the largest 

CSP in our study. Leu60 is the structural equivalent of Phe69 in B. subtilis MazF which 

interacts with RNA via hydrophobic and van der Waal interactions. Glu70 is located on 

β6 which corresponds to β5–β6 loop, the major RNA recognition site in B. subtilis MazF 

in complex with RNA structure (PDB code 4MDX) (44). This also agrees well with the 

trajectory of the RNA substrate in the crystal structures of the MazF homolog-RNA 

complexes (Figure 6B). 

 

1.3.9 In vitro ribonuclease assays in the presence of the EDF homolog 

    The effect of the EDF homolog (ELWDR) on MazF4 ribonuclease 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 extension (19). The fluorometric assay result showed an elevation of 

MazF4 activity in presence of EDF homolog (Figure 11B). MazF4 mixed with MazE4 in 

the presence of the EDF homolog showed a higher ribonuclease activity than without the 

EDF homolog (Figure 11C). 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 dissociated from the MazEF4 complex. The increase in a ribonuclease 
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activity upon EDF homolog addition is believed to result from both the elevated intrinsic 

MazF4 activity and inhibited MazEF4 complex formation. 
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Figure 11. The in vitro ribonuclease assay of M. tuberculosis MazF4.  

EDF homolog (0–25 μM) were added to the reactions. (A) Ribonuclease activities of 1 μM of 

wild-type M. tuberculosis MazF4 and its mutants. (B) Effects of the EDF homolog on the 

ribonuclease activities of 1 μM of M. tuberculosis MazF4. (C) Effects of the EDF homolog on 

the ribonuclease activities of the M. tuberculosis MazEF4 complex. The slope between the 

10th and 110th readings of each reaction was calculated and is shown on the right panels in (A), 

(B) and (C). We assigned the value of 100% to the MazF4 activity without EDF. Data shown are 

the mean of three independent experiments. Error bars indicate the SEM. 
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1.3.10 EDF homolog binding site on MazF4  

    NMR titration experiments of 0.1mM of 15N-labeled MazF4 with the EDF homolog 

were carried out. The result displayed chemical shift changes for several residues (Figure 

8A). The most perturbed residues were Ile69, Glu70, Thr71 and Gly73 on strand β6 

(Figures 12B and 12C). The split peaks which 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 (48). It is interesting that the 

arginine residues which are likely to interact with EDF in the structural homologs are 

replaced with glutamates in MazF4. Moreover, 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 Glu70 residue is perturbed upon addition of the 

EDF homolog due to its interaction with Arg5 of the EDF homolog. As the third 

tryptophan residue of EDF is conserved across the species, the EDF homolog 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 R to E swap peptide 

(ELWDE) confirmed that there are interactions between the mutants and the R to E swap 

peptide (Figure 13A). 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 homolog 

(Figure 13B). The results support the idea that the electrostatic interaction between 

MazF4 and the EDF homolog is critical in increasing MazF4 activity. The peak shifts 
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without resonance broadening on the 2D-[1H-15N] HSQC spectra of MazF4 indicate 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 

consistent with our in vitro ribonuclease assay results in that a large amount of EDF 

homolog was required to increase the activity of MazF4. 
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Figure 12. 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 0.1mM of 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 
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that showed significant chemical shift changes are indicated in black, and the residues that showed 

slight chemical shift changes are indicated in grey. (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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Figure 13. The interaction between E to R mutants of M. tuberculosis MazF4 (E70R and 

E76R) and the R to E swap peptide (ELWDE).  

(A) Overlaid [1H,15N]-HSQC titration spectra of 0.1mM of 15N-labeled MazF4 E70R titrated with 

different ratios of the R to E swap peptide (ELWDE) (A, upper left). Examples of E70R peaks 

that exhibited chemical shift changes following ELWDE titration. The arrows in the diagram 

indicate the direction of the chemical shift (A, lower left). Overlaid [1H,15N]-HSQC titration 

spectra of 0.1mM of 15N-labeled MazF4 E76R titrated with different ratios of the R to E swap 

peptide (ELWDE) (A, upper right). Examples of E76R peaks that exhibited chemical shift 

changes following ELWDE titration. 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 μM of M. tuberculosis MazF4 E70R) (B, left) and E76R (B, right) mutants evaluated by 

fluorometric assay. Reactions were recorded every 30 sec for 60 min in all fluorometric assays. 
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1.4 Discussion 

