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Abstract 

The MazEF toxin-antitoxin (TA) system consists of the antitoxin MazE and the toxin 

MazF. MazF is a sequence-specific endoribonuclease that upon activation causes cellular growth 

arrest and increass the level of persisters. Moreover, MazF-induced cells are in a quasi-dormant 

state that cells remain metabolically active while stop dividing. The quasi-dormancy is similar to 

the nonreplicating state of M. tuberculosis during latent tuberculosis, thus suggesting the role of 

mazEF in M. tuberculosis dormancy and persistence. M. tuberculosis has nine mazEF TA 

modules, each with different RNA cleavage specificities and implicated in selective gene 

expression during stress conditions. To date only the Bacillus subtilis MazF-RNA complex 

structure has been determined. As M. tuberculosis MazF homologues recognize distinct RNA 

sequences, their molecular mechanisms of substrate specificity remain unclear. By taking 

advantage of X-ray crystallography, we have determined structures of two M. tuberculosis MazF-

RNA complexes, MazF-mt1 (Rv2801c) and MazF-mt3 (Rv1991c) in complex with an 

uncleavable RNA substrate. These structures have provided the molecular basis of sequence-

specific RNA recognition and cleavage by MazF toxins. 

Both MazF-mt1-RNA and MazF-mt3-RNA complexes showed similar structural 

organization with one molecule of RNA bound to a MazF-mt1 or MazF-mt3 dimer and occupying 

the same pocket within the MazF dimer interface. Similar to B. subtilis MazF-RNA complex, 

MazF-mt1 and MazF-mt3 displayed a conserved active site architecture, where two highly 

conserved residues, Arg and Thr, form hydrogen bonds with the scissile phosphate group in the 

cleavage site of the bound RNA. The MazF-mt1-RNA complex also showed specific interactions 

with its three-base RNA recognition element. Compared with the B. subtilis MazF-RNA 

complex, our structures showed that residues involved in sequence-specific recognition of target 
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RNA vary between the MazF homologues, therefore explaining the molecular basis for their 

different RNA recognition sequences. In addition, local conformational changes of the loops in 

the RNA binding site of MazF-mt1 appear to play a role in MazF targeting different RNA lengths 

and sequences. In contrast, the MazF-mt3-RNA complex is in a non-optimal RNA binding state 

with a symmetry-related MazF-mt3 molecule found to make interactions with the bound RNA in 

the crystal. The crystal-packing interactions were further examined by isothermal titration 

calorimetry (ITC) studies on selected MazF-mt3 mutants. Our attempts to utilize a MazF-mt3 

mutant bearing mutations involved in crystal contacts all crystallized with few nucleotides, which 

are still found to interact with a symmetry mate. However, these different crystal forms revealed 

the conformational flexibility of loops in the RNA binding interface of MazF-mt3, suggesting 

their role in RNA binding and recognition, which will require further studies on additional MazF-

mt3-RNA complex interactions. 

In conclusion, the structures of the MazF-mt1-RNA and MazF-mt3-RNA complexes 

provide the first structural information on any M. tuberculosis MazF homologues. Supplemented 

with structure-guided mutational studies on MazF toxicity in vivo, this study has addressed the 

structural basis of different RNA cleavage specificities among MazF homologues. Our work will 

guide future studies on the function of other M. tuberculosis MazF and MazE-MazF homologues, 

and will help delineate their physiological roles in M. tuberculosis stress responses and 

pathogenesis. 
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1. Introduction  

1.1 Prokaryotic toxin-antitoxin systems 

1.1.1 Ubiquitous toxin-antitoxin loci in prokaryotes 

The first identified toxin-antitoxin system was that found on the F-plasmid in E. coli (1). 

The F-plasmid carrying a ccd (couple cell division) operon was found to be stably maintained, 

and reduction of the copy number of the plasmid led to inhibition of host division. The ccd 

operon consists of two components, ccdB, which inhibits cell division, and ccdA that counteracts 

the inhibitory effect of ccdB. Later identification of the parB+ locus, composed of hok (host 

killing) and sok (suppressor of host killing), on the plasmid R1 discovered that this operon 

mediated plasmid maintenance by killing plasmid-free cells, the effect of which was named post-

segregational killing (2). The plasmid-encoded operons responsible for plasmid maintenance 

were termed plasmid addiction systems, and have been widely found in plasmids. chpA and chpB 

were the first identified chromosomal homologues of plasmid addiction systems, which were 

discovered as homologues of the pem locus on plasmid R100 (3). chpA was later named mazEF, 

and both mazEF and chpB were found to be involved in cellular growth control (3). These 

plasmid- and chromosomal-encoded addiction systems are now known as toxin-antitoxin (TA) 

modules, and a large-scale search for TA systems in prokaryotic genomes has shown that the TA 

loci are highly abundant in free-living prokaryotes (4). Many organisms have multiple TA 

systems in their genome. To date, more than 30 TA modules have been identified in E. coli, and 

in M. tuberculosis at least 88 candidate TA loci have been identified (5,6). 

In general, TA systems have similar genetic organization, which typically exist as a two-

gene operon encoding a toxin and a cognate antitoxin (6). Based on the nature of toxins and 
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antitoxins, TA systems are classified into three types (Figure 1). The type I TA system is 

composed of a toxin protein and an antisense RNA, which is transcribed in reverse direction of 

the toxin gene and acts as the antitoxin (7,8). The antisense RNA antitoxins regulate toxin activity 

through complementation to the toxin mRNAs, which the resulting double-stranded mRNA is 

subsequently degraded (8). The type II TA systems are the most studied TA systems. Toxin and 

antitoxin are encoded in the same operon with several bases overlap, and the antitoxin gene is 

typically located upstream of the toxin gene (9). Toxin and antitoxin are cotranscribed and both 

are translated into proteins. In contrast, regulation and the toxin activity of the type III TA system 

are less clear. The ToxI-ToxN TA system is one of the type III TA modules, composed of a toxin 

protein ToxN and an antitoxin RNA ToxI (10). Direct binding of ToxI RNA and ToxN leads to 

inhibition of toxin activity. All type I, type II, and type III TA systems are constantly expressed in 

normal growing cells, whereby toxin activity is inhibited by binding to the antitoxin (6). Studies 

on various TA systems have suggested their important role in bacterial stress response that under 

stress toxins are activated to target essential cellular processes (6). 

1.1.2 Regulation of Toxin-antitoxin systems 

The type II TA system is the most extensively studied TA system. The regulatory 

mechanisms and functions of the TA modules discussed in the remainder of this chapter will be 

focused only on the type II system. On the basis of sequence homology, the TA loci of the type II 

systems so far are grouped into ten families, including ccd, relBE, parDE, higBA, mazEF, 

phd/doc, vapBC, hipBA, hicAB, and ω-ε-ζ (9). Almost all members of the type II TA system are 

encoded in a two-gene operon, consisting of a stable toxin protein and a less stable antitoxin 

protein. The TA locus ω-ε-ζ is an exception and is a three-component system first characterized 
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from a plasmid in Streptococcus pyrogenes, containing the toxin ζ, antitoxin ε, and the 

transcriptional regulator ω (11,12). In the typical type II system the antitoxin gene is 

cotranscribed with the toxin gene, and is located upstream of the toxin gene, but notably, the 

higBA locus has a reversed gene order (9). In the higBA operon the toxin higB is upstream of the 

antitoxin higA, and both genes have their own promoter (13). Despite slightly different genetic 

organization, there is a common mechanism for regulation of the type II TA system. Under 

normal conditions, the antitoxin forms a stable complex with the toxin, resulting in inhibition of 

the toxin activity. The TA complex also function as a transcriptional autorepressor for its own 

operon (14,15). Under stress, the antitoxin is degraded by a protease such as Lon, ClpXP, and 

ClpAP, allowing the release of the toxin (16,17). In general, the TA systems are regulated at the 

transcriptional level by the TA complexes themselves. Activation of the toxin is a result of 

different stability between toxins and antitoxins, and activation of a specific protease (18). 

Detailed regulatory mechanisms will be discussed in the following sections.  

1.1.2.1 Autoregulation of the TA operons by TA complexes 

Transcription autoregulation by the TA complexes has been reported in many TA 

families (19-22). In general, the antitoxin is a DNA-binding protein, which binds to the operator 

site via an N-terminal DNA binding motif. The DNA binding affinity is enhanced when the 

antitoxin forms a complex with the toxin, resulting in the TA complex functioning as a stringent 

transcriptional repressor. Interestingly, the ratio of toxin to antitoxin was found to control 

transcription of TA operons, which the toxin can function either as a co-repressor or as a 

depressor for transcription regulation (21,23,24). This specific mechanism of transcriptional 

regulation of TA operons is called conditional cooperativity, and has been described in several 
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TA families, including ccd, parDE, kis/kid, relBE, yefM/yoeB, and phd/Doc families (21,23-29).  

Conditional cooperativity is proposed to be a general regulatory mechanism for TA 

systems. It was found that the antitoxin alone usually binds to operator DNA with low affinity, 

while the binding affinity increased along with addition of toxin (21,23-26). The toxin itself does 

not bind DNA specifically, but play a role in modulating the DNA binding ability of the antitoxin. 

More commonly, the stoichiometry of toxin to antitoxin determines the DNA binding ability of 

these TA complexes. So far it has been found that the TA complexes from different families bind 

to operator DNAs with a toxin to antitoxin molar ratio of 1:1 or 1:2. Specifically, the TA 

complexes, including CcdA-CcdB, Kis-Kid, and ParD-ParE, bind DNA as heterotetramers, which 

TA complexes have increased affinity for their operator sites when the toxin to antitoxin ratio 

increases up to one (27,29). On the other hand, the RelB-RelE, PhD-Doc, and YefM-YoeB 

complexes have strong DNA binding ability when the toxin to antitoxin molar ratio is 1:2 

(24,25,28). However, when the toxin is in excess, the DNA binding ability of these TA 

complexes is lost, resulting in derepression of transcription. For example, no DNA binding was 

detected when the CcdB-CcdA complex is in a heterohexameric state, which the molar ratio of 

the toxin CcdB to the antitoxin CcdA is 2:1 (23). The RelB2E2 heterotetramer was also found to 

become incompatible with DNA binding (24). As a result, expression of the TA operons is 

regulated by the TA complexes, of which the DNA binding ability is controlled by conditional 

cooperativity. 

Structural studies on the RelB-RelE and Phd-Doc complexes have provided the 

molecular basis of conditional cooperativity (25,30). The crystal structure of the heterotetramer 

RelB2E2 complex has been determined and adopted a V-shape structure, which a RelB dimer in 
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the center interacted with two RelE monomer on each side via the C-terminal domain of RelB 

(30). The N-termini of the RelB dimer form a ribbon-helix-helix (RHH) DNA binding motif upon 

dimerization. As the operator relO has two palindrome sequences for RelBE binding (31), 

structural modelling showed that binding of two RelB2E2 tetramers to adjacent major grooves on 

the operator site resulted in clashes between two RelE molecules from different complexes (30). 

In contrast, if the RelBE complex is in the form of a heterohexamer, composed of two RelB2E 

species by excluding one RelE molecule at one end from the RelB2E2 complex, the complex can 

bind DNA without clashes. This result supported previous findings that transcriptional repression 

of relBE operon occurs when the molar ratio of RelE to RelB is low (24,32). When the ratio of 

RelE to RelB increases up to one under stress, the DNA binding affinity of the RelB2E2 complex 

is lost, thus leading to derepression of relO (24,32). Studies on other RelBE homologues from 

Methanococcus jannaschii (33) and Mycobacterium tuberculosis (pdb: 3G5O) showed similar 

structures of the V-shaped RelB2E2 complexes, suggesting a general mechanism of conditional 

cooperativity for regulation of relBE genes.  

Interestingly, though conditional cooperativity was observed in both the RelBE and Phd-

Doc TA systems, Phd-Doc and RelBE complexes are unrelated by sequences or structures, and 

the molecular mechanism of transcriptional regulation of Phd-Doc is different (25). Crystal 

structure of the Phd2-Doc-Phd2 complex showed that the toxin Doc has both high affinity and low 

affinity binding sites for Phd. Both binding sites on Doc are required for cooperative DNA 

binding of the Phd-Doc complex. Addition of Doc to the Doc:Phd ratio above one would make 

the antitoxin only bind to the high affinity site on Doc and form a Doc-Phd2-Doc complex. From 

the SAXS structure it showed that the dimension of this Phd-Doc heterotetramer is incompatible 
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with DNA binding. It is likely that other TA systems in the Phd/YefM superfamily share a similar 

mechanism of transcriptional regulation through the presence of two binding sites with different 

affinities (25). 

While different molecular mechanisms of the transcriptional control of TA systems have 

been found, it has been proposed that conditional cooperativity can ensure proper control of the 

cellular level of toxin and antitoxin (34). In normal growing cells, the level of the antitoxins is 

either equal to or higher than that of toxins as a result of constant synthesis. The TA complexes 

therefore function as the autorepressor of their own operon in order to lower the level of free 

toxin and prevent unintended harmful side effects. During stress, the transcription rate of the 

operon increases because of the degradation of the antitoxins and the increase in the 

toxin:antitoxin ratio. Moreover, the low cellular level of toxins can be rapidly regenerated after 

removal of stress. 

1.1.2.2 Labile antitoxins 

It has been shown that activation of TA systems depends on the difference in protein 

stability between the toxin and antitoxin (18). Antitoxins have shorter half-life due to their 

susceptibility to protease cleavage in vivo. For instance, the toxin CcdB can remain stable for 

more than 2 hours while the antitoxin CcdA is degraded by Lon protease within one hour (18). 

Studies on antitoxins from different TA families have shown that these proteins have lower 

thermodynamic stabilities and contain intrinsically unfolded domains (35-38). It has been found 

that antitoxins, including CcdA, Phd, and ParD, are partially unfolded in their free form under 

physiological temperature (35,38-40). These antitoxins are in equilibrium between the folded (or 

native dimer) and the unfolded (or unfolded monomer) state (35). The antitoxin Phd remains in 
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solution as a monomer and is mainly unfolded at 37 °C (40). CcdA and ParD were relatively 

stable as a dimeric protein but exhibit a concentration-dependent transition from the unfolded 

monomer to folded state at sufficiently high concentration (35,39,40). In contrast, the toxin CcdB 

remains folded even at low concentration or at high temperature (35). Not only does the two-state 

equilibrium shifts along with protein concentration, but binding to operator DNA also affects 

antitoxin stability (35,39,40). The melting temperature (Tm) of the antitoxin Phd increases upon 

operator binding, suggesting stabilization of Phd structure (40). Similar effects are observed when 

CcdA and ParD bind to their respective promoter DNA (35,39). The two-state equilibrium for 

antitoxins has been proposed to have biological significance that free antitoxins are kept at low 

levels while sufficient amount of the folded protein forms toxin-antitoxin complex for 

transcriptional regulation (35,40).  

Structural studies have also shown the intrinsically disordered structures of antitoxins 

(25,31,41,42). The disordered region of antitoxins is highly susceptible for protease cleavage 

under stress (16,37,43,44). The crystal structure of the antitoxin MazE showed only 45 % ordered 

regions (36). The C-terminal region of MazE is completely disordered, and its N-terminal region 

is composed of two β-hairpins followed by an α-helix but appears to have no hydrophobic core. 

Dimerization of MazE results in formation of a complete N-terminal β-barrel core domain 

containing a novel DNA binding motif (36). The unstructured C-terminal region of MazE is 

reorganized into a long loop upon binding of the toxin MazF, leading to the formation of a 

heterohexameric MazE-MazF complex (45). Similarly, the disordered region of the antitoxins 

CcdA, YefM, ParD, and Phd is also found to become an ordered domain after binding with their 

cognate toxins (41,42,46,47). Some antitoxins are completely disordered, such as the antitoxin 
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RelB from Pyrococcus horikoshii (48). However, when P. horikoshii RelB is bound to RelE, the 

protein forms an extended helical structure, which blocks the substrate binding site of RelE. In 

sum, both the low thermodynamic stability and the intrinsically disordered domain of antitoxins 

contribute to their shorter half-lives in vivo. Thus, under stress when the TA operon is 

upregulated, the antitoxin is subjected to protease cleavage, which results in the release of the 

cognate toxin to target essential cellular processes. 

1.1.3 Cellular targets of toxins 

1.1.3.1 RNA stability 

Toxins from different TA family have been found to target various cellular processes, and 

thus are involved in cellular growth control (6,9). The most frequently found cellular target is 

RNA, and the responsible toxins are classified into ribosome-dependent and ribosome-

independent RNases. Due to their ribonuclease activity, RNA cleavage upon toxin activation 

leads to global translation inhibition and cell growth arrest. The most well studied ribosome-

dependent RNase is the toxin RelE from the RelBE TA family, which cleaves mRNA specifically 

at the A-site codon in the ribosomal A-site (49-51). RelE lacks conserved catalytic residues, 

which are usually found in the homologous RNase T1, and thus has undetectable or weak 

endoribonuclease activity on its own and requires ribosome for catalysis (50,51). Structural 

analysis of E. coli RelE in complex with the 70S ribosomes showed that RelE made interactions 

with several conserved regions of the 16S rRNA (50). Supplemented by stacking interactions of 

the mRNA bases in the A-site with the conserved residues of RelE and 16S rRNA, the 16S rRNA 

helps to orient the bound mRNA in ribosomes for RelE-mediated specific mRNA cleavage (50). 

