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Toxin–antitoxin (TA) systems are rampant in bacteria and prokaryotes. These systems are 

known to regulate cellular growth of bacteria in response to stress and other circumstances. 

The importance of TA systems is largely magnified as various functions have been revealed. 

In this paper, I presented the crystal structure of BC0266 which is known to as a putative 

mRNA interferase. And I also reported it as a type II MazF toxin. The MazF toxin is activated 

during stressful conditions. It cleaves mRNA in a sequence-specific and ribosome-

independent manner. Its activated state causes toxic results and may lead to bacterial death. 

In this study, I experimented structural and functional studies of Bacillus cereus and 

presented the first toxin structure in the TA system of B.cereus. Especially, B.cereus MazF 

adopts a PemK-like fold which is a subfamily of MazF. BC0266 also has an RNA recognizing 

loops which are called β1–β2 and β3–β4 loops. Key residues of ribonuclease activity are 

proposed by in vitro assay and mutational studies. It demonstrates the ribonucleic activity 

and the active sites which are essential for its cellular toxicity.
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I. Introduction

1.1. Bacillus cereus

Bacillus cereus is a gram-positive bacterium that has recently emerged as a problem of 

resistance. The virulence factors are enterotoxin and emetic toxin that cause diarrhea and 

vomiting respectively. It is resistant to heat, acid, and antibiotics and causes a disease called 

food poisoning. According to a World Health Organization survey, food poisoning kills 

420,000 people every year, one-third of which are infants. Especially, more than half of the 

deaths are caused by diarrhea related to enterotoxin. As such, B.cereus is known to be 

pathogenic, which greatly affects the mortality rate from food poisoning.

Fig. 1. B.cereus mortality rate                 Fig. 2. Foodborne deaths by diarrhoeal agents

1.2. Toxin-Antitoxin system

Toxin–antitoxin (TA) systems are prevalent in prokaryotes and function to regulate cellular 

growth in response to stress such as antibiotic exposure, nutrient starvation, heat shock, 

and DNA damage. Initially, TA systems were discovered as a part of the plasmid 

maintenance system, in which only the daughter cells harboring the vertically transferred 

TA operon can survive. In addition to the primary maintenance function, TA systems are 

important for bacterial survival. The TA systems are involved in many cellular processes, 

including cell growth, cell persistence, cell dormancy, biofilm formation, antibiotic 

resistance, DNA replication, translation, cell division, cell wall synthesis, and cell apoptosis.
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TA systems are a two-component system, composed of a toxin and an antitoxin usually 

sharing the same operon. Currently, TA systems can be categorized into six phenotypes (I-

VI) by the nature of each component and the regulatory mechanisms of the antitoxins to 

its cognate toxins. BC0266(Bacillus cereus protein which has 0266 numbering) that I studied 

belongs to type II system.

Typically, in type II TA system, the rather stable toxins have much more invariant 

characteristics than their labile and flexible cognate antitoxins. Upon degradation of 

antitoxins, free toxins can function in postsegregational cell killing, abortive infection, and 

even bacterial persistence. Thus, it has been regarded that bacterial persistence would 

indeed be closely related to type II TA systems due to the cellular process-specific nature 

of type II toxins. One of the best characterized type II toxins is mRNA interferase MazF 

toxin, belonging to the MazEF family. Comprehensive bioinformatic analyses have shown 

that MazF is widely distributed in both Gram-positive and Gramnegative bacteria, allowing 

an in-depth understanding of the consequences of stress and MazF activation on the 

physiological effects of the bacteria. In addition, understanding of the cutting specificity of 

MazF on its target RNA is well established. Specifically, the MazF toxin acts as a 

ribonuclease and cleaves mRNA in a sequence-specific and ribosome-independent manner, 

but in some cases also cleaves rRNA at specific sequences, exerting its toxicity.

                          Fig. 3. Mechanism of type II TA system
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1.3. Purpose of Research

BC0266 is a Bacillus cereus bacterium known to have the function of mRNase interferase. 

What's interesting is that there has been no known structure in Bacillus cereus. The 

following figure 4 is the list that the pathogens which have been identified in TA proteins 

so far. If I could identify the structure of BC0266, it has experimental meaning because it 

was the first structure to be identified by a bacterium called Bacillus cereus. So that I 

started an experiment with the goal of finding out what structure this protein has and 

actually functions as mRNase.