1.4.1 The significance of MazF4 and EDF from M. tuberculosis             

for a new drug design 

    M. tuberculosis MazF4 is known to specifically cleave pentad sequences which 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 the suppression of PPE protein expression requires hyper active 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 (51). As PPE 

proteins are reported to be the marker of the progression to active TB (51), it is believed 

that hyper active 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 hyper activity 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. 
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1.4.2 The distinct charge distribution of MazF4 implies the 

independence of M. tuberculosis  

 

    MazF4 displays a negatively charged pocket where positively charged MazE4 

residues bind. This charge distribution is opposite in B. subtilis and E. coli MazEF 

complexes which show positively charged pocket on MazF where negatively charged 

MazE residues bind. Interestingly, the new EDF homolog from M. tuberculosis we 

present here has an arginine residue at the fifth position. The positively charged cluster 

near S1–S2 loop formed by Arg81 and Arg 87 in B. anthracis MoxT is required to be 

occupied by a negatively charged residue for the activity enhancement (48). As the cluster 

is substituted with negatively charged residues in M. tuberculosis 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 interaction 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.  

 

1.4.3 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 (Figures 8 and 12C). This region 

corresponds to an area called Site 1 (Figure 7), which was named in previous MazF 

studies (45, 48). This agrees well with the E. coli EDF and EDF-like peptide docking 

studies performed on E. coli MazF and B. anthracis MoxT (26, 48). Site 1 is located on 
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strand β6 which is significant for MazF4 homo dimerization. This implies that EDF 

binding loosens the homodimeric interface of MazF4. The loose dimeric interface is 

believed to cause the RNA binding crevice located on top of MazF4 to widen. As a result 

of wide RNA binding crevice, RNA can access to MazF4 active site more easily and this 

is believed to be the mechanism by which EDF elevates ribonuclease activity of MazF4.  

Additionally, Site 1 is where the major interaction between MazE and MazF is observed 

(Figure 8). This supports our assumption that the EDF homolog hinders MazEF4 complex 

formation by occupying the MazE4 binding site on MazF4. Overall, our in vitro data 

suggest that M. tuberculosis MazF4 with an elevated activity by the EDF homolog 

probably induce bactericidal stage to lessen the bacterial density. As the effect of EDF is 

advantageous in high population density, treatment of the pathogen in low population 

density such as LTBI with EDF would disrupt the bacterial survival. 

 

1.4.4 The tight regulation of M. tuberculosis in LTBI 

 

   Interestingly, the E. coli G6PD gene also shows a high similarity with the M. 

tuberculosis G6PD 2 gene (zwf2) in its nucleotide 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 fragment 

(PIWNA) that exists in the M. tuberculosis G6PD 2 sequence is generated by other MazF 

toxins from M. tuberculosis, our NMR titration result confirmed the absence of an 

interaction between MazF4 and the peptide. Therefore, the interaction between MazF4 

and the EDF homolog is specific. However, two G6PD isozymes and the relatively high 
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number of mazEF pairs present in M. tuberculosis suggest a low likelihood of complete 

deprivation of G6DP, which is a key enzyme for nucleotide precursor production (52) 

upon mazEF pair activation in M. tuberculosis. Consequently, M. tuberculosis is believed 

to have a very complex regulation during the latently infected state for a long-term 

survival. 

 

1.5 Conclusion 

This study reveals that M. tuberculosis has a unique EDF which elevates the 

ribonuclease activity of MazF4 from M. tuberculosis. The mechanism of ribonuclease 

activity enhancement by EDF is also structurally demonstrated. The unique EDF interacts 

with strand β6 of MazF4 via electrostatic interaction, where is also involved in MazF4 

homodimerization and MazE4 binding. This shows that EDF interfere with the MazF4 

homodimer and MazEF4 complex formation. The homodimer interface of MazF4 

widened by EDF reduces the steric hindrance for RNA to access to the active site of 

MazF4 thereby, increases the ribonuclease activity of MazF4. Moreover, MazF4 remains 

active by the inhibition of MazEF4 complex formation caused by EDF. Overall results 

suggest that the unique EDF-like peptide we found, has a potential to exert bactericidal 

effect on M. tuberculosis thereby, is expected to be a candidate for new anti-tubercular 

drug design. 
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Chapter 2.  