In addition to its inhibition of translation, RelE binding to ribosomes block access of tRNAs and 
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translation factors, which are thought to increase the levels of charged tRNA and reduce global 

translation error (49,51,52). It has been found that RelE belongs to a toxin superfamily present in 

both bacteria and archaea (53). RelE homologues, such as RelE from the Gram-positive 

bacterium Streptococcus pneumoniae, and the archae Methanocaldococcus jannaschii, and E. coli 

YoeB have also been characterized as ribosome-dependent RNases (17,49). Interestingly, some 

RelE-like genes in E. coli, in particular mqsRA and yafQ, were found to play a role in persistence 

or biofilm formation (54-56).  

In contrast, the MazF toxin from the MazEF TA family has been characterized as a 

ribosome-independent RNase (57). MazF cleaves single-stranded RNA at specific three-, five-, 

and seven-nucleotide specific sequences. MazF-mediated RNA cleavage is independent of 

ribosomes, codon selection, and divalent metal ions. Similar to RelE, MazF cleavage of RNA 

leads to translation inhibition (57,58). The MazF homologues, Kid and PemK from the plasmid 

R1/R100, were also found to inhibit plasmid DNA replication as a result of their ribonuclease 

activity (59-61). The structural and functional differences between MazF and RelE suggested that 

these two families evolved independently (50,59,60,62). The details of the activity of MazF and 

the physiological roles of the MazEF TA family will be discussed in section 1.3.4 and 1.3.5.  

Beyond MazF and RelE, the VapC toxin from the VapBC family also functions as an 

RNase. The VapC toxins belong to the PilT N-terminal (PIN) domain family, which PIN domain 

has a RNase-H-like fold and share structural homology to Mg2+-dependent nucleases (63,64). The 

activity of PIN domain-containing proteins varies among different members of this family, such 

as that the Pyrobaculum aerophilum protein PAE2754 cleaves single-stranded DNA (63), and the 

Neisseria gonorrhoeae FitB lacks nuclease activity (65). The VapC toxins has been found to 
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function as a Mg2+-dependent ribonuclease targeting a range of substrates, including mRNA and 

tRNA (64). VapC from Salmonella enterica and Shigella flexneri cleaved initiator tRNAfMet in the 

anticodon loop at specific sequence, the cleavage of which resulted in down-regulation of protein 

synthesis (66). As the VapBC family is the most abundant TA family, for instance, 

Mycobacterium tuberculosis has at least 47 VapBC TA loci (5), the evolutionary benefit and the 

physiological role of VapBC family in pathogenic bacteria are under study.  

1.1.3.2 DNA gyrase 

Two toxins from the plasmid-encoded TA systems, CcdB and ParE, inhibit DNA 

replication and transcription by binding to DNA gyrase (6). The Ccd TA system is responsible for 

maintenance of the F plasmid and is one of the well-characterized post-segregational killing 

systems (1,67,68). The toxin CcdB inhibits DNA gyrase activity by binding to the GyrA subunit, 

blocking holoenzyme formation of DNA gyrase (69,70). In addition, CcdB blocks DNA strand 

passage during gyrase catalysis and stabilizes the gyrase-DNA covalent complex, thereby stalling 

DNA polymerase and RNA polymerase (71). Blockage of DNA transactions can be reversed by 

addition of the cognate antitoxin CcdA. Although no structural or sequence homology is found 

between ParE and CcdB, ParE, a toxin encoded on plasmid RK2, from the ParDE family also 

inhibit DNA gyrase activity (72). Activation of ParE causes inhibition of plasmid and 

chromosomal DNA replication. Similar to CcdB, ParE binds to DNA gyrase, resulting in 

formation of a gyrase-DNA complex that subsequently results in DNA breakage (72). However, 

in E. coli a CcdB-resistant GyrA could still be inhibited by ParE (73). Thus, it was suggested that 

ParE and CcdB inhibits DNA gyrase activity via different mechanisms, for instances, binding to 

different subunits of the DNA gyrase. Surprisingly, although CcdB is structurally similar to MazF 
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(45,74), and ParE is in the same superfamily as RelE (4,75), CcdB and ParE do not function as 

RNases but target gyrase, suggesting the diverse functions of toxins from different TA loci.   

1.1.3.3 Ribosomes 

The Doc toxin of the Phd-Doc TA system, derived from bacteriophage P1, is the only TA 

toxin known to date to target translation elongation (76). Similar to the functions of other toxins, 

induction of Doc caused cell growth arrest and translation inhibition. However, mRNA remained 

stable upon Doc overexpression, and RNA transcription and DNA replication were not affected 

(76). Instead of functioning as a ribonuclease, Doc binds to the 30S ribosomal subunits, resulting 

in accumulation of stalled ribosomes and the termination of translation elongation (76). It was 

found that Doc can competes with the antibiotic hygromycin B (HygB) for binding to the 30S 

ribosomal subunit, suggesting an overlap of their ribosome binding site in the 16S rRNA 

containing the A, P, and E sites (76,77). Doc-mediated translation inhibition therefore stabilizes 

polysome and increases the mRNA half-life. Cellular mRNAs become 4- to 10-fold more stable 

as the nuclease target sites are protected by arrested ribosomes (76), the effect of which is unique 

among TA families and can be beneficial to the cells during stress. Further characterization of 

other chromosomal orthologues of the Phd-Doc TA system will help understand their 

physiological role of interactions with ribosomal subunits in bacterial stress responses. 

1.1.3.4 Cytoskeletal proteins 

The E. coli TA system, YeeUV, has unique cellular targets that allows the YeeV toxin to 

inhibits cell division (78). Overexpression of YeeV inhibits cell growth and alters cell 

morphology, which the originally rod-shape E. coli cells gradually transforms into spherical 

shape at 24 hr post-induction (78). This morphology change is due to the inhibitory effect of 
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YeeV binding to two cytoskeletal proteins, FtsZ and MreB. FtsZ is a tubulin-like protein essential 

for cell division, which contributes to the formation of a ring structure, the Z-ring, at the midcell 

(79,80). MreB is an actin-like protein that can assemble into a filamentous structure to support the 

cell membrane and maintain cell shape (81,82). Direct binding of YeeV to FtsZ inhibits the 

GTPase activity and polymerization of FtsZ, and the interaction of YeeV and MreB blocks the 

ATP-dependent polymerization of MreB (78). The molecular mechanism of simultaneous binding 

of YeeV to both FtsZ and MreB, and the regulatory mechanism of YeeV-mediated inhibition of 

cell division remains to be studied. It was found that E. coli has two additional YeeV homologs, 

YpjF and YkfI (83), which may also interact with both FtsZ and MreB to inhibit cell division. 

1.1.3.5 Glutamyl-tRNA synthetase 

The toxin protein HipA of the HipBA TA family in E. coli is a serine-threonine kinase 

that phosphorylates a conserved residue Ser239 of glutamyl-tRNA synthetase (GltX) (84). Ser239 

of GltX is located in the consensus KLSKR motif, which motif is highly conserved among class I 

aminoacyl-tRNA synthetase and participates in activation of an amino acid with ATP (85). As the 

corresponding motif of GltX undergoes conformational changes upon binding of tRNAGlu and 

thus becomes more exposed, the residue Ser239 is phosphorylated by HipA when GltX is in the 

tRNA-bound form (84,85). As a result, HipA-mediated phosphorylation of GltX inhibits the 

tRNA aminoacylation activity, leading to accumulation of uncharged tRNAGlu (84). It was 

proposed that increase of uncharged tRNA under HipA induction can trigger activation of RelA, 

which produces (p)ppGpp, and therefore lead to cellular growth arrest and persistence (86). 

1.1.4 Physiological functions of TA systems 

1.1.4.1 Gene stabilization 
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As shown that plasmid-encoded TA systems stabilize plasmid DNA and kill plasmid-free 

cells, chromosome-encoded TA systems were first thought to function as selfish genes 

responsible for stabilization of nearby gene regions (4,87). That is, these TA loci serve to stabilize 

vertical gene transfer of surrounding genes including themselves. It was also found that in Vibrio 

cholerae the chromosomal TA systems are all located in the mega-integron, suggesting that this 

region is more genetically stable among the mobile mega-integron elements (4,88). Thus, genes 

closely located at where TA loci are in the chromosome may have an advantage of increased 

stability and may benefit V. cholerae physiology. 

1.1.4.2 Stress response 

TA systems are regarded as stress response elements as they can be activated by various 

stresses, such as amino acid starvation, thymine starvation, DNA damage, and antibiotics (89-93). 

Under stress activation of toxins usually leads to translation inhibition, which decreases energy 

consumption, reduces translation errors, and selectively translates a subset of genes that are not 

cleaved by toxins with ribonuclease activity (49). This adaptive mechanism mediated by TA 

systems is beneficial to free-living bacteria under unfavorable environments. In contrast to the 

abundant TA systems in free-living organisms, obligate intracellular organisms do not harbor TA 

loci (4). Considering that obligate intracellular organisms live in a constant environment, it 

explains why these bacteria lack the TA stress response loci (94,95). In addition, obligate 

intracellular organisms have stable genomes without extrachromosomal DNA or transposable 

elements, also suggesting that they do not need TA systems for DNA stabilization.  

1.1.4.3 Programmed cell death 

As plasmid-encoded TA loci are responsible for killing cells that are devoid of plasmids, 
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it has been suggested that TA loci mediate programmed cell death (96). However, this role of TA 

systems remains controversial. Many studies have been conducted using the E. coli MazEF TA 

systems and suggested that cell death as a result of induction of MazF during starvation or other 

stress can benefit the population for limited nutrient (16,90). It was later found that the cell 

growth inhibition by overexpression of either MazF or RelE could be recovered when their 

cognate antitoxins were subsequently expressed (97). Moreover, cells remained viable after 5 

hour of exposure to induced toxins, suggesting a bacteriostatic instead of a bactericidal role of TA 

systems (49,58). This controversy will be discussed in detail in a later section (section 1.3.5.1) on 

the physiological role of the MazEF TA system. 

1.1.4.4 Bacterial persistence 

Persisters are a slow-growing/non-dividing population of cells that are multidrug tolerant. 

Recent studies have shown that TA systems are involved in persister formation and bacterial 

persistence. Studies on bacterial persistence have been mainly conducted primarily in E. coli. The 

first identified gene related to persistence was isolated from high persistence (hip) mutants in E. 

coli K-12 strains after exposure to ampicillin (98). The hip mutants showed ~20-fold increase 

levels of persisters and were mapped to the hipA locus, which encodes the HipA toxin of the 

HipBA TA system (98,99). Overexpression of HipA showed a drug-tolerant phenotype to β-

Lactam and fluoroquinolone antibiotics (100). In addition, other studies showed increased 

transcription of several toxin/antitoxin genes in persister cells (101,102). Some of the RNase-

encoded TA loci in E. coli, including MqsR and YafQ, have also been implicated in persistence 

(54,55). The involvement of TA loci in persistence was further supported that in E. coli deletion 

of 10 RNase-encoded TA loci, which showed a 100- to 200-fold reduction of persister level 
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(103). The cell growth rate was not affected in this ten-TA loci-deleted strain but the survival rate 

on exposure to ciprofloxacin and ampicillin decreased (103). In contrast, deletion of single TA 

locus did not showed significant effect on persister formation, suggesting a cumulative effect of 

TA systems on the persistence level (103).  

Interestingly, studies on the RelE-induced formation of persisters in M. tuberculosis 

showed drug-specific effects on antibiotic tolerance (104). Overexpression of the three M. 

tuberculosis RelE homologues individually showed increased persistence to specific antibiotics, 

for example, RelE2 induced cells had increased survival rates in response to rifampin, while 

RelE3 induced cells became tolerant to gentamycin and levofloxacin (104). Unlike that E. coli 

persisters are multidrug tolerant, the RelE-induced persisters in M. tuberculosis are only 

insensitive to a specific antibiotic. Thus, the role of the TA systems in M. tuberculosis in drug-

specific persistence, and antituberculosis treatment remains to be investigated.  

Overall, several studies have shown that bacterial persistence depends on the function of 

TA systems. The current model suggested that TA loci are activated in response to the increase 

level of the signalling molecule, guanosine 3,5-bispyrophosphate (ppGpp), during stress, leading 

to a slow growing or non-dividing cell population and therefore bacterial persistence (105). The 

molecular mechanisms of regulation and maintenance of persistence and how bacteria revert to a 

growing phenotype remain to be studied. Moreover, how TA systems in other pathogenic 

bacteria, especially whether all TA loci or a specific one, contribute to this drug-tolerant 

phenotype requires further research. Understanding the relationship between TA systems and 

persistence shall help future drug design efforts for treating bacterial infectious diseases. 
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1.2 Mycobacterium tuberculosis toxin-antitoxin systems 

1.2.1 Tuberculosis 

Tuberculosis (TB) is a major public health problem and is caused by infection with 

Mycobacterium tuberculosis. According to World Health Organization, about one third of the 

world population is infected and nearly two million people die from TB every year (106). TB 

infection is achieved via inhalation of M. tuberculosis-containing aerosol droplets (107). The 

pathogens are phagocytosed by alveolar macrophages in the lung. Instead of being destroyed, M. 

tuberculosis adapts to the changing environment, including low pH, hypoxia, and nutrient 

limitation, in macrophages (107,108). Transcriptional profiling showed that some genes in M. 

tuberculosis are upregulated in response to phagocytosis in host cells, including genes involved in 

lipid metabolism (109-112), low pH-response (113-116), and detoxification of reactive oxygen 

species (ROS) and reactive nitrogen species (RNS) (117,118). In addition, M. tuberculosis 

interferes with phagosome maturation such that the bacteria can replicate inside macrophages 

during early infection (119). Infected macrophages then migrate to pulmonary tissue, in which the 

primary lesion is recognized as a granuloma comprised of infected cells surrounded by T-cells 

and dendritic cells in the center and a rim of T-cells at the outer edges (120). As a result, the 

immune system controls the spread of this pathogen without obvious symptoms for most people. 

M. tuberculosis is therefore in a state of latent asymptomatic infection, also known as latent 

tuberculosis (121,122). Due to the low oxygen level and limited nutrients in granulomas, M. 

tuberculosis is dormant, showing a very low metabolic activity, and is in a non-replicating state 

(117). During latent tuberculosis, the dormant M. tuberculosis is persistent or shows multidrug 

tolerance to most TB drugs (123). About 5-10 % of infected people will subsequently develop 
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clinical disease, primarily pulmonary disease, in which the dormant M. tuberculosis is reactivated 

(124). Granuloma maturation during active TB results in reactivation of M. tuberculosis 

replication and metabolic activities, and further decay of the center of granulomas can lead to 

release of M. tuberculosis into the alveolar space (117,120). During active TB, different stages of 

granulomas are present at the same time that some bacilli are in latent state while some are active. 

As a result, typical treatment of TB requires prolonged chemotherapy using a combination of 

different antibiotics for up to 9 months in order to eradicate non-replicating cells (125). This 

lengthy treatment often leads to low compliance, and therefore can lead to the emergence of 

multidrug-resistant M. tuberculosis strains (126). Further studies on the molecular mechanisms of 

latent tuberculosis and its progression to active TB may help develop new anti-TB therapy against 

TB infection. 

1.2.2 The potential role of Mycobacterium tuberculosis toxin-antitoxin 
systems in dormancy and persistence 

The majority of people infected with M. tuberculosis are latent carriers with the bacteria 

adopting a non-replicating state in response to the environmental stress inside the granuloma 

(127,128). While the mechanism of transition from the growing to slow growing state is unclear, 

these dormant bacteria are antibiotic tolerant (129). The drug-tolerant state is similar to bacterial 

persistence upon activation of TA systems (101). In addition, M. tuberculosis under starvation 

showed increased drug tolerance (123). This stringent response is under the control of the Rel 

protein, which is required for survival and persistence of M. tuberculosis (123,130,131). In E. coli 

(p)ppGpp, synthesized by RelA, has been found to play a role in the toxin HipA7-mediated 

hyper-persistence phenotype (99), suggesting that TA systems are involved in persister formation 
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under the stringent response. Similarly, TA systems may play a role in dormancy and persistence 

in M. tuberculosis. In addition to nutrient limitation, in vitro models showed that hypoxia induced 

the non-replicating persistent state in M. tuberculosis, which is similar to the in vivo latent state 

(132-135). A set of genes in the dormancy regulon, under the control of the transcriptional 

regulator DosR, is induced and thus M. tuberculosis enters dormant state and becomes 

antibiotics-tolerant (132,136). It is proposed that TA systems also mediate hypoxia-induced 

dormancy and persistence in M. tuberculosis. Moreover, a recent study on the transcriptome 

analysis of M. tuberculosis persisters under the treatment of the antibiotics D-cycloserine revealed 

10 TA systems are overexpressed (137). Among these TA modules some were also found to be 

upregulated during starvation or hypoxia (138,139), again suggesting the role of TA systems in 

M. tuberculosis stress responses, pathogenesis, and persistence. Further studies on identification 

and characterization of TA systems in M. tuberculosis shall help understand their role in bacterial 

physiology in this pathogen. 