                           Fig. 4. Determined structure of TA proteins

II. Experimental procedures

2.1. Gene cloning

The BC0266 gene was amplified by polymerase chain reaction (PCR). The primers were 

used in PCR: forward, 5′- GGAATTCCATATGATGATTGTAAAACGCGGC-3′; reverse, 5′-

CCGCTCGAGTTAAAAATCTATTAGTCCTAAAC-3′. Restriction enzymes were Nde1 and Xho1. 

The PCR products and pET28a vector were cut by the same restriction enzymes and ligated 

to each other. N terminal his tag was attached to the gene of B. cereus MazF and was 

transformed into DH5α competent cell. Lastly, these recombinant plasmids were 

transformed into E. coli BL21(DE3) competent cells.
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2.2. Protein Expression and Purification

Transformed cells were grown in Luria broth (LB) at 37 °C until the OD600 reached to 

0.5. The cells were induced by 0.5 mM isopropyl 1-thio-B-D-galactopyranoside (IPTG) for 

overexpression. And it was incubated for 4 h at 37 °C. These cells were harvested by 

centrifugation at 6000 rpm. Harvested cells were suspended in a buffer which is 20 mM 

Tris-HCl, pH 8.0, and 500 mM NaCl(A buffer) containing 5% glycerol and lysed by sonication. 

Lysed cells were centrifugated for 1 h at 18000 rpm. After centrifugation, the cell debris 

was discarded and the supernatant was loaded on affinity chromatography using Ni2+ 

column. Loaded protein was washed with buffer A containing 50 mM imidazole to remove 

impurities. Then target proteins sticking to the resin was eluted using an imidazole gradient 

(100−500 mM). Finally, selected high-purity protein was loaded on a size-exclusion 

chromatography column Superdex 200(GE Healthcare) with final buffer (20 mM Tris, pH 

8.0, and 500 mM NaCl). All the purified proteins were assessed by sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE).

2.3. Crystallization and data collection

Crystallization was performed at 293 K by the sitting-drop vapor diffusion method using 

96 well crystallization plates. The kinds of crystallization kit were Structure screening 

(Molecular dimensions), Wizard (Rigaku Reagents) and Index (Hampton Research). Many 

crystals were created but the only one crystal contained the hit solution which was 100 

mM Sodium Citrate, pH 5.6, and 1.0 M ammonium phosphate monobasic. The data were 

collected using Rayonix MX-300 HE CCD detector at BL44XU of the Spring-8, Japan. The 

resolution of the hit crystal was 2.00 Å resolution. The structure was phased by single-

wavelength anomalous dispersion (SAD) and was refined by SeMet using PHENIX. COOT 

and PyMOL programs were used for manual model.
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2.4. Mutiple Sequence Alignment

There are four MazFs whose structures have been identified. They have similar sequence 

with Bacillus cereus MazF so that I align with them. Alignments of amino acid residues 

were conducted and the consensus value was 0.85. Percent equivalent was almost same. 

In visualization, structural information of B. cereus MazF was used as top secondary 

structures and the description and sequence numbering on the topside correspond to B. 

cereus MazF.

2.5. In Vitro Ribonuclease Assay

Ribonuclease assay of B. cereus MazF was conducted with an RNase Alert Kit. RNA 

substrate was interacted with 2 μM, 4 μM, 8 μM, and 16 μM concentrations of B. cereus

MazF. Then a fluorophore is covalently attached to one end of a synthetic RNA strand and 

is quenched. The released fluorophore emits fluorescence at 520 nm upon excitation at 

490 nm. Assay setting was performed on 384-well opaque plate, and all of experiments 

were performed in triplicate.

2.6. Site-directed Mutagenesis

Ariginine25 and Threonine 48 which are active residues were mutated to Alanine. 