Studies on DNA binding modes of MazE2 N-terminus from 

Mycobacterium tuberculosis 

2.1 Introduction 

    The proteins belong to MazEF system are defined based on the sequence similarity 

of MazF and the location of its gene in relation to MazE encoding gene. As the 

categorization entirely depends on the primary structure of MazF, the characteristics of 

its counterpart MazE are not reflected in this classification. The common feature of MazE 

proteins display is that it has DNA binding N-terminus and MazF binding C-terminus 

(53). The C-terminus of MazE proteins shows structural resemblances onto one another 

but N-terminus is variable. For example, Escherichia coli MazE N-terminus bears 

intertwined β-barrel structure on the other hand, Bacillus subtilis MazE N-terminus bears 

Ribbon-Helix-Helix (R-H-H) motif (44, 45). As there was no Mycobacterial tuberculosis 

MazE N-terminus structure reported, it remained elusive how M. tuberculosis MazE binds 

to its operator DNA. Therefore, we focused on the DNA binding domain of MazE in this 

study to understand the molecular detail of MazE-DNA interactions. Here, we report the 

crystal structure of MazE2 N-terminal domain determined at 1.7 Å. We also found the 

palindromic DNA sequence located upstream of mazE2 which is probably an operator 

region. By using the palindromic DNA sequence, we confirmed the DNA binding and the 

residues involved in DNA binding of MazE2. 
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2.2 Experimental procedures 

2.2.1 Cloning, expression, and protein purification 

The genes coding three N-terminal MazE2 constructs were amplified by PCR with 

M. tuberculosis H37Rv genomic DNA used as template. The forward and reverse 

oligonucleotide primers contain the restriction enzyme sites NdeI and XhoI, respectively 

(Table 5). Consecutive six histidine residues were tagged to the N-terminus of protein in 

order to increase the efficiency of purification. The amplified PCR products which were 

digested by NdeI and XhoI, were cloned into the expression vector pET-28a(+) (Novagen). 

After ligation of PCR inserts and vectors, the recombinant plasmids were transformed to 

competent cell, E. coli DH5α. After sequence analysis of the recombinant plasmid, the 

plasmid was transformed to E. coli BL21 (DE3), Codon plus (DE3), C41 (DE3) and 

Rosetta2 (DE3) for protein over expression test with IPTG. Each of the transformed BL21 

(DE3), Codon plus (DE3), C41 (DE3) and Rosetta2 (DE3) cells was grown in 5 ml of LB 

media with 5 μl of kanamycin (30 μg/ml) at 37°C with shaking speed of 180 rpm 

overnight. Next day, they were inoculated into 200 ml of the fresh autoclaved LB media 

each containing kanamycin and incubated at 37°C with shaking speed of 180 rpm until 

the value of Optical Density (O.D.) at 600 nm reached at 0.5. 200 μl from each of the 

cultured cells was transferred to micro centrifuge tubes. They were centrifuged for 5 

minutes at 13,000 rpm to save pellet only for later analysis. 0.5 mM of isopropyl-β-D-1-

thiogalactopyranoside (IPTG) was added to each of the cultured cells to induce expression. 

After 4 hours, we took 200 μl from each of the induced cells and removed supernatants 

after centrifugation. The pellet fractions for both pre samples and post induced samples 

were suspended in 50 μl of distilled water with glycine buffer and boiled for 10 minutes. 
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We ran SDS-PAGE electrophoresis to observe the presence of induced band. 

Overexpressed cells were harvested by a centrifugation (Beckham J2-MC) at 6,000 rpm 

for 10 minutes. The cell pellet was suspended in 30 ml of the lysis buffer (20 mM Tris-

HCl (pH 7.8) and 500 mM NaCl) at 4 °C. The suspended cells were disrupted by an 

ultrasonic homogenizer on ice bath for total 10 minutes (pulse on 1 second, pulse off 5 

seconds) at amplitude of 30%. The lysate was clarified by centrifugation at 18,000 rpm 

for 1 hour. After centrifugation, the supernatant was filtered by 0.45 μm syringe filter and 

loaded onto a Ni2+ affinity column, which was previously equilibrated with lysis buffer 

(20 mM Tris-HCl(pH 7.8) and 500 mM NaCl). Then, the column was washed with the 

same buffer at gravity flow. The target protein was eluted by a stepwise concentration 

gradient of imidazole from 50 to 500 mM. The elution fractions were checked visually 

by SDS-PAGE electrophoresis and concentrated by ultrafiltration using an Amicon Ultra-

15 centrifugal filter unit (Millipore,USA) up to 2 ml. Concentrated samples were cleaved 

with thrombin overnight at 4 °C to remove His-tag and then loaded onto IMAC to obtain 

only intact MazE2 (1–44). The solution was then concentrated until the concentration of 

target protein reached 1mM. For the preparation of 15N-labeled sample and 15N, 13C-

labeled sample, cells were grown in M9 medium containing 15NH4Cl and/or [13C] glucose 

as stable isotope sources. 
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Table 5. Primers used to clone the MazE2 (1–44) expression plasmid. In primer IDs, “F” 

represents forward, and “R” represents reverse. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Primer ID Primer sequence (5'3') Restriction 
enzyme 