1.2.3 Identification of Mycobacterium tuberculosis toxin-antitoxin 
systems 

A subset of TA modules in M. tuberculosis has been individually characterized, and a 

subsequent bioinformatics analysis in 2005 identified 38 TA loci in M. tuberculosis that share 

homology to the known TA families (4). A comprehensive genomic analysis of M. tuberculosis 

toxin-antitoxin systems was carried out by Ramage et al. in 2009 (5). The PSI-BLAST searches 

for homologues of eight major TA families in the genome of M. tuberculosis were first 

performed, followed by searches for PIN-domain containing proteins (5,140). Pairs of adjacent 

genes that have similar genomic organization to TA systems were also identified as novel TA 
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modules in M. tuberculosis (5). By this approach a total of 88 putative TA systems in M. 

tuberculosis were identified, including 47 vapBC (PIN-domain containing toxins), 9 mazEF, 3 

relBE, 2 parDE, 1 higBA, and 26 novel TA modules (5). Further phylogenomic analysis in the 

genus Mycobacterium for homologues of the 88 TA systems in M. tuberculosis showed 

conserved TA systems in the M. tuberculosis complex (MTBC) (5). MTBC is a group of 

mycobacterium species that can cause tuberculosis in human or other animals. Orthologues of 

nearly each TA system in M. tuberculosis were identified in MTBC, while only a few were found 

in the mycobacterium species outside MTBC. The closest relative of M. tuberculosis outside the 

MTBC, M. marinum, only has two TA systems, and the non-pathogenic M. smegmatis only 

harbors three TA modules (5). Thus, expansion of TA systems is confined to the MTBC, 

suggesting a significant role of TA systems in M. tuberculosis pathogenesis. 

Ramage et al. also carried out preliminary characterization of the function of those 

candidate M. tuberculosis TA systems (5). 78 of the putative toxins were expressed in M. 

smegmatis and their toxicity was assessed by the effect of inhibition of cellular growth. 30 pairs 

of genes were characterized as functional TA systems in M. smegmatis based on that 

coexpression of cognate antitoxins can complement the toxicity of the toxins, while the functions 

of other TA modules may not be detected by this method considering their expression level in a 

different organism from M. tuberculosis. As over half of the TA systems in M. tuberculosis 

belong to the VapBC family, several VapC toxin homologues were also characterized (5). Given 

that PIN-domain containing VapC proteins have been shown to function as ribonucleases (141-

143), Ramage et al. showed that induction of several VapC homologs in M. smegmatis resulted in 

translation inhibition (5). The in vitro RNA cleavage activity of several M. tuberculosis VapC 
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toxins was also reported (5,144). It is interesting that M. tuberculosis contains a significantly 

large number of VapBC homologues, although their physiological role remains unclear. It has 

been proposed that these VapC ribonucleases are individually regulated in response to specific 

stress, allowing selective translation of different sets of genes in M. tuberculosis. In addition to 

VapC homologues, one of the novel toxins, Rv0910, was also characterized revealing that its 

overexpression inhibited cellular growth but not translation (5). Instead of functioning as a 

ribonuclease, the toxin Rv0910 target different cellular process from VapC and remains to be 

characterized.  

The transcriptional profile of the 30 functional M. tuberculosis TA systems identified by 

Ramage et al. was examined under different stress conditions (5). Two TA modules (Rv2009-

2010 and Rv1955-1956) showed increased transcription under hypoxia, the condition of which 

also strongly induced expression of two genes belonging to the dormancy regulon. During 

macrophage infection, two other TA loci (Rv1560-1561 and Rv0549-0550c) were upregulated. 

These findings support the hypothesis that TA systems in M. tuberculosis are differentially 

regulated during various stresses. In addition, another study identified several TA systems likely 

involved in growth control of M. tuberculosis under changing carbon availability (145). As a 

result, a subset of TA modules may be important as stress-responsive elements in M. tuberculosis. 

The expansion of TA systems in M. tuberculosis is also thought to play a role in stabilization of 

the M. tuberculosis genome (5). It has been reported that chromosomal TA systems can protect 

adjacent genes from deletion (146). As in M. tuberculosis many TA systems are encoded in 

genomic islands associated with genes involved in virulence or stress responses (5), it is likely 

that these TA modules play roles in genes stabilization as well as stress responses. The 
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maintenance of the large number of TA systems in M. tuberculosis therefore suggests their 

physiological roles in stress adaptation, pathogenesis, and evolution (5). 

 

1.3 The MazE-MazF toxin-antitoxin family 

1.3.1 The MazE-MazF system 

The MazE-MazF TA module encodes the toxin MazF and its cognate antitoxin MazE. 

This system was first identified in E. coli as a chromosomal homologue of the pem locus (3), 

encoding the toxin PemK and the antitoxin PemI, that is responsible for the maintenance of 

plasmid R100 (147). Both of the pem homologues in E. coli, chpA and chpB, are two-component 

systems composed of chpAK and chpAI, and chpBK and chpBI, respectively (3). The proteins 

from chpA and chpB loci all share 30-40 % sequence identity to PemK and PemI, whereby chpAK 

and chpBK are pemK homologues, and chpAI and chpBI are pemI homologues (3). E. coli strains 

carrying plasmids with heat-inducible chpAK and chpBK genes showed growth inhibition when 

incubated at 42°C, and the growth inhibitory effect was suppressed when the cognate ChpAI or 

ChpBI was expressed (3). This finding suggested that chpA and chpB loci function as addiction 

modules encoded in plasmid DNA. No cross interactions of ChpAK with either PemI or ChpBI 

was observed, while PemI was found to suppress ChpBK. In addition, the 5' regions preceding 

the chpA and chpB loci contained consensus ppb sequences (3). As the PemI-PemK complex is an 

autoregulator binding to the ppb sequences in the pem promoter region (148), this finding 

suggested that expression of chpA and chpB can be autoregulated by their toxin-antitoxin 

complexes. Further examination of the E. coli chromosome showed that chpB is located next to 

the pyrophosphatase gene, and chpA is downstream of the relA gene, suggesting their role in the 
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stringent response (3). In short, the chromosomal chpA and chpB loci in E. coli showed similar 

functions as the PemK-PemI TA module, and are likely to be involved in bacterial response to 

changes in the environment.  

The chpA locus in E. coli was named mazEF, whereby chpAK and chpAI correspond to 

mazF and mazE, respectively. Similar to plasmid addiction modules, expression of MazF 

inhibited cellular growth in E. coli, while coexpression with MazE reversed this growth defect. 

Direct interaction between E. coli MazE and MazF was identified by native gel electrophoresis, 

which revealed MazE formed a stable complex with MazF (16). In addition, differential protein 

stability MazE and MazF was also observed. In E. coli, 35S-methionine labelled MazE was 

degraded with a half-life of 30 min, while MazF remained stable for at least 4 hours (16). The 

unstable MazE is degraded by the ATP-dependent ClpPA protease, but not by Lon protease (16). 

All these studies suggested that E. coli mazEF shared properties with plasmid TA systems.  

Homologous chromosomal loci belonging to the mazEF family were later found to be 

abundant in bacteria, but rarely found in archaea (4). Most bacteria usually have one or two 

mazEF operons in their genome, but Mycobacterium tuberculosis has been found to harbor at 

least nine pairs of mazEF modules (4,149). To date the characterized mazEF TA modules, 

including those from Staphylococcus aureus, Mycobacterium tuberculosis, and Haloquadra 

walsbyi, showed similar genetic organizations to that of the mazF gene, which is cotranscribed 

with an overlapping upstream ORFs homologous to mazE (149-151). All MazF proteins have 

greater than 30 % sequence identity to E. coli MazF, while their cognate MazE antitoxins lack 

homology to the E. coli MazE. The only exception is the sole mazF gene in Myxococcus xanthus, 

which is encoded in a monocistronic operon without an upstream mazE gene (152). Similar 
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phenotypes were found that induction of homologous MazF in E. coli resulted in cellular growth 

inhibition, and the MazF toxicity could be neutralized when the antitoxin MazE was expressed at 

the same time (149-152). Interestingly, the M. xanthus MazF was regulated by MrpC, a regulator 

involved in development in M. xanthus that functions as the MazF antitoxin (152). Thus, the 

mazEF TA system is one of the well-studied chromosomal TA systems. Studies on the regulatory 

mechanism of mazEF expression and the activity of MazF have provided insights into the 

physiological role of this specific TA system in bacterial stress responses.  

1.3.2 Transcriptional regulation of the mazEF operon by MazE-MazF 
complex 

Similar to plasmid encoded TA systems that the toxin-antitoxin complex acts as 

transcriptional repressor for the TA operon, the mazEF operon was autoregulated by the MazE-

MazF complex (14,19-22). The detailed regulatory mechanism of the mazEF operon has been 

studied in E. coli. Upstream of the mazEF locus two promoters, P2 and P3, were found (16). 

Primer extension analysis of RNA extracts from cells carrying a plasmid with mazEF promoter-

lacZ fusion showed that transcription initiated from promoter P3 was 10-fold weaker than that 

from P2 (14). Another study on mazEF RNA transcription also showed that the upstream 

promoter P2 was active in exponentially growing cells, while transcripts initiated from P3 were 

undetectable (16). The promoter activity of both P2 and P3 was inhibited upon induction of MazE 

or the MazE-MazF complex (14). Through examination of the β-galactosidase activity under the 

control of mazEF promoter, it was found that expression of the MazE-MazF complex suppressed 

90 % of the promoter activity, while MazE only reduced the promoter activity by only 

approximately 40 % (14). Supplemented with gel mobility shift assay data, it was found that 
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mazEF promoter was negatively regulated by the cooperative binding of the MazE-MazF 

complex, whereby the binding of MazF enhances MazE binding to the promoter (14). Sequence 

analysis of the MazE-MazF binding site showed a structure of alternating palindromes in the 

promoter region encompassing -34 to +6 (14). Specifically, the middle fragment, so named “a”, is 

not only part of the palindrome with the downstream fragment “b”, but also could complement 

with the upstream fragment “c”. The MazE-MazF complex was found to bind either palindromes 

a-b or b-c, indicating that the secondary structure of this region plays an important role in binding 

of the complex (14). This binding pattern was proposed to ensure proper autoregulation by the 

MazE-MazF complex even when one of the palindrome elements is impaired (14). While the 

presence of two palindromes was observed in promoters of some TA modules, such as pemIK and 

phd-doc (21,148), the alternating palindrome is unique to the E. coli mazEF promoter, suggesting 

a intricate regulatory mechanism of the autorepressor MazE-MazF complex for the mazEF 

operon at the transcriptional level. 

To date the DNA binding mechanism of the MazE-MazF complex has been studied only 

in E. coli, and the structural basis of MazE-MazF binding to DNA remains unknown. For 

homologous mazEF genes in other bacteria, the majority of their promoter regions are 

uncharacterized. Whether these mazEF promoters have the same feature of the alternative 

palindrome sequences as in E. coli is still unknown. However, the S. aureus mazEF promoter 

does not contain any similar palindromic motif (153). In addition, the role of the MazE-MazF 

complex in other species as a transcriptional autorepressor is also unclear. Studies on the B. 

subtilis MazE-MazF complex showed no binding to the mazEF 5'-UTR even when the complex 

was in a molar ratio of 100:1 to the promoter DNA (154). A similar result was also found that S. 
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aureus MazE-MazF complex did not bind to its promoter (153). Instead, the promoter of S. 

aureus mazEF locus was negatively regulated by sigB, possibly through a sigB-regulated 

repressor, and was upregulated directly by a transcriptional regulator, SarA, which is involved in 

virulence gene expression in S. aureus (153). This result showed that the S. aureus mazEF 

promoter could be regulated by transcription regulators other than the MazE-MazF complex. 

Considering the possibilities of sequence variation of mazEF promoters and structural differences 

of the MazE-MazF complex among difference species, the mechanism of transcriptional 

regulation of the mazEF operons is mostly unknown and remains to be investigated. 

1.3.3 Regulation of mazEF expression under stress 

Under normal conditions MazE forms a stable complex with MazF to inhibit MazF 

toxicity. MazF-mediated cell growth arrest occurs when the balance between MazE and MazF is 

disrupted, such as transcription inactivation of the mazEF operon and translation inhibition of 

mazE-mazF mRNA. Without constant synthesis of MazE and MazF, MazE is rapidly degraded by 

proteases due to its intrinsic instability, resulting in the release of MazF from the MazE-MazF 

complex.  Several studies have shown that several growth conditions or stress conditions are 

involved in the regulation of the mazEF system. As E. coli mazEF locus is part of the relA operon 

located downstream of the relA gene, it was first found that ppGpp was involved in transcription 

regulation of mazEF operon (3,16). ppGpp is synthesized by RelA under the stringent response 

and its increased concentration inhibits transcription of stable promoters, and redirects RNA 

polymerase to the promoters of biosynthetic operons (155,156). Increased ppGpp led to 

transcription inhibition from the P2 promoter of the mazEF operon, resulting in the imbalance of 

MazE and MazF, and thus cellular growth inhibition (16). Compared with the wild type strain, 
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mazEF deleted strain showed a 4-fold increase of CFU counts under ppGpp induction (16). This 

study suggested that amino acid starvation resulted in transcription inactivation of mazEF operon, 

and therefore MazF activation. 

Other stress or growth conditions, such as high temperature, oxidative stress, and DNA 

damage, were found to affect mazEF expression in E. coli as well (93). A similar effect was 

found when cells experienced thymine starvation, reducing transcription of mazE-mazF mRNA to 

25 % after 2 hours in comparison with normal cells in E. coli (90). Moreover, several antibiotics 

that inhibit transcription or translation, such as rifampicin, chloramphenicol, and spectinomycin, 

were found to inhibit the continuous expression of MazE in E. coli (89). As a result of the 

transcription or translation inhibition of the mazEF operon under stress, the protein level of MazE 

decreased due to ClpP protease-mediated cleavage, and thus MazF was activated (89,90). 

Although studies on the regulation of mazEF expression were mainly conducted in E. coli, it 

showed that mazEF expression is under the control of various stresses, therefore suggesting the 

role of MazEF TA systems as stress response elements in other bacteria.  

Indeed, mazEF regulation in response to various stresses has been found in Gram-

positive bacteria. In Staphylococcus aureus, Bacillus subtilis, and Bacillus anthracis, the 

homologous mazEF loci were located upstream of the sigB gene (157-160). As σB is a general 

stress response factor, the close genetic organization of mazEF and sigB suggests a relationship of 

mazEF expression and stress responses. The S. aureus mazEF gene was found to be co-

transcribed with the sigB operon under heat shock or high salt conditions, which activated the 

mazEF promoter (153,159). Increased mazEF transcription in S. aureus was also observed upon 

exposure to antibiotics, such as tetracyclin, erythromycin, penicillin, and linezolid (153). 
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Although the cellular effect of the upregulation of the mazEF operon remains to be identified, 

specifically whether this activation leads to MazF activation, the promoter of S. aureus mazEF 

operonwas found to be regulated by various stresses. All these studies suggest that mazEF TA 

modules could play a key role in bacterial stress responses. 

1.3.4 The MazF endoribonuclease 

1.3.4.1 The mechanism of MazF-mediated RNA cleavage  

The MazF toxins have been characterized as sequence-specific endoribonucleases. 

Characterization of MazF activity was first carried out in E. coli. It was found that overexpression 

of MazF under the control of an arabinose-inducible promoter led to translation inhibition (57). In 

vitro translation of a candidate protein MazG was inhibited by MazF in a dose-dependent manner, 

and was recovered when MazE was added (57). MazF bound mazG mRNA in a ribosome-

independent manner, and preincubation of MazF with mazG mRNA abolished ribosome binding 

to mazG mRNA, suggesting that MazF is an endoribonuclease (57). Primer extension analysis of 

mazG mRNA incubated with MazF in vitro showed that E. coli MazF cleaved mRNA specifically 

at the ACA sequence, with the mRNA cleaved between the first A and the second C nucleotides 

(57). Any point mutations within this three-base target sequence blocked MazF-mediated RNA 

cleavage (57). In contrast, MazF did not cleave an RNA/DNA or RNA/RNA duplex even when 

the ACA sequence was present (57). These findings concluded that MazF cleaves sequence-

specific single strand RNA (ssRNA) in a ribosome-independent manner. Moreover, MazF-

mediated RNA cleavage was codon independent, as the ACA sequence in mazG mRNA was 

located across two adjacent codons (57). Subsequent in vivo and in vitro primer extension 

analysis using era mRNA also identified the same ACA target sequence for E. coli MazF 
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cleavage (61). 

Further examination of the cleavage products after E. coli MazF-mediated RNA cleavage 

by MALDI-mass spectrometry showed that MazF cleaves the 5'-side of a phosphodiester bond 

(61). The resulting 5'-end product has a 2',3'-cyclic phosphate, and the 3'-end product has a free 

5'-OH group (61). On the basis of the cleavage products, it was proposed that MazF cleaves RNA 

in a similar manner as RNase A, which is mediated by acid-base catalysis. The presence of the 2'-

OH in the ribose group at the cleavage site plays a key role and mediates nucleophilic attack. It 

was found that MazF cannot cleave RNA if the 2'-OH group of the nucleotide at the target 

sequence was modified to a 2'-O-methyl group (61). In contrast, E. coli MazF can cleave a single 

strand DNA containing the ACA sequence if the cleaved nucleotide A was a ribonucleotide (61). 

As a result, the presence of the 2'-OH group of the nucleotide at the cleavage site is the only 

requirement for MazF RNA cleavage. However, the mechanism of activation of the 2'-OH at the 

cleavage site for nucleophilic attack of the phosphodiester bond by MazF homologues is still 

unclear. Unlike RNase A, which contains a pair of histidine residues, the residue of MazF 

homologues that act as a general base for catalysis remains to be identified. 