Single-site mutations (R25A,T48A) were performed in one step, and double-site 

mutations(R25A+T48A) were performed in a step-wise manner. All the protocols are 

conducted by EZchange Site-Directed Mutagenesis Kit. Each plasmid was transformed into 

E. coli XL10-Gold competent cells and the resulting inserted genes were verified through 

DNA sequencing.
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III. Results

3.1. Gene cloning

Certain sequences of bacillus cereus bacteria were amplified by PCR. Histidine tags were 

attached and inserted into the pet28 vector to obtain recombinant DNA. To see that the 

recombinant DNA matches the sequence of the original Bacillus cereus, I conducted the 

BLAST and finally confirmed the Align result with 100% Query Cover. 

                            Fig. 5. Gradient PCR of BC0266

3.2. Protein expression and purification

B.cereus MazF was co-expressed in E.coli BL21 (DE3) pLysS and overexpressed after 

induction by adding IPTG. The heat condition was 37 °C and the incubation time was 4 

hours. The protein has high level of expression and solubility. The first step in purification 

was affinity chromatography. It utilized histidine tag by affinity chromatography on IMAC 

column which was charged with buffer. The protein was eluted at 100-500 mM imidazole 

concentration for removing most impurities. The next purification step was size exclusion 

chromatography. It separates proteins according to their size in order to strip the rest 

impurities and increase the purity of the target protein.

                

Fig. 6. SDS PAGE of affinity chromatography     Fig. 7. size exclusion chromatography
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3.3. Crystallization

Crystallization was performed at 293 K by the sitting-drop vapor diffusion method in 96 

well crystal plates. Two kinds of crystals were obtained which are Native and SeMet. The 

resolution of Native crystal was 2.0 Å. SeMet crystal was made for resolving phasing 

problem and its resolution was 2.3 Å. I tried to make crystals in several conditions 

considering temperature, kinds of reservoir, and buffer etc.

              

Fig. 8. Native crystal                        Fig. 9. SeMet crystal

3.4. Structure of B.cereus MazF

The structure of B.cereus was refined to Rwork factor 18.9% and Rfree factor 22.5%. All 

amino acids were observed and lie in the Ramachandran plot. Crystals belong to the P3121 

space group with the unit cell dimensions of a = b = 60.648 Å, c = 76.247 Å, and α = β = 

90.0°, γ = 120°. There are three α-helices and seven β-strands in a monomer state of B. 

cereus MazF. And two loops which are β1-β2 strands and β3-β4 strands are also detected. 

Interestingly, the crystal structure shows the dimeric state actually. In order to make sure 

BC0266 has dimeric molecular weight, size-exclusion chromatography with reference 

proteins in the Gel Filtration Calibration Kits was conducted. Theoretical molecular weight 

of the B. cereus MazF monomer containing N-terminal His-tag is 15.1 kDa, it is reasonable 

that oligomeric state of B. cereus MazF is homodimer (30.2 kDa) as it was eluted at almost 

the same time as that of carbonic anhydrase (29kDa). The results of this experiment show 

that the oligomeric state and the molecular weight are match.
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Fig. 10. Structure data collection and refinement statistics

Fig. 11. Monomer structure of BC0266              Fig. 12. Gel filtration of dimeric M.W



9

3.5. Comparison of B. cereus MazF with MazF Homologs

To relate the structural characteristics of B. cereus MazF with other MazF strucutres, 

sequence and structural alignment were performed. Sequence alignment were displayed 

with Staphylococcus aureus, M.tuberculosis MazF3, MazF4 and MazF7. Overall sequences 

are very similar. Especially, the results showed that two key residues of Arg25 and Thr48 

are well conserved among multiple MazFs. Conserved active site residues are emphasized 

with star symbol in figure 13. Conserved active residues are all same except Lys19 

conserved in M. tuberculosis MazF4 and Ser51 conserved in M. tuberculosis MazF7. And 

in terms of structural alignment, sites of the key residues are located in similar place. 

Comparison with other MazFs, overall structural folding is also similar. 