MazE2N1–41 F GGAATTCCATATGCTCAGCTTCCGCGCC NdeI 

MazE2N1–41 R CCGCTCGAGTCAGGCCAGCGCGGCCAAG XhoI 

MazE2N1–44 F GGAATTCCATATGCTCAGCTTCCGCGCC NdeI 

MazE2N1–44 R CCGCTCGAGTCACTGGTCCGCGGCCAGC XhoI 

MazE2N1–52 F GGAATTCCATATGCTCAGCTTCCGCGCC NdeI 

MazE2N1–52 R CCGCTCGAGTCATCGCTCGGTGTAGGCCTG XhoI 
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2.2.2 Crystallization and structure determination 

Crystallization conditions were searched by the sitting drop vapor diffusion method 

at 20℃ using screening kits from Hampton Research Inc. (Crystal Screen I, II, Index I, 

II) and from Emerald Biosystems Inc. (Wizard I, II, III, and IV). The crystallization drops 

were made by mixing the protein solution and the reservoir solution in one-to-one ratio. 

The well-made crystals appeared in 2-3 days in reservoir solution (Table 6) consisting of 

0.1 M Tris pH 8.5, 0.3 M Magnesium formate dehydrate (Figure 14). By optimizing this 

buffer condition, we could get a better crystal. The crystal was protected using the 

cryoprotectant solution consisting of the reservoir solution supplemented with 20 % (v/v) 

glycerol. Crystals were soaked in 5 mM of Sodium bromide for 10 mins and then in 

cryoprotectant for a few seconds before being frozen in liquid nitrogen. X-ray diffraction 

data was collected using synchrotron radiation on ADSC Q315r detector at beamline 

PAL-5C (SBII) (Pohang, South Korea) at λ=0.97944. Raw data was processed and scaled 

using HKL2000 program package (29). The structure was determined using Autosol in 

Phenix (30). Coot was used for manual model (32). Data collection and refinement 

statistics of MazE2 N-terminus are summarized in Table 7. 

 

Table 6. Conditions for MazF2 N-terminus protein crystallization. 

 Precipitation reagent Buffer pH Salt 
 
MazE2 

(1–44)  
0.3 M Magnesium formate dehysrate 0.1 M Tris-HCl 8.5 None 
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Figure 14. MazE2 (1–44) crystals. The crystal diffracted up to 1.69 Å. 
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Table 7. Data collection and refinement statistics of MazE2 N-terminus 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

MazE2 (1–44) crystal 

Data collection 

Space group                                               P 6522  

Cell dimensions    
    a, b, c (Å) 60.84  60.84  67.43 

    α, β, δ (°) 90.00  90.00  120.00 

Wavelength (Å) 0.91968  

Rsym 0.290 (0.453)*  

I / σ 30.27 (8.25)*  

Completeness (%) 98.41 (92.5)*  

Redundancy 4.0   

Refinement 

Resolution (Å)                                               30.00-1.69  

No. reflections 26974 

Rwork / Rfree† 0.1655/ 0.1878 

No. atoms 

    Protein 388 

    Water oxygen 33 

B-factors 

    Protein 11.97 

    Water 33.00 

R.m.s. deviations     

    Bond lengths (Å) 0.006  

    Bond angles (°) 0.879   

Ramachandran plot (%)     

    In favored region  99.00  

    In allowed region 0.00  
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2.2.3 NMR spectroscopy  

NMR spectra were obtained by JEOL 600 MHz NMR spectrometer equipped with 

a triple resonance probe and xyz-pulsed field gradient unit. 2D-15N HSQC at 298K (25°C) 

was recorded using 0.5 mM concentration of 15N-labeled MazE2 (1–44) in 20 mM Tris-

HCl (pH 7.8), 500 mM NaCl and 10 % D2O. 3D NMR spectra for backbone assignments 

(HNCA, HN(CO)CA, HNCACB, CBCA(CO)NH, HN(CA)CO and HNCO) were 

measured using 1 mM of 15N, 13C-labeled protein at 298K (25°C) in 20 mM Tris-HCl (pH 

7.8), 500 mM NaCl and 10 % D2O. All NMR datasets were processed in NMRPipe (42) 

and analyzed in NMRView (43). 