1.3.4.2 The RNA cleavage specificities of MazF homologues 

The RNA recognition sequences of MazF homologues were mainly identified by in vitro 

primer extension analysis of RNA substrates cleaved by purified MazF, and primer extension of 

RNA extracts when MazF was induced in vivo. The MazF homologues characterized so far are all 

found to cleave specific single-stranded RNA sequences, ranging from 3-base, 5-base, to 7-base 

target RNA elements (57,149,151,152,161,162). The E. coli MazF cleaves a 3-base A^CA 

sequence (where ^ indicates the cleavage site), and 99 % of mRNAs in E. coli are susceptible to 
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cleavage (57,163). Among M. tuberculosis MazF homologues, the target RNA sequences for four 

of the nine have been identified. MazF-mt1 targets A^CA, and MazF-mt3, MazF-mt6, and MazF-

mt7 cleave specific 5-base ssRNA (149,162,164,165). Specifically, MazF-mt3 recognizes 

U^CCUU, MazF-mt6 cleaves UU^CCU, and MazF-mt7 cleaves U^CGCU RNA recognition 

element, respectively (149,162,164,165). MazF homologues from B. subtilis, S. aureus, and C. 

difficile have the same RNA recognition element, U^ACAU (161,166,167). The MazF from a 

superhalophilic archaeon H. walsbyi (MazF-hw) cleaves a 7-base UU^ACUCA, which is the 

longest target sequence of MazF homologues identified so far (151). Induction of MazF-hw in E. 

coli showed a slow response of growth inhibition after 5 hours (151), probably due to the higher 

specificity of MazF-hw, with the longer the target RNA sequence and consequential lower the 

frequency of cellular RNA being cleaved. As MazF homologues have distinct RNA sequences, it 

was suggested that MazF toxins play a role in selective translation of a specific set of genes 

during stress (151,162,168). 

The MazF homologues were previously proposed to cleave only mRNAs, and hence 

known as mRNA interferases (169), but not tRNA and rRNA due to their extensive secondary 

structures as well as their interactions with ribosomal proteins. Several recent studies have shown 

that MazF proteins from E. coli and M. tuberculosis can target 16S and 23S rRNA (164,165,168). 

The E. coli MazF cleaves 16S rRNA at specific ACA sequence near the 3' end, leading to the 

removal of 43 nucleotides encompassing the anti-Shine-Dalgarno (aSD) sequence (168). As 

interaction between aSD and SD sequences is important for translation initiation, it was suggested 

that E. coli ribosomes with truncated 16S rRNA are a form of stress adaptation in response to 

environmental changes, whereby ribosomes have preference for selective translation of mRNA 
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lacking 5'-UTR (168). By using a genome-wide scale RNA sequencing method, M. tuberculosis 

MazF-mt3 was also found to target the aSD sequence within 16S rRNA by cleaving the 5-base 

UCCUU sequence (165). However, the mechanism of stress adapted ribosomes in M. 

tuberculosis is unclear, and the physiological role of MazF-mt3 cleavage of 16S rRNA requires 

further study (165). In addition, both M. tuberculosis MazF-mt3 and MazF-mt6 were found to 

cleave 23S rRNA at an evolutionary conserved single strand region (164,165). The MazF-mt6 

cleavage site on 23S rRNA was located in the ribosomal A site, which is involved in interactions 

with tRNA and ribosome recycling factors (170-173). As a result, MazF-mt6-mediated 23S rRNA 

cleavage was sufficient to block translation, and also caused dissociation of the 50S-30S 

ribosomal subunits (164). It has been proposed that simultaneous cleavage of mRNA and rRNA 

by MazF-mt6 can facilitate a faster response for translation inhibition during stress (164). As 

MazF-mt3 cleaved the same site on 23S rRNA, it was suggested that its cleavage has the same 

physiological effect as that of MazF-mt6 (165). To date studies on E. coli and M. tuberculosis 

MazF homologues have shown their dual RNA cleavage activities targeting both mRNA and 

rRNA. It would be interesting to investigate whether other bacterial MazF homologues display 

the same properties. 

1.3.5 The physiological functions of the MazEF TA system 

1.3.5.1 Programmed cell death 

The plasmid-borne TA systems were characterized as addiction modules such that 

plasmid-free cells would die as a result of the differential stability between toxins and antitoxins 

(2). It was proposed that this post-segregational killing effect is a process of programmed cell 

death (PCD) (2,174). As the chromosomal TA module, mazEF, shared similar genetic 
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organization and phenotype to plasmid TA systems, mazEF was first described as a suicide 

module responsible for PCD (16). mazEF-mediated PCD was based on the findings of mazEF-

dependent cellular growth inhibition under several stress conditions in E. coli, such as amino acid 

starvation, antibiotics, heat, DNA damage, and oxidative stress (16,89,90,93). This bacterial 

killing effect is controversial because later studies suggested that induction of the antitoxin MazE 

could resuscitate MazF-inhibited cellular growth (97). However, it was argued that the 

bacteriostatic condition, which cells are viable but do not divide, triggered by MazF induction 

could only be reversed by MazE overexpression within six hours (91). In contrast, prolonged 

MazF induction would reach a point of no return that finally led to MazF-mediated cell death 

(91). Although the detailed mechanism is still unclear, it was proposed that the specific 

ribonuclease activity of MazF could lead to selective translation of cell death inducing proteins 

(175).  

The potential role of mazEF in PCD was also proposed to serve as a defense mechanism 

against spreading of phage P1 in E. coli (92). Compared with wild type strains, a mazEF-deleted 

strain was found to produce more phages upon infection with P1 phage. Moreover, the P1-

infected mazEF-deleted strain lysed. As a result, in wild type cells mazEF-triggered cell death 

prevented phage replication, and thus protect the whole cell culture from infection (92). 

Therefore, this MazF-mediated PCD could be beneficial to the whole population in response to 

viral infection and other environmental stresses.  

In addition, the solitary MazF protein in M. xanthus (MazF-mx) was also involved in 

PCD during development in this bacteria (152). It has been known that 80-90 % of M. xanthus 

cells undergo lysis during fruiting body formation and that this autolysis process is essential for 
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subsequent spore formation (176,177). Deletion of MazF-mx prevented cell lysis during fruiting 

body formation, and showed delayed development and very low spore yield (152). It was 

suggested that MazF-mx is part of the PCD network. Thus, activation of MazF-mx during 

sporulation leads to RNA cleavage, which becomes lethal to the cells in which their intrinsic 

metabolic activities are already impaired by nutrient starvation (152). In short, in addition to the 

role in cellular growth control, studies on E. coli and M. xanthus mazEF TA systems have 

suggested their involvement in bacterial physiology, such as virulence and development processes 

(92,152). 

1.3.5.2 Quasi-dormancy 

Instead of triggering cell death, several studies have suggested that the MazF toxin causes 

bacteriostasis. While ectopically expressed MazF caused cellular growth arrest in E. coli, cell 

growth could be recovered when MazE was induced at the same time (97). In addition, induction 

of MazE could counteract the translation inhibition effect by MazF overexpression, which MazF 

induction resulted in translation inhibition within one hour (97). Another study using a cell-free 

system of permeabilized E. coli cells containing pBAD-MazF also showed that incorporation of 

35S-methionine was completely inhibited when MazF was induced (57). Therefore, cellular 

growth arrest upon MazF induction was a result of translation inhibition, but as no cell lysis was 

observed, it was suggested that these cells were in a bacteriostatic state (57,97). Although 

translation was inhibited, MazF induction did not affect the incorporation rate of dTTP and UTP 

in permeabilized cells (57). Moreover, mRNAs devoid of the ACA target sequence for E. coli 

MazF cleavage were found to be sustained upon MazF induction and can lead to high germane 

protein expression levels in vivo (178). These results indicated that MazF-induced cells were still 
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capable of producing ATP, amino acids, nucleotides, and these cells were metabolically active for 

DNA replication, RNA synthesis, and protein synthesis (57,178). As the MazF-induced cells did 

not proliferate but retain metabolic activities, it was proposed that MazF induction triggers a 

quasi-dormant state (178). 

Further studies on the quasi-dormancy induced by MazF in E. coli showed that cells are 

metabolic active for more than 7 days (178,179). Moreover, in MazF-induced cells protein 

synthesis of ACA sequence-less mRNAs, such as expression of the engineered human eotaxin, 

could reach level up to 11 % of the total cellular proteins with constant protein synthesis for at 

least 96 hours (178,179). Thus, the role of MazF in quasi-dormancy, instead of cell killing, is now 

more widely accepted. The quasi-dormant state triggered under stress help protect cells from 

harmful chemicals, and upon removal of stress the cell can resume normal growth. In addition, 

the mazEF-mediated quasi-dormancy may have implications in persistence and multidrug 

tolerance for pathogenic bacteria. 

1.3.5.3 Selective gene expression 

As reported, MazF is a sequence-specific endoribonuclease. In E. coli global protein 

synthesis was inhibited when MazF was induced, while about 10% of proteins were selectively 

translated (180). Some of the proteins that were selectively expressed in MazF-induced cells were 

found to be involved in cell death and cell survival (168). The underlying mechanism for 

selective translation in E. coli is a combined effect of MazF cleavage of the 5'-UTR of specific 

mRNAs and of the aSD sequence of 16S rRNA (168). Primer extension analysis of mRNAs that 

are selectively translated, such as yfiD and rpsU, revealed that E. coli MazF cleaved the ACA 

sequence directly upstream of their start codon (168). YfiD is an enzyme responsible for rescuing 
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damaged pyruvate formate-lyase under oxidative stress, and rpsU encodes ribosomal protein S21 

(181,182). The resulting MazF-cleaved yfiD and rpsU mRNAs are leaderless mRNAs (lmRNAs), 

which were selectively translated during MazF induction. Selective expression of an artificially 

generated leaderless lazZ gene when MazF was overexpressed was also observed in vivo (168). In 

addition, MazF overexpression led to formation of a specialized stress translation machinery 

(STM), which is a population of 70S ribosomes that contain the 3'-terminally truncated 16S 

rRNA (168). Due to MazF-mediated cleavage of aSD sequence of 16S rRNA and the 5'-UTR of 

specific mRNAs, the aSD-SD interaction for translation initiation was not required for translation 

of lmRNAs by the STM. Activation of MazF activity under stress therefore resulted in 

preferential translation of lmRNAs by the STM (168). Here it showed that the E. coli mazEF TA 

system is a regulatory element involved in stress adaptation at the post-translational level. As this 

study was conducted in E. coli, whether other MazF homologues play a similar role in selective 

translation by formation of STM under stress remains to be investigated.  

In contrast to E. coli MazF targeting a three-base ssRNA, other MazF homologues with 

longer RNA recognition element show specificity towards a different set of specific genes. For 

example, the pentad sequence, UACAU, recognized and cleaved by S. aureus MazF is abundant 

in the sraP gene in the S. aureus N315 strain (161). SraP is a large protein homologous to the 

surface glycoprotein, GspB, from Streptococcus gordonii, and was reported to play a role in 

mediating the binding of S. aureus to human platelets (183,184). sraP mRNA is quite sensitive to 

S. aureus MazF cleavage and is degraded to less than 30% of its initial amounts within 30 

minutes after MazF induction, suggesting a role of MazF in the virulence of S. aureus (161). 

Bioinformatics analysis of the genome of S. aureus further showed that the MazF target element 
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was especially abundant in many genes encoding pathogenic factors (161), also implying the role 

of S. aureus MazF in bacterial pathogenicity.  

For H. walsbyi MazF that cleaves specific 7-base ssRNA, its induction was not toxic for 

cell growth in E. coli due to the high specificity that its 7-base target sequence, which is highly 

underrepresented in the E. coli genome (151). Examination of the H. walsbyi genome showed that 

only about 7% of the ORFs contain the 7-base target site, including genes encoding ABC-type 

transporters, oxidoreductases, and sulfatases (151). Among them the boa gene, which encodes a 

transcription activator of rhodopsin, has three of the 7-base sequence (151). As H. walsbyi MazF 

was found to be inactive in high salt condition, which H. walsbyi grows, it was assumed that 

MazF activity could be triggered during hypo-osmotic stress. Hence, it is likely that those genes 

selectively cleaved by H. walsbyi MazF are involved in a hypo-osmotic stress response (151). 

MazF-mediated selective gene expression was also found in M. tuberculosis MazF homologues. 

MazF-mt3, MazF-mt6, and MazF-mt7 cleave specific pentad sequences in ssRNA, and their 

target elements were found at a much lower frequency in the PE and PPE family genes (162,164). 

Details of the potential role of M. tuberculosis MazF in the physiology of this bacterium will be 

discussed in section 1.4.3.   

1.3.6 Structural studies on the MazEF TA system 

1.3.6.1 Crystal structures of MazF toxins 

To date crystal structures of the apo (substrate-free) form of MazF protein are available 

from S. aureus and B. subtilis (185,186). The structure of the MazE-MazF complexes from E. coli 

and B. subtilis are also known (45,154). The overall fold of MazF is a β barrel-like structure 

composed of a seven-stranded antiparallel β sheet and three α helices (Figure 2A). MazF exists in 
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solution as a homodimer and forms an extensive dimer interface between subunits, which is 

mainly mediated by hydrophobic interactions. Binding of the antitoxin MazE or RNA substrate 

does not cause significant conformational changes. Moreover, MazF was found to share a 

structure fold and organization of quaternary structure similar to those of the toxins CcdB and 

Kid (45,70,74). The CcdB toxin has low sequence identity to both MazF and Kid, and targets a 

different cellular target, GyrA, instead of RNA as do MazF and Kid. However, their conserved 

structural fold suggested that they have a common ancestral origin (9).    

Interestingly, all MazF structures showed conformational flexibility in their respective 

loop regions, especially the loop connecting strands β1 and β2 (Loop 1), and the loop between 

strands β3 and β4 (Loop 2). The Loop 1 of MazF is disordered in the MazE-MazF complexes 

from E. coli and B. subtilis (Figure 2C) (45,154). In addition, the Loop 1 in the apo form of S. 

aureus MazF showed elevated B factor, suggesting high flexibility (186). In contrast, the Loop 1 

in apo MazF from B. subtilis is in a “closed” form (Figure 2A), which has the same conformation 

as the corresponding loop in the Kid and CcdB homodimers (70,74,185). Loop 1 was also found 

to be stabilized in the B. subtilis MazF-RNA complex (Figure 2B) (154). In terms of the Loop 2 

of MazF proteins, conformational heterogeneity of this loop was observed between different 

crystal forms of S. aureus MazF (186). Furthermore, conformational changes of the B. subtilis 

MazF Loop 2 between the apo form and the RNA bound form were also found (154). On the 

basis of the different crystal forms of MazF and MazE-MazF complexes, it has been suggested 

that both Loop 1 and Loop 2 are involved in substrate binding by MazF, and binding of the 

antitoxin MazE displaces the loop in MazF, and thus inhibits MazF activity (154). 

1.3.6.2 Crystal structure of the MazF-RNA complex 
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The only structure of a MazF-RNA complex was determined from B. subtilis (Figure 2B) 

(154). This structure was obtained by cocrystallization of B. subtilis MazF with an uncleavable 

RNA substrate containing the 5-base target sequence, dU^ACAU, which contains a sequence 

with a deoxynucleotide at the cleavage site that prevents MazF-RNA cleavage. The structure 

showed that one molecule of RNA bound to one dimer of B. subtilis MazF near the dimer 

interface (Figure 2B). In the active site the scissile phosphate of the bound RNA made hydrogen 

bonds with two highly conserved residues, Arg25 and Thr48. These two residues are essential for 

the catalytic process as point mutations resulted in a complete loss of MazF toxicity in vivo. 

Moreover, residue Arg25 may be involved in stabilization of the transition state during RNA 

cleavage. However, as no histidine residues were located in the active site of B. subtilis MazF, the 

catalytic residue functioning as a general base in MazF to activate the 2'-OH for nucleophilic 

attack of the phosphodiester bond at the RNA cleavage site is still unknown (154).  

The B. subtilis MazF made extensive interactions with the bases of its RNA recognition 

element, therefore explaining the underlying mechanism of sequence specific recognition of this 

RNA substrate (154). Mutations of residues involved in RNA binding abolished MazF toxicity in 

vivo. The bound RNA also formed stacking interactions between adjacent bases within the 5-base 

target sequence to ensure proper orientation of the bases for MazF-RNA interactions. 

Interestingly, residues involved in RNA binding were mainly located in Loop 1 and Loop 2. As 

conformational flexibility of these two loops were observed in structures of different MazF 

homologues and MazE-MazF complexes, these loops are likely to be generally responsible for the 

different RNA recognition specificities of MazF homologues. Moreover, sequence alignment 

showed that residues responsible for specific RNA binding are not conserved among MazF 
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homologues (154). Thus, the protein sequence variations in the RNA binding sites of MazF 

homologues indicate a number of different modes of specific RNA recognition. 

 1.3.6.3 Crystal structure of the MazE-MazF complex 

So far two structures of MazE-MazF complexes, one from E. coli and the other from B. 

subtilis, have been determined (Figure 3) (45,154). They have similar oligomerization states and 

overall arrangements but the structural fold of the MazE proteins of these two complexes is 

different. The MazE-MazF complex is a heterohexamer formed by one MazE dimer and two 

copies of MazF dimer, whereby the MazE dimer is sandwiched between the two MazF dimers. 