Fig. 13. Sequence alignment of B. cereus MazF with other MazFs

Fig. 14. Structural alignment of B. cereus MazF with other MazFs
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3.6. Functional activity

MazF is a ribonuclease that is known to cleave RNA substrate with ribosome independent 

manner. In vitro ribonuclease activity test was performed to demonstrate of B. cereus MazF 

activity. A synthetic RNA strand which has random and unknown sequence is used as 

substrate. If these substrates are cleaved, they emit fluorescence in proportion to the 

amount of the substrates cleaved by B. cereus MazF. Relative fluorescence units (RFU) was 

greatly increased as time and dose dependency. Furthermore, two single and one double 

site-directed mutagenesis on the two key catalytic residues of Arg25 and Thr48 were 

performed. The results showed that double mutations of both Arg25 and Thr48 are more 

powerful to inhibit ribonuclease activity than single mutations of either Arg25 or Thr48. 

The last functional study was toxin-antitoxin binding test in order to make sure whether 

BC0266 is TA protein. TA system is that toxin and antitoxin can bind together only with 

each pair. This is because the residues present in antitoxin form a specific charge density 

for binding specific toxin. Using this, I added antitoxin without his tags and proceeded 

with affinity chromatography. If the two are not pairs of each other, the antitoxin does not 

interact with the toxin, and as a result, the untagged antitoxin does not bind to the column. 

But as a result, I could see that the antitoxin was refined in the column along with the 

toxin, and I could see that these two were TA pairs of each other’s.

Fig. 15. In vitro assay or ribonuclease activity and mutation
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V. Conclusion

I conducted an in-depth characterization and investigation on putative mRNA 

interferase MazF in B. cereus. High-resolution (2.0 Å) structure was obtained by X-ray 

crystallography, and overall structural folding of B. cereus MazF indicated β-barrel 

arrangement containing two independent β-sheets identical to that of MazF toxins. 

Through comparison analysis with previously reported structures of MazFs, amino acid 

residues Arg25 and Thr48 in B. cereus MazF were well conserved with other MazFs and 

were also confirmed as key residues in the catalytic activity of B. cereus MazF. Also, β1–β2 

and β3–β4 loops were clearly observed in B. cereus MazF structure and their role in the 

recognition of target RNA substrate depending on the binding of its cognate antitoxin was 

discussed. From previously conducted studies, it can be presumed that the β1–β2 loop acts 

as a gateway to binding of its target RNA substrate. Lastly, ribonuclease activity test via in 

vitro assay together with site-directed mutational studies on Arg25 and Thr48 showed a 

decrease in its ribonuclease activity, which was consistent in other MazF toxins. Altogether, 

my study provides a unified structural and functional basis that mRNA interferase BC0266 

is indeed a MazF toxin. This is the first determined MazF and toxin structure in type II TA 

system of B. cereus. My work may be a rational basis for understanding the TA systems 

regarding the stress-responsive toxin MazF and the general regulatory mechanisms of TA 

systems.
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국문초록

Toxin-Antitoxin(TA) 시스템은 박테리아에 만연하며 스트레스에 반응하여 세포의

성장을 조절한다. TA system에 관련되서 다양한 기능이 알려짐에 따라 그

중요성이 점차 부각되고 있는 추세이다. 여기서 우리는 mRNA interferase의

기능을 가지는 BC0266의 크리스탈 구조를 보여주고 그것을 typeII 톡신

MazF라고 부른다. MazF 톡신은 스트레스 상황에서 ribonuclease 기능이

활성화되는데 이는 ribosome-independent하게 그리고 sequence-specific하게

작용한다. 이것의 지속적인 활동은 독성결과를 유발하고 결국 박테리아 사멸로

이어진다. 이 연구에서 바실러스 세레우스에서 유래한 MazF의 구조와 기능

연구를 했으며 최초로 바실러스 세레우스의 MazF 톡신 구조를 구했다. 특히

바실러스 MazF는 PemK와 같은 fold와 유사성을 지니며 RNA-substrate 

recognizing loop을 가지고 있는데 이는 매우 높은 resolution으로 관측되었다. 

바실러스 세레우스의 MazF 주요 잔기는 촉매활성을 가지고 있으며 mutation 

실험을 통해 in vitrto assay를 진행한 결과 이 잔기들이 ribonucleic activity를

가지고 있고 celluar toxicity에 매우 중요한 인자들이라는 것을 알 수 있었다.

주요어: Toxin-Antitoxin system, MazF type II toxin, Bacillus cereus, mRNA interferase, 

X-ray crystallography

Student number: 2019-24434 
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