 

2.2.4 Electrophoretic mobility shift assays 

The 20-base pair palindromic dsDNA fragment located 10 bases upstream 

of Rv0660c was commercially ordered (Bioneer, Daejeon, Korea). The dsDNA and 

MazE2 (1–44) were mixed and incubated at 20 °C for 30 min in the buffer (50 mM Tris–

HCl at pH 7.5 containing 5 mM MgCl2, 5% glycerol and 500 mM NaCl). Electrophoresis 

was carried out on a 2.5% agarose gel containing ethidium bromide with Tris 

borate/EDTA buffer. 
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2.3 Results 

2.3.1 Secondary structure prediction 

    Using Jpred (54), we predicted the secondary structure of M. tuberculosis MazE2 

with the primary structure of MazE2 as an input. This suggests that MazE2 consists of 1 

strand and 3 helices on N-terminus and no secondary structure elements on C-terminus 

(Figure 15). As MazE N-terminal domain is known to take part in DNA binding by 

forming either R-H-H motif (44) or swapped hairpin motif (45), we could assume from 

the secondary element prediction of MazE2 that the N-terminus of MazE2 forms R-H-H 

motif which is responsible for DNA binding. Based on the prediction, we generated three 

possibly stable constructs (construct 1: N1–41, construct 2: N1–44 and construct 3: N1–

52).  
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Figure 15. The predicted secondary structure of MazE2. Based on the results from Jpred, 3 

constructs were designed. Among them 1-44 constructs show suitable amount and solubility to 

perform further experiments. 
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2.3.2 Structure of MazE2 (1–44) 

Ribbon-Helix-Helix (R-H-H) motif defines the overall structure of M. tuberculosis 

MazE2 (1–44) (Figure 16). Two MazE2 (1–44) monomers interact with each other 

through hydrogen bonds, mainly formed between residues on strand β1 and helix α1. 

(Figure 17). The hydrogen bonds are also formed between Arg20 and Gln44, which 

answers why MazE2 (1–44) construct is stable and easily crystallized. The homodimer 

formation buries approximately 1,816 Å2 of solvent-accessible surface area.  
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Figure 16. The crystal structure of MazE2 (1–44) dimer. The secondary elements are labeled over 

the 3D structure. 
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Figure 17. The residues involved in MazE2 (1–44) homo dimerization. 
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2.3.3 Sequential backbone assignment 

 

Approximately 95% of backbone assignment was completed except for Met1, Arg25 

and Ser26. Figure 18 shows a 2D 1H-15N HSQC spectrum with assigned peaks of M. 

tuberculosis MazE2 (1–44). 
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Figure 18. The backbone assignment of MazE2 (1–44). The spectra were measure in 20 mM Tris-

HCl (pH 7.8) and 500 mM NaCl.   
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2.3.4 MazE2 (1–44) binds to its operator DNA 

Electrophoretic mobility shift assay (EMSA) results of the M. tuberculosis MazE2 

(1–44) and palindromic dsDNA located upstream of the operon encoding the M. 

tuberculosis mazEF2 shows that MazE2 (1–44) binds to the palindromic dsDNA 

sequence (Figure19). The protein bound fraction of DNA increases upon addition of an 

increasing amount of the MazE2 (1–44). Twenty equivalents of MazE2 (1–44) are enough 

to saturate the operator dsDNA. 
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Figure 19. EMSA experiments. The 20bps-long palindromic dsDNA located 10 bases 

upstream of mazEF2 gene were used. 
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2.3.5 The MazE2 residues involved in DNA binding 

In order to figure out where in MazE2 protein interacts with DNA, we titrated the 

palindromic dsDNA against 15N-labeled MazE2 (1–44). As 0.6 equivalents of the DNA 

added to the protein, most peaks disappeared. Some residues show chemical shift 

perturbation (CSP) in a lower DNA concentration (Figure 20). These residues are located 

at strand β1, N-terminus of helix α1 and C-terminus of helix α2 (Figure 21). Among these 

residues, the residues on the C-terminus of helix α2 show less intensity reduction 

compared to other residues which show CSP. Therefore, we suspected that the residues 

on the C-terminus of helix α2 are involved in DNA binding in a different way to the other 

residues. We could find the answer from AmrZ which binds to DNA via R-H-H motif 

(55). The crystal structure of the transcription factor AmrZ in complex with 18 bp amrZ1 

binding site (PDB id: 3QOQ) shows strand β1, N-terminus of helix α1 and strand β1 and 

N-terminus of helix α2 interact with DNA (Figure 22). Interestingly, homodimeric AmrZ 

reconstitutes into homotetramer upon binding to DNA and the homotetramer formation 

is mediated by C-terminus of helix α2. It is plausible that the residues involved in 

homotetramer formation show less intensity reduction because only two monomers 

among four monomers in the tetramer are involved in the homotetramer formation. 