The N-terminal region of MazE dimerizes to form a globular region, and individual MazE 

interacts with one MazF dimer mainly through the C-terminal region. E. coli MazE has an N-

terminal β barrel core (Figure 3B), whereas B. subtilis MazE contains a ribbon-helix-helix (RHH) 

DNA binding motif at its N-terminus (Figure 3A). The E. coli MazE binds to MazF via a flexible 

C-terminal loop (Figure 3B), while B. subtilis MazE interacts with MazF by a C-terminal helix 

(Figure 3A). The different quaternary structures of MazE from these two species suggest clearly 

different modes of interactions with promoter DNA, as well as different MazE-MazF 

intermolecular contacts.   

As noted, binding of MazE neutralizes the toxicity of MazF by blocking the RNA 

binding site of MazF (Figure 2C) (154). Structural superposition of the MazE-MazF complex and 

the MazF-RNA complex from B. subtilis showed that binding of MazE did not cause significant 

conformational changes of MazF. Instead, the structure of the MazE-MazF complex showed local 

displacement of Loop 1, which is involved in RNA binding, in MazF by the C-terminal helices of 

MazE  (Figure 2C). Moreover, structural comparison showed an overlap of the MazE binding site 
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and part of the RNA binding site on both subunits of MazF dimer (Figure 2C). As a result, 

formation of MazE-MazF complex prevents RNA binding and cleavage by MazF. Similarly, the 

C-terminal domains of the antitoxins RelB and CcdA have been found to play a key role in toxin 

inactivation via blocking the active site of their cognate toxin (62,187). On the basis of these 

available structures, the MazE-MazF complexes showed one of the common mechanisms of toxin 

neutralization. However, considering the low sequence similarity between MazE homologues, as 

well as variation of MazF residues interacting with the cognate antitoxin, it is likely that 

homologous MazE-MazF complexes from different species have different recognition patterns 

and binding specificities. 

 

1.4 M. tuberculosis MazEF toxin-antitoxin systems 

1.4.1 Characterization of M. tuberculosis mazEF TA modules 

It has been proposed that the abundant TA modules in M. tuberculosis play a role in 

pathogenesis (5). Among them, nine of the TA modules belong to the mazEF family, which is a 

relatively large number because most bacteria typically contain only one or two mazEF modules 

(4). Studies on E. coli MazF have shown that the quasi-dormant state induced by MazF 

expression is a metabolically active state and cells fully retain metabolic activities (178). As the 

nonreplicating state of M. tuberculosis during latent tuberculosis shares similar feature to the 

quasi-dormancy, it is proposed that MazF homologues in M. tuberculosis play a role in dormancy 

and persistence (105,117,188).  

The mazEF TA modules in M. tuberculosis were identified by BLASTP searching for 

toxins and antitoxins pairs belonging to the known TA families (4). In the genome of M. 
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tuberculosis H37Rv, MazF-mt1 (Rv2801c) was first identified using E. coli MazF for blast 

search, which has a 32.5% sequence identity to E. coli MazF (149). MazF-mt2 to MazF-mt7 (the 

corresponding Rv numbers are shown in Table 1) were subsequently found with >20% sequence 

identity to MazF-mt1 via a BLAST search (149). In contrast, the cotranscribed upstream ORFs of 

individual MazF proteins did not show any homology to E. coli MazE (149). The functions of 

seven MazF homologues (MazF-mt1 to MazF-mt7) were examined by ectopically expression in 

E. coli. Four out of seven MazF homologues in M. tuberculosis, including MazF-mt1, MazF-mt3, 

MazF-mt4, and MazF-mt6, inhibited cellular growth when overexpressed in E. coli under an 

arabinose-inducible promoter (149). Similar effects were also observed when MazF-mt3 was 

induced in M. smegmatis mc2155 cells (189). On the other hand, coexpression of the cognate 

antitoxin, MazE-mt3, stopped growth inhibition induced by MazF-mt3, and the same result for 

MazF-mt6 and MazE-mt6 was also observed (189,190). These results suggested that at least four 

M. tuberculosis MazF homologues are toxic, and MazEF-mt3 and MazEF-mt6 are functional TA 

systems. A likely reason that those M. tuberculosis MazF homologues that did not inhibit cellular 

growth when expressed in E. coli is their low expression level or the low frequency of target 

RNA sequences present in the E. coli genome. Further biochemical characterization of the 

remaining M. tuberculosis MazF homologues would be required to determine their substrates. In 

addition, there are only limited studies on the interactions of cognate MazE-MazF in M. 

tuberculosis, and the function of this antitoxin MazE remains to be characterized. 

1.4.2 RNA sequence specificities of M. tuberculosis MazF 
homologues 

The ribonuclease activities for four M. tuberculosis MazF homologues have been 
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characterized with each recognizing unique 3-base or 5-base ssRNAs (Table 1) 

(149,162,164,165). In addition, MazF-mt3 and MazF-mt6 have been found to cleave both mRNA 

and rRNA (164,165). The RNA recognition elements for MazF-mt1 and MazF-mt6 were 

identified by primer extension analysis of substrate RNAs incubated with purified MazF toxin in 

vitro, and of RNA extract from cells when MazF was induced in vivo (149). MazF-mt1 was found 

to cleave era mRNA at a 3-base U^AC sequence (^ indicates the cleavage site) (149). From in 

vitro cleavage assay using synthetic oligoribonucleotides it was shown that MazF-mt1 did not 

cleave DNA or DNA/RNA hybrid even when the target UAC sequence was present. Furthermore, 

when mutations were introduced into the target sequence, MazF-mt1-mediated RNA cleavage 

was inhibited, confirming that MazF-mt1 is a sequence-specific endoribonuclease (149). By the 

same method, MazF-mt6 was first characterized to cleave a 5-base U-rich sequence on era 

mRNA (149). Further in vivo primer extension analysis of three more mRNA cleaved by MazF-

mt6 identified 17 cleavage sites. Subsequent statistical analysis showed that UU^CCU is the 

preferred MazF-mt6 cleavage site (164).  

Characterization of the RNA recognition sequences of MazF-mt3 and MazF-mt7 was 

unsuccessful using standard in vivo primer extension methods, the failure of which could be due 

to the low frequency of the target sequences in the E. coli genome (162). Hence, a modified 

primer extension method using bacteriophage MS2 RNA was applied for determination of longer 

RNA recognition sequence by MazF homologues (162). The MS2 RNA is a 3569 bases ssRNA 

with nearly equal base content, and upon addition of the E. coli cold-shock protein, CspA, its 

extensive secondary structures could be unfolded, therefore providing a suitable platform for 

determination of the cleavage specificity of MazF homologues (162). It was found that the 
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cleavage sites of MazF-mt3 in MS2 RNA are either CU^CCU or UU^CCU. In addition, by using 

this MS2 RNA system, the recognition sequence for MazF-mt7 was identified as U^CGCU (162). 

However, the MazF-mt7 target sequence was less stringent with degenerate sequences that 

displayed one or two base mismatches in MS2 RNA cleavage site (162).    

As primer extension analysis tends to lead to ambiguous results, Schifano et al. 

developed a new RNA sequencing method, termed MORE (mapping by overexpression of an 

RNase in E. coli) RNA-seq, for determination of MazF cleavage site (165). The general approach 

of MORE RNA-seq is to perform a modified RNA sequencing of the MazF cleavage site from the 

transcriptome in E. coli when MazF is ectopically expressed, and then align the resulting 

sequences to produce a consensus sequence (165). This method allows identification of 

unambiguous cleavage site because sequence analysis is carried out over the entire transcriptome 

when MazF is induced in vivo. By MORE RNA-seq, MazF-mt3 was characterized to cleave a 

pentad ssRNA sequence, U^CCUU. Furthermore, among the identified cleavage sites of MazF-

mt3, two sites were located within the single-stranded region of 23S and 16S rRNAs (165). 

Specifically, the cleavage site, U^CCUU, is positioned in the helix/loop 70 of 23S rRNA, and the 

site within 16S rRNA is part of the aSD sequence. Decrease of 23S and 16S rRNA after MazF-

mt3 induction was observed. As these two sites within 23S and 16S rRNA are conserved in both 

E. coli and M. tuberculosis, MazF-mt3 was also found to cleave M. tuberculosis 23S and 16S 

rRNA (165). Because both the helix/loop 70 of 23S rRNA and the aSD sequence of 16S rRNA 

are essential for translation, it has been suggested that MazF-mt3-mediated cleavage of rRNA 

affects M. tuberculosis physiology. In addition, the sequence of the helix/loop 70 of 23S rRNA 

also contains the target sequence, UU^CCU, for MazF-mt6. MazF-mt6 cleavage of 23S rRNA in 
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M. tuberculosis was also observed by primer extension analysis (164).  

The target RNA sequence of MazF-mt9 was also identified by MORE RNA-seq (191). 

MazF-mt9 specifically cleaves a subset of M. tuberculosis tRNAs within the single-stranded loop 

regions at a 3-base U^UU motif. Moreover, MazF-mt9-mediated tRNA cleavage is not only 

sequence-specific but also structure-dependent, which specifically, only the U^UU element 

present in the loop region of a stem-loop among tRNA can be cleaved. By targeting tRNA, 

induction of MazF-mt9 also leads to inhibition of translation. Details of the physiological roles of 

M. tuberculosis MazF-mediated cleavage of mRNA, rRNA, and tRNA will be discussed in next 

section. 

1.4.3 Physiological roles of M. tuberculosis MazF homologues 

1.4.3.1 Stress response and persistence 

Most of the functional studies on the MazF toxin were carried out in E. coli. In contrast, 

the regulatory mechanisms and biological functions of M. tuberculosis mazEF modules are less 

clear. Only a few studies have been done and show that M. tuberculosis MazF homologues play a 

role in stress responses. A microarray analysis of gene expression in M. tuberculosis under 

nutrient starvation showed that MazF-mt4 was downregulated after 4 h of starvation (138). In a 

RelMtb deletion strain, the expression level of MazF-mt6 increased 3-fold after 6 h of nutrient 

limitation in comparison with that of wild type strain (192). These findings suggested a possible 

role of M. tuberculosis MazF in stringent response as found in E. coli, in which the mazEF 

operon is regulated by the levels of ppGpp that is synthesized by the enzyme RelA (16). In 

addition, induction of MazF-mt6 in M. smegmatis increased the level of persisters (193). When 

cells are exposed to gentamicin and kanamycin, the percentage of survivors increased 80- and 34-
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fold, respectively (193). Induction or deletion of MazF-mt1, MazF-mt5, and MazF-mt6 in M. 

tuberculosis resulted in similar drug-specific persister formation (104). It is possible that 

individual MazEF TA systems in M. tuberculosis are differentially regulated under different 

stress or antibiotics treatment. Further studies are required to understand the role of M. 

tuberculosis MazF homologues in persister formation and possibly multidrug tolerance.  

1.4.3.2 Selective expression of specific genes 

Except for MazF-mt1 targeting a 3-base ssRNA, MazF-mt3, MazF-mt6, and MazF-mt7 

recognize pentad sequences, suggesting higher sequence specificity. In contrast to E. coli MazF, 

which cleaves 99% of mRNAs in E. coli, MazF-mt3 only targets 20% of the mRNAs in M. 

tuberculosis (165). Statistical analysis of the genome of M. tuberculosis showed that the target 

sequences of MazF-mt3 and MazF-mt7 are present at a much lower frequency in certain genes 

belonging to the PE/PPE gene family (162). On the other hand, several proteins in PE/PPE family 

contain higher number of MazF-mt6 cleavage sites (164). The PE multigene family is exclusively 

found in M. tuberculosis, and is a large protein family with about 100 homologous genes 

containing Pro-Glu (PE) or Pro-Pro-Glu (PPE) motifs at the N-terminus (194). Some of the 

proteins belonging to this family, although mostly uncharacterized, have been shown to be 

localized to the mycobacteria cell wall and involved in host-pathogen interactions (194-196). The 

observation of the low frequency of MazF-mt3 and MazF-mt7 target sequences in PE/PPE 

family, as well as the susceptibility of PE/PPE family members to MazF-mt6 cleavage, suggested 

the role of M. tuberculosis MazF homologues in pathogenesis and virulence.  

For MazF-mt9, its cleavage of several low-usage tRNAs, such as tRNALys, tRNAAsn, and 

tRNAPro14, has been predicted to affect translation of two major classes of proteins, including 
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PE/PPE family and ribosomal proteins, in M. tuberculosis (191). Analysis of proteins susceptible 

for MazF-mt9 cleavage based on the their abundance of lysine, asparagine, and proline codons 

identified 22 top proteins, among which 16 are members of the PE/PPE family (191). In addition, 

several ribosomal proteins are predicted to be translated at a slower rate when MazF-mt9 is 

induced due to the high frequency of the presence of lysine, asparagine, and proline codons in the 

first 30 codons in their coding sequences (191). As a result, the MazF-mt9 preferential cleavage 

of essential components of translation machinery lead to translation inhibition, and its selective 

targeting of PE/PPE family could play a role in M. tuberculosis pathogenesis and virulence as 

predicted for MazF-mt3 and MazF-mt7 (191). Detailed mechanisms regarding how multiple 

copies of MazF toxins in M. tuberculosis are regulated in response to various stresses eliciting 

selective gene expression or degradation remains to be studied.  

1.4.3.3 Dual activity of MazF-mt3 and MazF-mt6 for translation inhibition 

Both MazF-mt3 and MazF-mt6 have been found to cleave a conserved region, the 

helix/loop 70 of 23S rRNA in M. tuberculosis (164,165). The physiological effect of MazF-mt6-

mediated cleavage of 23S rRNA has been characterized (164). MazF-mt6 cleaves 23S rRNA at 

the sequence UU^CCU of the helix/loop 70, which is located in the ribosomal A site and involved 

in interactions with tRNA and the ribosome recycling factor (164). Cleavage of 23S rRNA by 

MazF-mt6 is therefore sufficient to result in translation inhibition, which translation of an mRNA 

that did not contain MazF-mt6 target site was inhibited (164). In addition, MazF-mt6 cleaved 23S 

rRNA in free 50S ribosomal subunits, and inhibited 50S-30S ribosomal subunits association 

(164). MazF-mt3 was also found to cleave 23S rRNA within the helix/loop 70, and thus would 

disable translation as MazF-mt6 (165). The biological significance of the dual activities of MazF-
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mt3 and MazF-mt6 is unclear, since the resulting mRNA cleavage and 23S rRNA cleavage all 

lead to translation inhibition. It was proposed that this redundancy could enable a faster response 

to stress when MazF-mt3 and MazF-mt6 are induced. Specifically, cleavage of mRNA 

destabilizes ribosomes and the 23S rRNA within dissociated ribosomal subunits is cleaved, 

therefore rapidly reducing global translation level (164). 

In addition to 23S rRNA, MazF-mt3 was found to cleave the aSD sequence of 16S rRNA 

in 70S ribosomes (165). It has been found that E. coli MazF cleavage of 16S rRNA resulted in the 

loss of the aSD sequence, and the ribosomes with truncated 16S rRNA showed a preference for 

translation of leaderless mRNA (168). However, in the M. tuberculosis genome only nine genes 

have MazF-mt3 recognition motifs in the 5'-UTR (165). Considering the low percentage of 

MazF-mt3 generated leaderless mRNA in M. tuberculosis, the physiological role of stress 

ribosome formed upon MazF-mt3 cleavage of 16S rRNA is elusive. However, it is still likely that 

MazF-mt3 cleavage of 16S rRNA is involved in altering ribosome specificity to SD sequence-

independent translation, because the naturally leaderless mRNA was found to be abundant, up to 

26%, in M. tuberculosis (197). Further studies on the regulatory mechanism of MazF-mt3 

cleavage of 23S and 16S rRNA, such as whether these rRNAs are specifically cleaved during 

different conditions, will be interesting to understand its physiological role under stresses (165). 

 

1.5 Specific aims 

Compared with other bacteria, M. tuberculosis has a large repertoire of mazEF operons 

(4). The quasi-dormant state induced by MazF in E. coli has similar properties to the non-

replicating state during latent tuberculosis (178), therefore suggesting the potential role of MazEF 
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TA modules in dormancy and persistence in M. tuberculosis. The specific RNA recognition 

sequences for four M. tuberculosis MazF homologues have been identified, cleaving unique 3- or 

5-base ssRNA sequences (149,162,164,165). Several studies have suggested the role of M. 

tuberculosis MazF homologues in selective gene expression during stress (162,164,165). 

However, how these mazEF modules are differentially regulated in response to various stresses is 

unclear. In addition, although they share approximately 30% sequence identity, M. tuberculosis 

MazF homologues recognize difference RNA sequences and lengths. The molecular mechanisms 

resulting in their distinct substrate specificities are unclear.  

The only MazF-RNA structure is that from B. subtilis (154). The RNA substrate bound 

along the dimer interface of the MazF dimer. It showed the structural basis of sequence-specific 

RNA recognition, which B. subtilis MazF made specific interactions with the RNA bases within 

the 5-base recognition element. In addition, this structure revealed the active site and thus 

suggested a possible catalytic mechanism for RNA cleavage. While toxins from different TA 

families have been found to share structural homology, such as MazF and Kid toxins, it was 

suggested that the location of active site, substrate binding interface, and substrate orientation 

could be different (154,198). Thus, it is possible that M. tuberculosis MazF homologues utilize 

different RNA binding patterns or structural changes to effect specific RNA recognition. 

This dissertation aims to provide a detailed molecular understanding of key M. 

tuberculosis MazF homologues that recognize different RNA sequences. X-ray crystallography is 

the main approach and was carried out by crystallization of M. tuberculosis MazF homologues 

with uncleavable RNA substrates containing respective target RNAs. The resulting structures of 

these M. tuberculosis MazF-RNA complexes could help elucidate the molecular interactions 
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between MazF and target RNA recognition element among homologues. Moreover, it can provide 

information of the overall structural arrangement of MazF-RNA complexes, such as their RNA 

substrate binding stoichiometries and RNA binding orientations. The structural features of the 

catalytic center of M. tuberculosis MazF homologues can provide insights into the mechanism of 

MazF-mediated RNA cleavage. Furthermore, structural comparison of homologous MazF-RNA 

complexes can provide the molecular basis of the different sequence specificities by MazF 

between species. Our work here provides the first structural characterization of any M. 

tuberculosis MazEF TA system, and should have important implications in our understanding of 

the biological significance of M. tuberculosis and why this particular pathogen harbors multiple 

copies of MazF homologues.  
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Figure 1: Toxin-antitoxin systems 

(A) Genetic organization of type I TA systems. The RNA antitoxin functions as an antisense 

RNA to the toxin mRNA. Translation of the toxin protein is inhibited as a result of binding of the 

RNA antitoxin to the toxin mRNA. (B) Regulation of type II TA systems. Antitoxin and toxin are 

encoded in the same operon, and both function as proteins. Under normal conditions, the 

antitoxin forms a complex with the toxin, the complex of which acts as a transcriptional 

autorepressor of its own operon. During stress, the antitoxin is degraded by a specific protease, 

resulting in release of the toxin from the TA complex. Toxins have been found to target various 

cellular processes, therefore leading to cellular growth arrest. (C) Type III TA systems are 

composed of an RNA antitoxin and a toxin protein. Direct binding of the RNA antitoxin to the 

toxin inhibits the toxin activity. This figure is adapted from Yamaguchi et al., Annu. Rev. Genet. 

(2011) (6). 
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Figure 2: Structures of B. subtilis MazF and MazF-RNA complex 

(A) Structure of apo form of B. subtilis MazF (pdb: 1NE8). Two subunits, shown in gray and 

pink, respectively, form a MazF dimer. The loops that are involved in RNA binding as observed 

in the MazF-RNA complex are highlighted in red. (B) Structure of the B. subtilis MazF-RNA 

complex (pdb: 4MDX) (154). The MazF dimer is color coded as shown in panel (A), and the 

bound RNA substrate (yellow) is shown in a stick representation. (C) Structural superposition of 

the B. subtilis MazE-MazF complex (pdb: 4ME7) and the MazF-RNA complex (154). In the 

MazE-MazF complex the MazE dimer is colored orange, and both MazF dimers are colored cyan. 

The MazF-RNA complex is shown in gray with the RNA molecule colored yellow. Structural 

comparison showed an overlap of the RNA binding site and the MazE binding pocket near the 

dimer interface of the MazF dimer. In addition, binding of MazE to MazF resulted in 

displacement of the loops involved in RNA binding, especially the Loop 1 region. This structural 

analysis provided the molecular basis of how MazE binding to MazF inhibits MazF function and 

hence its toxicity.    
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Figure 3: Structures of MazE-MazF complexes from B. subtilis and E. coli. 

(A) Structure of the B. subtilis MazE-MazF complex (pdb: 4ME7) (154). The complex consists of 

two MazF dimers and one MazE dimer that form a heterohexamer. Individual subunits of the 

MazF dimer are colored blue and gray. The MazE dimer is in magenta and wheat with the 

secondary structural elements labelled in one subunit. In the B. subtilis MazE-MazF complex part 

of helices α2 and α3 from one subunit of the MazE dimer are involved in interaction with one 

MazF dimer. (B) Structure of the E. coli MazE-MazF complex (pdb: 1UB4) (45). The E. coli 

MazE-MazF complex (which is color coded as in panel A) is also a heterohexamer in the form of 

MazF2-MazE2-MazF2. Compared with the B. subtilis MazE-MazF complex, the E. coli MazE 

interacts with the MazF dimer via its C-terminal loop. 
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Table 1: List of M. tuberculosis MazEF TA systems and their known substrates. 

 MazE MazF MazF target RNA sequence 

mt1 Rv2801a Rv2801c U^AC 

mt2 Rv0456B Rv0456A  

mt3 Rv1991a Rv1991c U^CCUU 

mt4 Rv0660c Rv0659c  

mt5 Rv1943 Rv1942  

mt6 Rv1103c Rv1102c UU^CCU 

mt7 Rv1494 Rv1495 U^CGCU 

mt8 Rv2274A Rv2274c  

mt9 Rv2063 Rv2063A U^UU 
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2. Structural basis of RNA recognition by 
Mycobacterium tuberculosis MazF-mt1 (Rv2801c) 

2.1 Experimental procedures 

Protein expression and purification- The M. tuberculosis strain H37Rv Rv2801c (MazF-

mt1) gene was cloned into the pMCSG9 vector with a N-terminal MBP tag. Proteins were 

overexpressed in E. coli strain C41(DE3) cells after induction with 0.5 mM IPTG at 15°C 

overnight. Cells were harvested and resuspended in buffer containing 50 mM Tris-HCl (pH 7.5), 

500 mM NaCl, 5% glycerol and 2 mM β-mercaptoenthanol. The cells were lysed by high 

pressure using a microfluidizer, and then after centrifugation the lysate was loaded onto Ni-NTA 

affinity column. The protein was eluted with 200 mM imidazole, followed by TEV protease 

treatment overnight at room temperature to cleave the MBP tag. The TEV protease treated protein 

solution was first dialyzed into buffer containing 30 mM Tris-HCl (pH 7.5), 1 M NaCl, and 2 mM 

β-mercaptoenthanol, and then the cleaved tag was removed by another round of Ni-NTA 

chromatography. MazF-mt1 were further purified by gel filtration chromatography using a 

HiLoad 26/60 Superdex 75 column with buffer containing 30 mM Tris-HCl (pH 7.5), 300 mM 

NaCl, 0.5 mM EDTA, 5% glycerol and 1 mM DTT. 

Crystallization and structure determination- Purified MazF-mt1 was mixed with an 11-

mer ssRNA (CAUCdUACCUGA) in a molar ratio of 1:1.1 and incubated at room temperature 

overnight. The MazF-mt1 RNA complex was then concentrated to 1 mg/ml and crystallized by 

hanging drop vapor diffusion using 25% PEG1500 and 0.1 M MMT buffer (pH 6.5). X-ray 

diffraction data were collected at beamline BM-22 of the Advanced Photon Source (APS) and 

processed using the HKL2000 software suite (199). The structure of MazF-mt1 in complex with 
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RNA was determined by molecular replacement using Phaser from PHENIX (200) and the 

structure of the B. subtilis MazF (pdb: 4MDX) as a search model. The resulting electron density 

map was of good quality for initial model building in Coot (201). Further model improvement 

was carried out using PHENIX refine (200). Selected data collection and refinement statistics are 

shown in Table 2. 

Assay of MazF-mt1 toxicity in vivo- The M. tuberculosis strain H37Rv Rv2801c (MazF-

mt1) gene was subcloned into the pMCSG7 vector, and a series of MazF-mt1 mutants were 

generated via Quikchange site-directed mutagenesis. Plasmids encoding wild type and mutant 

MazF-mt1 were transformed into E. coli BL21(DE3)pLysS cells. A single colony of each MazF-

mt1 mutant was inoculated into 2 ml LB medium and grown at 37°C to mid-log phase. The cell 

culture was then diluted with fresh LB to an OD600 = 0.1, and 20 μl of cell culture was plated onto 

LB plates. These transformed cells were grown on LB plates in the presence or absence of 0.5 

mM IPTG. The plates were incubated at 37°C overnight and scored for growth. 

 

2.2 Crystal structure of the MazF-mt1-RNA complex 

M. tuberculosis MazF-mt1 was cocrystallized with an uncleavable 11-mer single stranded 

RNA containing the specific cleavage site, U^AC (^ indicates the cleavage site). The first uracil 

located 5' of the RNA cleavage site is modified to a deoxynucleotide (dU) to prevent MazF-

mediated cleavage (61). The structure of the MazF-mt1-RNA complex was determined by 

molecular replacement using the MazF structure from the B. subtilis MazF-RNA complex (PDB: 

4MDX). The current refined model has an Rwork of 20.6 % and an Rfree of 23.0 % (Table 2). Two 

subunits of MazF-mt1 are present in the asymmetric unit and the final model contains well-
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ordered electron density, except for the residue Thr69 of both protein chains. In contrast, only 

nucleotides A1 to U4 of the cocrystallized 11-mer uncleavable RNA substrate 

(CAUCdU^A1C2C3U4GA, with four nucleotides flanking the 5’ and 3’ side of the target U^AC 

sequence) show well-defined and refinable electron density (Figures 4A and 6A). 

MazF-mt1 forms a dimer with one molecule of RNA bound to the MazF dimer (Figure 

4A). The overall fold of MazF-mt1 consists of three α helices and seven β strands in a β-barrel 

like arrangement (Figure 4C), which is similar to the MazF structures reported from the E. coli 

MazE-MazF and B. subtilis MazF-RNA complexes. An overlay of two individual subunits of the 

MazF-mt1 dimer showed an rmsd of 0.27 Å  over 98 corresponding Cα atoms, suggesting that the 

asymmetric binding of RNA to one binding site on the MazF-mt1 dimer did not cause any 

significant structural changes. The two subunits of MazF-mt1 form an extensive dimer interface 

with a 2800 Å ² buried solvent accessible surface area. This dimer interface is stabilized by 

substantial hydrophobic interactions and polar interactions, primary involving the loop 

connecting β1 and β2 (Loop 1) and the segment connecting β5 to β7. Pairs of salt bridge 

interactions between Arg16 and Asp11, Glu19 and Arg90, and Glu89 and Arg16, and a large 

number of hydrogen bonds were observed across the dimer interface between the Loop 1 from 

one MazF-mt1 subunit and the loop connecting β5 to β7 from another subunit. In addition, on the 

other side of the MazF-mt1 dimer interface, residues from the C-terminus of MazF-mt1, 

including Leu112, His113 and Leu114, are involved in hydrogen bond interactions with the N-

terminus and helix α4 of MazF-mt1 from another subunit. These extensive interactions between 

two MazF-mt1 protomers can help stabilize the dimer interface.      
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2.3 The active site of MazF-mt1 

The structure of the MazF-mt1-RNA complex resembles the structure of B. subtilis 

MazF-RNA complex (rmsd of 0.62 Å  over 169 Cα atoms) (Figure 4B). Comparison with the 

structure of B. subtilis MazF-RNA complex shows similarity in the RNA binding pattern whereby 

the respective RNA substrates bind with the same polarity to the same catalytic pockets as shown 

in MazF-mt1 (Figure 4B). The bound RNA in MazF-mt1 was found in a concave binding 

interface formed between two loops region, Loop 1 connecting β1 and β2, and Loop 2 between 

β3 and β4. This RNA binding pocket covers part of the MazF dimer interface and displays a 

positive electrostatic surface potential (Figure 5B). Examination of the bound RNA fragment of 

MazF-mt1 shows well-refined electron density for nucleotides A1 to U4. Electron density of the 

phosphate group between dU and A1 is also visible (Figure 5A), whereas only partial electron 

density of the rest of the deoxynucleotide is observed. The 5' terminus of the bound RNA in 

MazF-mt1 was disordered, and the OP1, OP2 and P atoms of the phosphate group between dU 

and A1 having significantly higher average B factor (53.5 Å 2), compared to the average B factor 

of 23.9 Å 2 of the bound RNA molecule. However, as the RNA cleavage products of MazF have 

been shown to possess a free 5'-OH group at the 5' end and a 2',3'-cyclic phosphate at the 3' end 

(61), the presence of a phosphoryl group at the 5' end of the observed A1C2C3U4 fragment in 

MazF-mt1-RNA complex suggests that RNA cleavage has not occurred during crystallization.  

While only part of the U^AC RNA recognition element is visible, MazF-mt1 shows the 

conserved architecture of its catalytic center when compared with the active site of the B. subtilis 

MazF-RNA complex. In the MazF-mt1-RNA complex the scissile phosphate, positioned between 

nucleotides dU and A1, interacts with the side chains of Arg24 from one direction and Thr52 and 
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Ser53 from the opposite direction (Figure 6A). These residues form hydrogen bond and 

electrostatic interactions with the oxygen atoms of the scissile phosphate group. In addition, the 

hydrogen bond interactions between the side chain of Arg24 and the main chains of Asn21 and 

Val51 help orient Arg24 for interacting with the scissile phosphate of the bound RNA (Figure 

6A). Interestingly, a change in the trajectory of the nucleotides flanking the scissile phosphate 

was found in the structure of B. subtilis MazF-RNA, and was thought to expose the phosphate 

group for MazF cleavage (154). As the nucleotide dU is missing from the MazF-mt1 structure, 

whether the nucleotides in the RNA cleavage site of MazF-mt1 have a similar change in 

trajectory is unclear. Regardless, the Arg and Thr residues involved in interaction with the scissile 

phosphate of the bound RNA are highly conserved among MazF homologues, suggesting their 

role in RNA cleavage.  

 

2.4 Sequence-specific recognition of RNA substrate by MazF-
mt1 

The structure of MazF-mt1-RNA complex showed that the RNA substrate bound near the 

dimer interface but to only one of the subunits of MazF-mt1 dimer. The RNA molecule seen in 

the structure contains the sequence A1C2C3U4, which covers the 3' end of the U^AC RNA 

recognition element and two additional nucleotides. Nucleotides A1 to U4 make stacking 

interactions with adjacent bases, ensuring the proper orientation of the bases for recognition by 

MazF-mt1. Although the nucleotide dU was disordered, MazF-mt1 was found to interact 

specifically with the bases of the A1 and C2 nucleotides. The adenine base of A1 is specified by 

forming two intermolecular hydrogen bonds between its exocyclic N6 atom and the backbone 
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carbonyl atoms of Gly17 and Glu19 (Figure 6B). Hydrogen bonds between its N1 atom and a 

water molecule, as well as the N7 atom and the side chain of N21 are also observed in the 

catalytic cavity. The cytosine base of nucleotide C2 forms hydrogen bonds between its exocyclic 

O2 atom and the side chain of Ser18, and is specified by the hydrogen bond between the N4 atom 

and the main chain carbonyl oxygen atom of residue Ser18 as well as a water molecule  (Figure 

6B). In contrast, the nucleotide C3 is located outside the UAC consensus element of MazF-mt1, 

and its base forms hydrogen bonds only with a series of water molecules (Figure 6B). 

Surprisingly, although U4 is not an essential base for MazF-mt1-mediated cleavage, the uracil 

base of U4 forms hydrogen bonds through its Watson-Crick edge with the side chains of Gln62. 

A specific interaction between the N3 atom of the base of U4 and Glu81 and a water molecule 

binding to the O2 atom were also observed (Figure 6B).  

The specific interactions found between MazF-mt1 and the bases of A1 and C2 explains 

most of the molecular mechanism of MazF-mt1 by which this enzyme recognizes its three-base 

UAC target sequence, and hence the structural data are consistent with previous studies on MazF-

mt1 RNA cleavage specificity (149). Interestingly, although MazF-mt1 makes extensive 

interactions with the bases of its bound RNA, the phosphate groups and the ribose groups of the 

RNA substrate mainly interact with water molecules. Only the oxygen atoms of the phosphate 

group connecting A1 and C2 form hydrogen bonds with an amino acid residue, namely the side 

chain of Asn54. In addition, the 2'-OH group of the ribose group of nucleotide C2 interacts with 

the side chain of residue Arg43 from another MazF-mt1 subunit and with the side chain of 

residue Asp11 from a symmetry-related subunit of MazF-mt1. The latter interaction is the likely 

result of crystal packing and not physiologically important.  
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2.5 Conformational changes of the loops in the RNA binding site 
of MazF-mt1 

Residues involved in sequence-specific RNA binding in the MazF-mt1-RNA complex are 

mainly located in Loop 1, strand β4 and the loop between β5 and β6 (Figure 7A). Residues 

Gly17, Ser18, and Glu19 positioned within the Loop 1 of MazF-mt1 interact with the U^AC 

recognition element, whereas residue Gln62 on strand β4, and residue Glu81 on the β5-β6 loop 

are responsible for specific interactions with the base of U4 located on the 3' side outside the 

recognition sequence. Similarly, the homologous Loop 1 and strand β5 in the B. subtilis MazF-

RNA complex are involved in sequence-specific recognition of its U^ACAU target site (154). 

However, structural comparison with the structure of the MazF-mt1-RNA complex shows that the 

most remarkable differences are the involvement of Loop 2 (residues 49-59) in RNA binding by 

B. subtilis MazF (Figure 7B). Key residues positioned on Loop 2 of B. subtilis MazF, including 

Lys53 and His59, form hydrogen bonds and polar interaction with the bases of A6 and U7 of the 

five-base U3^A4C5A6U7  RNA recognition element. Moreover, on Loop 2 of B. subtilis MazF 

residues Leu56 and Pro57 were also involved in formation of a binding pocket for the nucleotide 

A8, supporting the importance of Leu56, which is critical for B. subtilis MazF toxicity in vivo 

(154). In contrast, the Loop 2 of MazF-mt1 was found to move away from the bound RNA and is 

not involved in interactions with the bound RNA (Figure 7A).  