Overall, our NMR titration result show that MazE2 interact with operator DNA through 

strand β1 and N-terminus of helix α2. 
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Figure 20. NMR titration of MazE2 (1–44) against operator DNA. The examples of peaks 

that exhibit large chemical shift changes following RNA titration are boxed and enlarged.  
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Figure 21. The perturbed MazE2 residues by DNA binding. The perturbed residues are colored 

marine blue. 
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Figure 22. The crystal structure of the transcription factor AmrZ in complex with 18 bp amrZ1 

binding site (PDB id: 3QOQ). The red circle indicates the area involved in homotetramer 

formation.  

 

 

 

 

 

 

 

 

 

 



71 

 

 

2.4 Discussion 

 

Although mazEF system is the first TA system found in bacterial chromosomal DNA, 

most studies were focused on MazF toxin, but not on MazE antitoxin. As a result of 

extensive studies on MazF, MazF toxin is very well characterized including its active site, 

various binding partners and 3D structure. In contrast to many deposited MazF structures, 

there are only a few MazE structures reported in Protein Data Bank and furthermore, all 

these reported MazE structures are a part of MazEF complex structure. However, we 

believe that the importance of MazE has been underestimated considering that antitoxin 

N-terminal domain is responsible for mazEF system activation through transcriptional 

repression (8). Since TA system became a target for antibacterial drug discovery, the 

majority of researches sought to activate TA system by TA complex disrupting molecules. 

However, the role of MazE as a transcriptional repressor implies that DNA binding 

domain of MazE also can be used as a TA system activator. In theory, antitoxin-like 

molecules which act as TA gene repressor can achieve the artificial activation of mazEF 

system, thereby cause cell death. Therefore, it is worthwhile to study the structure of 

MazE and its DNA binding mode for new antimicrobial agent development. On that note, 

the structure of M. tuberculosis MazE2 N-terminus and its DNA binding information we 

present here, are believed to provide new perspective for antibacterial strategy in regard 

to TA system. 

 

 

 



72 

 

2.5 Conclusion 

 

  As type II TA systems are merely defined based on the primary structure of putative 

toxins, it needs to be checked whether it is a bona fide component of type II TA system. 

The putative MazEF2 pair from M. tuberculosis is also categorized into MazEF system 

as the MazF2 protein shows a sequence similarity with MazF homologs and its gene 

constitutes an operon with mazE2 gene. Here, we characterized the DNA-binding domain 

of MazE2 from M. tuberculosis and confirmed the DNA-binding of this domain to its 

own operator. This result strengthens the reliability of the classification by which this 

putative MazEF2 pair is defined as mazEF system.  
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국문초록 

Mycobacterium tuberculosis에서 유래한 MazEF 단백질의 

구조적, 기능적 연구 

서울대학교 대학원  

약학과 물리약학 전공  

  안 도 환  

 

    결핵은 대표적인 감염병의 하나로 전 세계인구의 1/3 이 감염되어있을 정도로 

만연해있는 질병이다. 이와 같은 높은 감염률은 가혹한 환경에서도 오랜 기간 생존하는 

결핵균의 생리와 더불어 기존 항생제에 내성을 나타내는 다제 내성 결핵균 (MDR-TB)과 

광범위 다제 내성 결핵균 (XDR-TB) 에 기인한다. 이러한 기존의 항생제에 내성을 

나타내는 결핵균들이 출현하면서 결핵치료에 여러 가지 다른 항생제들이 추가되어 사용되고 

있지만 기존의 결핵 약물을 대체할 정도의 효과적인 약물은 현재 없는 실정이다. 이에 따라 

결핵의 퇴치를 위해서는 지금까지의 항생제와는 다른 새로운 작용기전의 약물 개발이 

요구된다. 이 요구에 부합하기 위해 본 연구는 결핵균의 성장억제, 사멸에 관여하는 인자인 

독소-항독소 체계 (Toxin-antitoxin system)에 초점을 맞추어 진행되었다.  

 독소-항독소 체계는 독성을 나타내는 안정한 독소와 이를 중화하는 상대적으로 불안정한 

항독소로 구성되어있으며, 평상시에 항독소에 의해 독성이 억제되고 있던 독소가 특정 상황 

하에서 항독소에서 유리되어 독성을 나타낸다. 다섯 가지 타입의 독소-항독소 체계 

중 Type II 독소-항독소 체계는 자연계에 존재하는 거의 모든 고세균, 세균에서 발견되지만, 

대부분이 10 개 내외를 지니고 있는 반면 사람에서 결핵을 유발하는 Mycobacterium 

tuberculosis 의 경우 상당히 많은 수인 90 개 가량을 지니고 있다. 특히 결핵균과 같이 

Mycobacteria 로 분류되지만 병원성이 없는 Mycobacterium smegmatis 는 단 2 가지의 
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type II 독소-항독소 체계만 지닌다는 점에서 이 체계가 병원성과도 관련되어 있음을 