Structural superposition has shown that the conformational changes of Loop 2 results in 

different sequence-specific RNA recognition by MazF-mt1 and B. subtilis MazF. It was found 

that in Loop 2 of the RNA-bound subunit of the B. subtilis MazF dimer residue Lys53 makes a 
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hydrogen bond with the adenine base of A6 (Figure 7B) (154). In contrast, in the MazF-mt1-RNA 

complex the C3 nucleotide, which occupies the same position as the nucleotide A6 in the B. 

subtilis MazF-RNA complex, is ~10 Å  away from the homologous Lys57 (Figure 7B). Unlike 

Lys53, which is facing the bases of the bound RNA in the B. subtilis MazF-RNA complex, the 

side chain of Lys57 is exposed to the solvent consistent with the outward movement of Loop 2 of 

MazF-mt1. As a result, the cytosine base of C3 is only stabilized through water-mediated 

hydrogen bonds in the MazF-mt1-RNA structure (Figure 6B), whereas the corresponding 

nucleotide A6 makes specific interaction with B. subtilis MazF. Our structure suggests that the 

conformational change of Loop 2 in the RNA binding channel of MazF plays an importnat role in 

mediating protein interactions with the RNA bases downstream of the cleavage site, therefore 

explaining why MazF-mt1 targets a three-base ssRNA, while B. subtilis MazF specifically 

recognizes and cleaves a longer five-base RNA sequence. 

 

2.6 In vivo MazF-mt1 toxicity assay of structure-guided 
mutations   

On the basis of the MazF-mt1-RNA complex structure, point mutation of several MazF-

mt1 residues involved in RNA binding and cleavage were carried out to understand their role in 

specific RNA recognition and MazF toxicity in vivo. MazF-mt1 mutants were expressed under an 

IPTG-inducible promoter of the pMCSG7 vector in E. coli. As expression of wild type MazF-mt1 

is known to cause cellular growth inhibition (149), the absence of bacterial growth of selected 

MazF-mt1 mutants indicates active ribonuclease activity, whereas bacterial growth suggests a 

loss of MazF-mt1 toxicity (Figure 8). Induction of MazF-mt1 mutants, R24A, T52A or S53A, 
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which are involved in interaction with the scissile phosphate in the active site, resulted in the 

complete loss of toxicity of MazF-mt1 (Figure 8), supporting their key role in the catalytic 

process. Mutations of residues Gln62 (Q62A) and Glu81 (E81A), which specifically interact with 

the base of nucleotide U4, also resulted in a loss of MazF-mt1 toxicity (Figure 8). In contrast, 

S18A and N21A mutants showed no effect on MazF-mt1 toxicity  (Figure 8), suggesting that 

Ser18 and Asn21 are not essential for specific interactions with the bases of A1 and C2, 

respectively. Instead, the intermolecular hydrogen bonds between the adenine base of A1 and the 

backbone carbonyl atoms of Gly17 and Glu19, as well as the interaction between the cytosine 

base of C2 and the main chain of Ser18, are likely critical for sequence-specific recognition by 

MazF-mt1 (Figure 6B). As Loop 2 of MazF-mt1 does not interact with the bound RNA, mutation 

of residue Lys57 (K57A) has, as expected, no effect on MazF-mt1 toxicity, while the 

corresponding mutant, K53A, in B. subtilis MazF resulted in a loss of toxicity (154). 

 

2.7 Discussion 

The structure of the MazF-mt1-RNA complex has provided insight into the molecular 

basis of RNA recognition by mycobacterial MazF homologues. Although the disordered RNA 

segments found in the MazF-mt1-RNA complex limit a complete understanding of MazF-mt1 

recognition of its three-base RNA consensus sequence, a conserved catalytic center in MazF-mt1 

was observed. In addition, the conformational change of Loop 2 in the MazF-mt1-RNA complex, 

when compared with the B. subtilis MazF-RNA, provides a structural explanation about the 

molecular mechanism of MazF homologues targeting different RNA lengths and sequences for 

the first time. Our structure-guided in vivo data also support the role of key residues in RNA 
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binding and cleavage, and in MazF-mt1 toxicity in vivo.  

2.7.1 The RNA binding site of MazF homologues 

Similar to the structure of B. subtilis MazF-RNA complex, the MazF-mt1-RNA complex 

showed a conserved RNA binding interface, to which cognate RNA binds in a pocket situated 

between two loops present between strands β1/β2 and β3/β4. Our structure supports previous 

findings by Simanshu et al. (154) that conserved Arg and Thr residues are involved in hydrogen 

binding to the oxygen atoms of the scissile phosphate group of the RNA cleavage site. In 

addition, structural superposition of the B. subtilis MazF-RNA and MazF-mt1 structures provides 

a preliminary explanation of how bacterial MazF homologues recognize different RNA sequences 

and lengths. First, the composition of amino acids involved in RNA binding is highly variable, 

although they are mainly located in Loop 1, Loop 2 and strand β5 among homologous MazF 

proteins. Second, conformational changes of the loops in the RNA binding sites affect MazF 

targeting different lengths of ssRNA. Loop 2 of MazF-mt1 moves outward and away from the 

bound RNA, whereas Loop 2 of B. subtilis MazF was found to form a hydrogen bond with the 

third nucleotide downstream of its RNA cleavage site, specifically with A6 of the consensus 

sequence, dU3^A4C5A6U7. As a result, B. subtilis MazF recognizes a specific five-base ssRNA, 

while MazF-mt1 cleaves a consensus three-base U^A1C2 RNA sequence, and does not recognize 

the third nucleotide downstream of its cleavage site (nucleotide C3 in our structure) because this 

nucleotide does not interact with Loop 2.  

Interestingly, conformational changes of Loop 2 were not only found between the MazF 

homologies, but were also found between the two individual subunits of the B. subtilis MazF 

dimer. As the MazF dimer showed asymmetric binding of target RNA to only one subunit, two 
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MazF protomers of the B. subtilis MazF-RNA complex are annotated as the RNA-binding and the 

non-RNA binding subunits here. Superposition of both subunits showed an rmsd of 0.27 Å  over 

97 corresponding Cα atoms with a significant conformational change in Loop 2 of B. subtilis 

MazF  (Figure 9A). While Loop 2 of the RNA-binding subunit is involved in specific RNA 

interactions, Loop 2 of the non-RNA binding subunit from B. subtilis MazF-RNA complex 

adopts an open conformation. Specifically, the side chains of residues Gln52 through Lys55 face 

opposite directions between these two subunits, and are exposed to the solvent in the non-RNA 

binding B. subtilis MazF subunit (Figure 9B). Moreover, comparison with Loop 2 of the MazF-

mt1-RNA complex showed that Loop 2 of the B. subtilis non-RNA binding MazF subunit moves 

further outward away from the RNA binding site (Figure 9A). While residue Lys53 from the 

RNA-binding subunit of B. subtilis MazF was found to interact with the base of A6, the same 

residue from the non-RNA binding subunit is 19 Å  away from the N7 atom of the adenine base of 

A6 (Figure 9B). As a result, this conformational variation of Loop 2 of the B. subtilis MazF dimer 

renders one subunit not poised for RNA interaction and may explain why B. subtilis MazF binds 

RNA in a 2:1 ratio. Previous studies also showed the conformational flexibility of Loop 2 of B. 

subtilis MazF between the apo form and its RNA bound form, whereby residue Lys53 moves 

inward to allow RNA binding (154). The flexible Loop 2 in both structures of the MazF-mt1-

RNA and the B. subtilis MazF-RNA complexes therefore suggests its role in RNA recognition by 

MazF homologues. 

2.7.2 Sequence-specific recognition of RNA by MazF-mt1 

In this report, MazF-mt1 was found to make specific interactions with the bases of 

nucleotides A1 and C2 of the bound RNA. In contrast, MazF-mt1 did not interact with the 
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nucleotide C3. As C3 is not part of the three-base UAC RNA recognition element, this finding is 

consistent with previous studies on the cleavage specificity of MazF-mt1 (149). The RNA 

cleavage sequence of MazF-mt1 was first identified by primer extension analysis of the cleavage 

products of era mRNA when MazF-mt1 was induced in vivo or using the purified MazF-mt1 in 

vitro (149). Further biochemical characterization with recombinant MazF-mt1 and a synthetic 11-

base RNA showed that MazF-mt1 preferentially cleaves UAC sequence, of which substitution of 

either the first U or the second A with G abolished RNA cleavage (149). As our structure showed 

that the N6 atom of the base of A1 forms hydrogen bonds with the backbone carbonyl atoms of 

residues Gly17 and Glu19, the presence of the O6 atom when a guanine base replaces A1 would 

create electrostatic incompatibility and perhaps steric hindrance. Moreover, replacement of C2 

with a bulky purine base, either guanine or adenine, would result in steric clash with residue 

Ser18. Substitution of C2 with uridine could not be tolerated because the O4 atom would also be 

electrostatically incompatible and potential clash with the backbone carbonyl atom of Ser18. On 

the other hand, base substitutions can be tolerated at the C3 position since only water-mediated 

hydrogen bonds were found in the structure, a finding which is consistent with previous results 

from in vitro cleavage assays by MazF-mt1 (149).  

While it has been shown that the first U of the UAC target sequence is essential for 

MazF-mt1 mediated RNA cleavage (149), the deoxyuridine was found to be disordered in the 

structure of MazF-mt1-RNA complex. We reasoned that the missing electron density of dU is 

plausibly due to the intrinsic flexibility of the RNA fragment. The molecular mechanism of 

MazF-mt1 recognizing the uracil base at the cleavage site, and furthermore, how MazF-mt1 

manages protein-RNA interactions beyond the 5' side of its RNA recognition element requires 
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further studies.  

With regard to the 3' side out of the UAC recognition sequence, an unexpected specific 

interaction with the base of U4 by MazF-mt1 was observed. Mutations of U4-interacting residues 

Gln62 and Glu81 to alanine led to a loss of MazF-mt1 toxicity in vivo (Figure 8), suggesting a 

role for each in RNA binding and cleavage, although U4 is not part of the target RNA element. 

The structure of B. subtilis MazF-RNA complex also displayed a similar observation that the A8 

base, which is outside its five-base consensus sequence, binds tightly to Asn32 and Leu56 (154). 

These findings suggest that, whereas sequence-specific recognition of target RNA is crucial for 

MazF-mediated RNA cleavage, MazF interactions with the RNA substrate outside their 

recognition elements may help properly position the bound RNA to the correct binding site and 

potentially add an under appreciated role in substrate recognition. In addition to the role of U4 in 

the MazF-mt1-RNA interaction, MazF-mt1 binding to the 3' side of the RNA substrate may be 

important for its RNA binding. Extra electron density belonging to the phosphate group 

connecting U4 and G5 of the MazF-mt1 bound RNA was also visible in the structure, and the side 

chain of residue Y59 was found in proximity to that phosphate group. Our in vivo MazF-mt1 

toxicity assay demonstrated that the Y59A mutant abolished MazF-mt1 activity (data not shown), 

suggesting the possible role of Tyr59 in RNA binding. In short, our structural and biochemical 

characterization of MazF-mt1 lead to a proposal that MazF-RNA interactions outside the RNA 

recognition element play an important role in RNA binding and cleavage. Further structural 

studies on MazF-mt1-RNA complexes might elucidate the complete view of the molecular 

mechanism of MazF-mt1-RNA recognition. 

2.7.3 Crystal packing and the stoichiometry of the MazF-mt1-RNA 
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complex 

The structures of both the MazF-mt1-RNA and B. subtilis MazF-RNA complexes showed 

a molar ratio of 2:1 of MazF protomers to bound RNA. The stoichiometries obtained from 

isothermal titration calorimetry (ITC) and filter-binding experiments for B. subtilis MazF-RNA 

are consistent with the crystal structure of the complex (154). Thus, it was suggested that a MazF 

dimer binds RNA at only one of the two possible binding sites without a preference for either 

(154). Upon B. subtilis MazF dimer RNA binding to cognate RNA, one subunit demonstrated a 

conformational change of its Loop 2, which moves toward and interacts with the bound RNA, 

while Loop 2 of the other subunit takes an open conformation incompatible with RNA binding 

(Figure 9A). NMR studies on E. coli MazF demonstrated that binding of an uncleavable RNA 

substrate to one of the two identical interfaces on MazF dimer prevented binding of a second 

RNA molecule to another site as a result of negative cooperativity (202).  

While the structure of MazF-mt1-RNA complex exhibited the same stoichiometry as seen 

for the B. subtilis MazF-RNA crystal structure, our further biochemical characterization by either 

ITC or fluorescence polarization were unfortunately not successful due to the limited solubility of 

MazF-mt1 after removal of the MBP purification tag even in buffer containing 1 M NaCl. 

Whether the MazF-mt1 dimer, as well as other M. tuberculosis MazF homologues, binds only one 

molecule of RNA without preference for the two potential binding sites is unclear so far. We do 

not exclude crystal packing effects on the structure of MazF-mt1-RNA complex that we obtained 

here, which again showed asymmetric RNA binding to a MazF-mt1 dimer. Examination of the 

crystal lattice showed that the second RNA binding site of the MazF-mt1 dimer is blocked by 

Loop 2 from a symmetry-related MazF-mt1 molecule. Intriguingly, unlike the different 



 

 67 

conformations of each Loop 2 observed in the two subunits of the B. subtilis MazF dimer in B. 

subtilis MazF-RNA complex, Loop 2 of the individual MazF-mt1 subunit in the MazF-mt1-RNA 

complex have similar conformations, suggesting that RNA binding does not lead to significant 

structural changes in MazF-mt1. It is possible that due to its shorter RNA recognition sequence, 

MazF-mt1 does not undergo structural reorganization of the loops in its RNA binding site upon 

RNA binding, and binds RNA with the same stoichiometry as B. subtilis MazF. Further studies 

on the mechanism of RNA binding by MazF-mt1 will be required to understand its function. 

In conclusion, the structure of the MazF-mt1-RNA complex, supplemented with the in 

vivo toxicity assays, has provided a basic understanding of the mechanism of MazF-mt1-mediated 

RNA binding and cleavage. However, due to the intrinsic insolubility of MazF-mt1, only limited 

in vitro assays are available for further characterization of its activity. Further works will be 

required to understand RNA binding affinity, stoichiometry, and selectivity by MazF-mt1, which 

will then provide complete insight into the function as well as the regulatory mechanism of 

MazF-mt1 during cellular stress. 
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Table 2: Selected crystallographic statistics for the MazF-mt1-RNA complex. 

 MazF-mt1-RNA  

Data Collection  

Space group P212121 
Unit cell 
a, b, c (Å )                                        
α, β, γ (°)                                    

 
38.8, 68.5, 80.2  
90, 90, 90 

Resolution (Å ) 50.0-1.98 (2.01-1.98) 
Total reflections 90794 
Unique reflections 15533 
Completeness (%) 100 (99.5) 
Redundancy  5.8 (5.4) 
I/σI 21.9 (3.1) 
Rmerge  (%) 8.8 (47.2) 

Refinement  

Rwork 
c
 [%] 20.6 

Rfree 
d
 [%] 23.0 

RMS deviations  
     Bonds [Å ] 0.003 
     Angles [

o
] 0.62 

Average B factor 25.4 
   Protein 24.9 
   RNA 23.9 
   Water 31.7 
Ramachandran [%]  
     Allowed, generous, disallowed

 
95.5, 3.2, 1.4 

a
 statistics for the highest resolution shell are shown in parentheses. 

b 
Rmerge = |I- I|/ |I|, where I is the observed intensity and <I> is the average intensity of 

several symmetry-related observations. 
c 
Rwork = ||Fo|-|Fc||/ |Fo, where Fo and Fc are the observed and calculated structure 

factors, respectively. 
c
 Rfree =  ||Fo|-|Fc||/ |Fo for 5% of the data not used at any stage of the structural 

refinement. 
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Figure 4: Structure of M. tuberculosis MazF-mt1 in complex with an uncleavable RNA 

substrate. 

(A) One molecule of RNA (shown in stick representation) is bound to a MazF-mt1 dimer, the 

subunits of which are colored marine blue and grey. The sequence of the 11-mer RNA used for 

crystallization is shown, where the target site is shown in bold and ^ indicates the cleavage site. 

The first uracil in the target site was modified to a deoxynucleotide to prevent cleavage. The 

nucleotides seen in the structure are numbered and labelled on the structure. (B) Structural 

superposition of the B. subtilis MazF-RNA complex (pink, PDB: 4MDX) and the MazF-mt1-

RNA complex revealed an overlap of the RNA binding site. Two loops involved in RNA 

recognition in the B. subtilis MazF-RNA complex are highlighted in red. (C) Secondary structural 

elements of MazF-mt1. α helices and β strands are show as rectangles and arrows, respectively. 
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Figure 5: Electron density of the bound RNA and electrostatic surface property of M. 

tuberculosis MazF-mt1 

(A) 2Fo-Fc map contoured at 1σ for the bound RNA in the MazF-mt1-RNA complex. Four 

nucleotides of the 11-mer RNA substrate showed interpretable electron density. (B) Electrostatic 

surface potential of the RNA binding interface of the MazF-mt1-RNA complex. The bound RNA 

segments are positioned in a positively charged cavity within the dimer interface of MazF-mt1. 

Blue and red represent positive and negative electrostatic regions, respectively.  
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Figure 6: Structure of the RNA binding site of the M. tuberculosis MazF-mt1-RNA complex. 