유추할 수 있다. 다른 독소-항독소 체계와 마찬가지로 평상시에 강한 결합으로 독소의 

독성발현을 막고 있는 항독소는 고온, 산화 스트레스 또는 영양 결핍 등 불리한 생장 

조건아래 놓였을 때 과 발현된 단백분해효소에 의하여 분해되고 이로 인해 유리된 독소가 

RNA 를 분해하여 균의 성장을 억제 또는 사멸을 유도한다. Type II 독소-항독소 체계는 

다시 독소의 구조 기능적 유사성에 따라 여러 가지로 분류되는데 대표적으로 VapBC, 

MazEF, RelBE 쌍이 있다. 이 중 MazEF 쌍은 다른 쌍과 다르게 인식하는 RNA 의 

염기서열의 선택성이 높고, 균의 군집 내의 개체 수를 조절 (quorum sensing)한다는 연구가 

보고되어있다. 본 연구에서는 이에 착안하여 결핵균이 지닌 7 개의 MazEF 쌍 중 MazEF2 

쌍과 MazEF4 쌍의 구조와 기능 분석을 진행하였다. RNA 분해기전을 알아내기 

위하여 MazF4 의 RNA 분해활성에 주요한 잔기들을 알아내었다. 또한 MazF4 가   quorum 

sensing 에 이용하는 결핵균의 Extracellular Death Factor (EDF)인 ELWDR 서열의 

펩타이드를 대장균과의 유전자 서열 비교를 통해 발굴하였다. 

 더 나아가 본 연구에서는 이 EDF 유사 펩타이드가 어떻게 MazF4 의 RNA 분해능을 

향상시키고, MazEF4 복합체의 형성을 저해하는지 알아보기 위하여 MazF4 와 MazEF4 

복합체의 삼차원 결정 구조를 규명하였다. 규명된 구조를 바탕으로 EDF 유사체가 어느 

부위에 결합하는지를 알아보기 위해 3 차원 NMR 분광학 기법을 이용 MazF4 의 backbone 

assignment 를 수행하였다. 이 후 NMR 적정을 이용하여 EDF 유사체가 결합하는 지역이 

MazF4 의 3 차원 결정 구조 상에 어느 부위에 위치하는 지 규명하였다. 이를 통해 EDF 

유사체가 결합하는 부위는 MazF4 dimer 형성과 MazEF4 복합체 형성에 주요한 위치임을 

알 수 있었다. 따라서 EDF 유사체는 MazF4상의 MazE4 결합자리 중 일부를 차지함으로서 

경쟁적으로 MazE4 의 결합을 방해하고 이로서 MazEF4 복합체 형성을 저해함을 알 수 

있었다. 이 자리에 위치한 EDF 유사체가 MazF4 의 RNA 분해능 향상에 어떻게 영향을 

미치는 지 알아보기 위하여 RNA 유사체를 적정하여 NMR 분석을 하였다. 이를 통해 

RNA는 S1-S2 loop과 S3-S4 loop 사이와 MazF4 dimer위쪽의 crevice에 놓이게 됨을 알 

수 있었다. 결과를 종합하여 볼 때, EDF 유사체는 독소 dimer 형성에 중요한 strand 6 에 
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결합해 interface 를 느슨하게 함으로서 RNA 접근을 용이하게 하여 MazF4 의 RNA 

분해능을 높이는 것으로 보인다. 추가적으로 본 연구에서는 EDF 유사체 펩타이드가 

대장균이나 고초균 유래의 EDF 와 달리 5 번 째 위치에 양전하를 띈 Arginine 잔기를 

가지고 있는 점에 주목하였다. 대장균과 고초균의 MazF 의 경우 EDF 결합에 주요한 

잔기는 양전하를 띄고 있는 잔기들로 알려져 있고, 양전하를 띈 잔기 여러 가지가 모여서 

cluster 를 형성하고 있다. 이에 반해 결핵균 유래의 MazF4 는 3 차원 구조 상에서 이에 

상응하는 부위 잔기들이 음전하를 띈 glutamate 로 이루어져 있다. 이를 볼 때 본 연구에서 

발굴한 결핵균 유래 EDF 유사체 펩타이드가 Arginine 잔기를 지닌 것이 음전하를 띄고 

있는 MazF4 와의 결합에 유리할 것으로 예측되므로, 더 나아가 펩타이드 결합에 주요할 

것으로 보이는 Glu70 과 Glu76 를 각 각 Arginine 으로 치환한 mutant 를 제작하여 5 번 째 

Arginine 을 Glutamate 로 치환한 펩타이드 (ELWDE)와의 결합여부를 실험하였다. 예상과 

같이, mutant단백질들과 치환된 펩타이드는 결합함을 NMR 적정을 통해 확인할 수 있었다. 

결론적으로, 본 연구에서 발굴한 결핵균에서 유래한 EDF 유사체 펩타이드는 다른 균에서 

유래한 펩타이드와 특이적인 서열을 지님으로서 다른 MazF 들과 상반된 전하를 띄는 

결핵균의 MazF4 에 특이적으로 결합하여 이 단백질의 RNA 분해능만을 특이적으로 

증가시킬 것으로 예상된다. 이는 결핵균이 다른 균들의 MazF 와 상반된 전하를 띈 

MazF4를 지님으로서 다른 균들이 분비하는 quorum sensing 펩타이드의 영향을 받지 않고 

독립적으로 자신들의 군집의 개체 수만을 감지하는데 유익할 것으로 예상된다. 또한 본 

연구에서 발견된 펩타이드가 과량 존재시 결핵균의 사멸을 유도할 것으로 예상되므로, 

새로운 결핵치료제 개발에 선도물질로 가치가 있을 것이라 기대한다.  

  결핵균이 지니고 있는 7 가지의 MazEF 쌍 중 MazEF2 의 독소인 MazF2 는 결핵균의 

독소이지만, 대장균에서 발현 시 대장균의 사멸을 유도하는 것으로 보고되어있다. MazE2와 

MazF2 역시 유전자 상에서 이웃하여 위치하며 하나의 promoter 에 의해 조절되는 

operon 형태를 이루고 있다. 본 연구에서는 이 시스템의 항독소인 MazE2 의 DNA 결합 

부위인 N-말단의 삼차원 결정 구조를 규명하였고, 이 단백질이 결합하는 MazEF2 유전자 

전사의 조절자인 operator 지역을 찾아내었다. 단백질 발현에 앞서 항독소인 MazE 는 
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안정한 2 차 구조를 갖추는 N-말단 지역과 flexible 한 C-말단 지역으로 나뉘므로 아미노산 

서열 분석을 통해 안정한 N-말단 지역이 아미노산 서열상 어느 부위인지 탐색하였다. 

그 결과 N-말단의 44 번 째 잔기까지가 DNA 에 결합하는 대표적인 motif 인 Ribbon-

Helix-Helix (R-H-H) motif 를 이룰 가능성이 큰 것으로 나타났다. 이를 반영하여 본 

연구에서는 N-말단의 44 개의 아미노산으로 이루어진 단백질의 3 차원 구조를 규명하였다. 

구조 결정 결과 아미노산 서열에서 예측했던 바와 같이 이 도메인은 R-H-H motif 를 

형성하고 있으며 두 개의 단백질이 dimer 를 형성하고 있음을 알 수 있었다. 이와 더불어 

이 단백질이 결합하는 유전자 전사 조절 부위인 operator 를 규명하기 위해 MazE2 를 

암호화하는 유전자의 상위 유전자 서열을 분석하였다. 그 결과 전사 조절자들이 주로 

결합하는 회문구조 (palindromic) 형태의 DNA 서열을 MazE2 개시 코돈의 10 염기서열 

앞에서 찾을 수 있었다. 이 서열에 MazE2 단백질이 실제로 결합하는 것을 EMSA 

(Electrophoretic mobility shift assay)를 통해 확인하였다. 더불어 MazE2 의 N-말단 

도메인이 DNA 에 결합하는 양상을 파악하기 위하여 MazE2 N-말단 도메인의 backbone 

assignment 와 DNA 적정을 시행하였다. 이 결과를 3 차원 구조 위에 표시하여보니, 이 

잔기들은 양전하를 띄는 β1 과 α1 의 N-말단에 분포하고 있었다. 이로써 인산 골격을 

지니어 음전하를 띄고 있는 DNA 와 MazE2 의 양전하를 띄는 잔기들이 결합을 매개하고 

있음을 확인하였다. 결론적으로 본 연구는 아미노산 서열 분석으로 예측되었던 결핵균의 

MazE2 단백질이 실제로 전사조절자의 역할을 하는 지와 더불어 그 작용기전을 규명하였다.  

 

주요어: 결핵균, 독소-항독소 체계, MazEF, Extracellular death factor, 전사조절자 

학 번: 2011-31102 
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