(A) View of the RNA cleavage site in the MazF-mt1-RNA complex. While the deoxyuridine of 

the target site did not show ordered electron density, two highly conserved residues among MazF 

homologues, Arg24 and Thr52, were found to form hydrogen bonds with the oxygen atoms of the 

scissile phosphate group positioned between dU and A1. Interactions between residues Arg24 and 

Asn21 and Val51 help properly orient the guanidinium side chain of Arg24 in the active site. (B) 

Sequence-specific recognition of RNA by MazF-mt1. Specific protein-RNA interactions of the 

bases of A1 and C2 of the dU^A1C2 segment was observed, while the cytosine base of C3 only 

formed nonspecific hydrogen bonds with bulk water molecules. The side chains of residues 

Gln62 and Glu81 were found to interact specifically with the uracil base of U4. Hydrogen bonds 

are indicated by dashed grey lines, and water molecules are shown as red spheres. 
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Figure 7: Interactions of Loop 1 and Loop 2 with MazF-mt1 bound RNA. 

(A) Residues involved in specific RNA recognition by MazF-mt1 are mainly located in Loop 1. 

Loop 2 was not involved in RNA binding. Both loops are shown in purple and hydrogen bonds 

are indicated by dashed grey lines. (B) Structural comparison of the MazF-mt1 with the B. 

subtilis MazF-RNA complexes revealed a key conformational difference of Loop 2 region. Loop 

2 of MazF-mt1 moves away from its RNA substrate. The RNA target sequence for B. subtilis 

MazF is U^ACAU (shown in cyan) and for MazF-mt1 is U^AC (shown in black). The side chain 

of residue Lys53 on Loop 2 of B. subtilis MazF forms hydrogen bond with the base of A6, while 

the corresponding residue of MazF-mt1, Lys57, is distal to the corresponding RNA nucleotide 

C3. 
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Figure 8: Effect of structure-guided MazF-mt1 point mutations on in vivo toxicity. 

Residues involved in RNA recognition and cleavage were mutated and tested for their toxicity in 

E. coli BL21(DE3)pLysS cells. Expression of various MazF-mt1 mutants was induced by IPTG. 

Each mutant was expressed in duplicates in the bottom quadrants of the plate. Expression of 

empty pMCSG7 vector and wild type M. tuberculosis MazF-mt1 is shown in the upper left and 

right quadrants, respectively, as controls. Bacterial growth indicated a loss of toxicity of MazF, 

indicating the corresponding residues were required for RNA recognition or cleavage. 
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Figure 9: Conformational flexibility of Loop 2 in the Bacillus subtilis MazF-RNA complex. 

(A) Structural superposition of individual subunits of the B. subtilis MazF dimer and the MazF-

mt1 protomer. The RNA binding subunit of the B. subtilis MazF is colored cyan, the non-RNA 

binding subunit is colored orange, and the MazF-mt1 protomer is colored magenta. Loop 2 of the 

RNA binding subunit of the B. subtilis MazF is involved in RNA recognition, while the Loop 2 of 

the MazF-mt1 moves outward away from the RNA binding site. In comparison, the Loop 2 of the 

non-RNA binding subunit of B. subtilis MazF moves even farther from the RNA binding site (as 

shown in figure 7B). (B) The conformational flexibility of Loop 2 in the B. subtilis MazF 

between residues Gln52 to Lys55. Side chains of residues Gln52, Lys53, Ala54, and Lys55 point 

in opposite directions between the RNA-bound (colored cyan) and the non-RNA bound (colored 

orange) forms of the B. subtilis MazF. As a consequence, residue Lys53 of the RNA binding 

subunit forms a hydrogen bond with the RNA base of A6, while the same residue from the non-

RNA bound form is exposed to the solvent. 
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3. Structural and biochemical studies on Mycobacterium 
tuberculosis MazF-mt3 (Rv19911c) 

3.1 Experimental procedures 

Protein expression and purification- The Rv1991c (MazF-mt3) gene from M. 

tuberculosis strain H37Rv was cloned into the pMCSG9 vector with an N-terminal MBP tag. The 

protein was overexpressed in the E. coli strain C41(DE3) cells by inducing with 0.5 mM IPTG 

overnight at 15°C. Cells were harvested and resuspended in buffer containing 50 mM Tris-HCl 

(pH 7.5), 500 mM NaCl, 5% glycerol and 2 mM β-mercaptoenthanol. The cells were lysed by 

pressure using a microfluidizer, and after centrifugation the lysate was loaded onto a Ni-NTA 

affinity column. The protein was eluted with 200 mM Imidazole, followed by TEV protease 

treatment overnight at room temperature to cleave the MBP tag. The TEV protease treated protein 

solution was first dialyzed into a buffer containing 30 mM Tris-HCl (pH 7.5), 1 M NaCl, and 2 

mM β-mercaptoenthano. The cleaved tag was removed by a second Ni-NTA chromatography 

step. MazF-mt3 were further purified by gel filtration chromatography using HiLoad 26/60 

Superdex 75 column with the elution buffer containing 30 mM Tris-HCl (pH 7.5), 150 mM NaCl, 

0.5 mM EDTA and 1 mM DTT. 

Crystallization and structure determination- The purified MazF-mt3 was concentrated to 

10 mg/mL and incubated with an 11-mer RNA substrate (AGUCdUCCUUUC) in a molar ratio of 

1:1.1 on ice for 1 hour. MazF-mt3 RNA complex crystals were grown in a solution containing 0.8 

M ammonium sulphate and 0.1 M sodium citrate (pH 4.0). Data were collected on a Rigaku 

rotating anode generator and processed with HKL3000 (199). The structure of the MazF-mt3-

RNA complex was determined by molecular replacement using Phaser from PHENIX (200) with 
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B. subtilis MazF (pdb: 4MDX) as the search model. The resulting electron density map was of 

good quality for initial model building in Coot (201). Further model improvement was carried out 

using PHENIX refine (200).  

The MazF-mt3 T52D-F62D double mutant (MazF-mt3_2D) was generated via 

Quikchange site-directed mutagenesis. This mutant was purified and crystallized in the same way 

as wild type MazF-mt3. MazF-mt3_2D was crystallized with an 11-mer DNA in a solution 

containing 0.1 M Bis-Tris (pH 5.5), 0.1 M ammonium acetate, and 17% PEG10000. The 

sequence of the 11-mer DNA (dAdGdUdCdUdCdCdUdUdUdC) is the same as the 11-mer RNA 

used for cocrystallization with wild type MazF-mt3 but contains all deoxynucleotides. MazF-

mt3_2D was also cocrystallized with an 8-mer RNA (GUCdUCCUA) in a solution containing 0.2 

M lithium sulphate monohydrate, 0.1 M Bis-Tris (pH 5.5), and 25% PEG3350. X-ray diffraction 

data for the MazF-mt3_2D-DNA complex crystals were collected at beamline ID-22, and that of 

MazF-mt3_2D-RNA complex at beamline BM-22 of the Advanced Photon Source (APS). Both 

data sets were processed using the HKL2000 software suite (199). Both structures were solved by 

molecular replacement using Phaser from PHENIX with wild type MazF-mt3 as the search model 

(200). Model building was carried out in Coot (201) and structure refinement was done using 

PHENIX refine (200). Selected data collection and refinement statistics for wild type and mutant 

MazF-mt3 in complex with RNA or DNA are shown in Table 3. 

MazF-mt3 in vivo toxicity assay- The Rv1991c (MazF-mt3) gene from M. tuberculosis 

strain H37Rv was subcloned into the pMCSG7 vector, and MazF-mt3 mutants were generated via 

Quikchange site-directed mutagenesis. Plasmids encoding wild type and mutant MazF-mt3 

constructs were transformed into E. coli BL21(DE3)pLysS cells. A single colony of each MazF-



 

 77 

mt3 mutant was inoculated into 2 ml LB medium and grown at 37 °C to mid-log phase. The cell 

culture was then diluted with fresh LB to an OD600 of 0.1, from which a 20 μl aliquot of cell 

culture was plated onto LB plates. The transformed cells were grown on LB plates in the presence 

or absence of 0.5 mM IPTG. The plates were incubated at 37 °C overnight. 

ITC measurements- All ITC experiments were conducted with an ITC200 (Microcal) at 

25 °C. The MazF-mt3-specific uncleavable RNA oligo (AGUCdUCCUUUC) was purchased 

from IDT and dissolved in a buffer containing 30 mM Tris-HCl (pH 7.5), 150 mM NaCl, 1 mM 

β-mercaptoethanol. Calorimetric titration was performed by injection of RNA into a cell 

containing MazF-mt3. 

 

3.2 Crystal structure of the MazF-mt3-RNA complex 

MazF-mt3 was cocrystallized with the 11-mer uncleavable RNA substrate, 

AGUCdU^CCUUUC, which contains the five-base recognition sequence U^CCUU (^ indicates 

the cleavage site). The structure of the MazF-mt3-RNA complex was determined by molecular 

replacement using the MazF structure from the B. subtilis MazF-RNA complex (PDB: 4MDX). 

The refined model has an Rwork factor of 22.3 % and an Rfree value of 26.2 % (Table 3). Four 

subunits of MazF-mt3, designated subunit A, B, C, and D, are present in an asymmetric unit and 

compose two MazF-mt3 dimers with one RNA molecule bound per dimer (Figure 10A). The 

MazF-mt3-RNA complex is structurally similar to the B. subtilis MazF-RNA (rmsd of 0.76 Å  

over 169 corresponding Cα atoms), but its Loop 1, the flexible loop between strands β1 and β2 

and encompassing residues 13-23 in all four subunits, is disordered (Figure 10B). Moreover, only 

partial electron density of the RNA was observed in both MazF-mt3 dimers. Only nucleotides U1 



 

 78 

to C5 of the 11-mer RNA substrate (AGU1C2dU3^C4C5UUUC) display ordered electron density 

in the A-B MazF-mt3 dimer (Figure 11A), and only nucleotides dU3 and C4 are visible in the C-

D dimer. The 5' and 3' ends of the RNA substrate are exposed to the solvent and likely highly 

flexible therefore resulting in disordered electron density. The structure of MazF-mt3 A-B dimer 

in complex with RNA is used for structural analyses in this chapter.  

Similar to MazF-mt1 and B. subtilis MazF, MazF-mt3 is composed mainly of three α 

helices (α1, α4, and α5) and seven β strands (β1-β7) in a β-barrel like arrangement, with 

insertions of two short α helices between strands β3-β4 and β4-β5 (Figure 10C). MazF-mt3 

dimerizes with a total buried surface area of 1900 Å ², which is significantly smaller than the 

interface of MazF-mt1 dimer (2800 Å ²). This smaller interface is due to the missing Loop 1 in 

both subunits of the MazF-mt3 dimer as Loop 1 is involved in dimer formation through its 

interactions with the loop between β6 and β7 in MazF-mt1. Rather, the MazF-mt3 dimer is 

stabilized through hydrogen bond interactions between strand β6 from both subunits and between 

helix α1 and the loop connecting α2 and β4. Few salt bridge interactions are found in the MazF-

mt3 dimer interface. These are located on the other side from its RNA binding pocket and include 

contacts from residues Arg5 and Asp113 from the two subunits. In contrast, the interface in the 

MazF-mt1 dimer involves extensive ionic interactions between Loop 1 of one protomer and the 

α2 helix from another protomer.  

 

3.3 The RNA binding site of MazF-mt3-RNA complex 

As found for the MazF-mt1-RNA and B. subtilis MazF-RNA complexes, the bound RNA 

substrate is located in the same binding pocket within the dimer interface in the structure of the 
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MazF-mt3-RNA complex (Figure 10A and 10B). The concave RNA binding interface of MazF-

mt3 also has a positive electrostatic surface potential (Figure 11B), a portion of which is covered 

by the loop between β4 and α2, helix α2, and the remaining part of Loop 1 found in the structure 

that includes residues Lys23 and Arg24. While Loop 1 of both the MazF-mt1 and B. subtilis 

MazF was found to be part of the RNA binding interface and directly involved in RNA binding, 

the role of the corresponding Loop 1 in MazF-mt3 is less clear. Examination of the bound RNA 

in the MazF-mt3-RNA complex revealed only five nucleotides, U1 to C5, with ordered electron 

density (Figure 11A). However, the 5' terminal nucleotides, U1 and C2, exhibit significantly high 

B factors for their phosphate backbone. The 5' terminal phosphate group and the phosphate group 

between U1 and C2 have an average B factor of 81.6 Å ² compared with the average of 52.8 Å ² 

for the bound RNA. Therefore, the 5' terminus of the bound RNA is highly flexible resulting in 

no visible electron density. The most 3' visible nucleotide, C5, is found to be exposed to the 

solvent without direct protein-RNA interactions, and the remaining 3' terminus is flexible in the 

structure of MazF-mt3-RNA complex. 

Although only a few nucleotides of the 11-mer RNA are observed, dU3 to C5, which 

covers part of the MazF-mt3 recognition element, U^CCUU, are seen. dU3 is the first uracil in 

the cleavage site. A conserved architecture of the MazF-mt3 active site is also found with the 

scissile phosphate presented between dU3 and C4 engaging in an electrostatic interaction with 

residue Arg25 (Figure 11C). Further, the guanidinium group of Arg25 interacts with the 

backbone carbonyl oxygen atom of residue Ile48 and the side chain hydroxyl group of residue 

Thr49, and thus is properly oriented for interaction with the scissile phosphate. Both residues 

Arg25 and Thr49 are highly conserved among MazF homologues, including MazF-mt1 and B. 



 

 80 

subtilis MazF. The only observed difference is that unlike the corresponding threonines of MazF-

mt1 and the B. subtilis MazF, residue Thr49 of MazF-mt3 does not interact directly with the 

scissile phosphate in the RNA cleavage site. Interestingly, structural superposition with B. subtilis 

MazF-RNA shows that Thr49 of MazF-mt3 has the same orientation as that of B. subtilis MazF. 

However, the phosphate atom of the scissile phosphate group between these two structures has 

moved approximately 2.3 Å  away with that of the MazF-mt3-RNA complex is slightly distant 

from the side chain of Thr49 to make a hydrogen bond interaction. Due to this small movement of 

in the MazF-mt3-RNA complex, the side chain of Arg25 faces the side chain of Thr49 in favor of 

hydrogen bond formation, which the hydrogen bond network of Arg25 and Thr49 mediate the 

interaction with the scissile phosphate group of the bound RNA. In comparison, in MazF-mt1-

RNA and B. subtilis MazF-RNA complexes the scissile phosphate interacts with both Arg and 

Thr from opposite directions. 

In the RNA binding site of MazF-mt3, the bases of nucleotides U1, C2, and dU3 face the 

same direction towards the same subunit of MazF-mt3. By contrast, a change in the trajectory of 

the bound RNA was found in the B. subtilis MazF-RNA complexes such that the orientation of 

the first and the second nucleotides at the cleavage site are rotated by 180° (154). This change 

was proposed to expose the scissile phosphate group for MazF-mediated RNA cleavage (154). 

However, in the MazF-mt3-RNA complex the change of trajectory of the bases of nucleotides 

dU3 and C4 is not observed, and the cytosine base of C4 does not point to same direction as dU3. 

In addition, the base of C5 projects to the solvent and thus does not form stacking interactions 

with C4. As stacking interactions between adjacent bases located at the 3' side of the RNA 

cleavage site were found in MazF-mt1-RNA and B. subtilis MazF-RNA complexes and proposed 
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to stabilize the structure of the bound RNA for protein-RNA recognition, the mechanism of 

MazF-mt3-RNA binding needsto be explored. 

 

3.4 Mechanism of RNA recognition by MazF-mt3 

As found in other MazF homologues, MazF-mt3 binds RNA near the dimer interface, 

which the RNA substrate binds in a similar direction and the location of the active site is 

conserved. However, the Loop 1 (residues 13-23) in MazF-mt3 is disordered in the crystal 

structure (Figure 10A and 12A). Previous structural studies have shown that the corresponding 

Loop 1 was disordered in the MazE-MazF complexes from E. coli and B. subtilis (45,154). 

Binding of cognate antitoxin MazE displaces the Loop 1 of MazF toxin, in which residues 

involved in RNA binding are located. In contrast, as found in B. subtilis MazF and MazF-mt1, the 

Loop 1 became stabilized upon RNA binding. However, our structure shows that the Loop 1 of 

MazF-mt3 is not stabilized even in the presence of bound RNA, and is not found to be involved 

in RNA recognition. Superposition of subunits A and B of the MazF-mt3 dimer shows no major 

conformational changes (rmsd of 0.39 Å  over 89 Cα atoms), and both Loop 1 are disordered, 

suggesting that RNA binding to subunit B does not cause structural reorganization of its RNA 

binding site. In addition, structural comparison with the bound RNA in B. subtilis MazF-RNA 

complex shows that the bases and the backbone phosphates of the bound RNA in MazF-mt3 

adopt a different orientation (Figure 12B). Similar results are also found when compared with the 

MazF-mt1-RNA complex, though with only two nucleotides overlap, the orientation of the bases 

of C4 and C5 in MazF-mt3 is 180° away from the bases of A1 and C2 in MazF-mt1. Instead of 

making interactions with the same protomer of the MazF-mt3 dimer, the bases of C4 and C5 face 
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a symmetry-related MazF-mt3 subunit C (Figure 12C). The structural differences found in the 

RNA binding site of MazF-mt3 may suggest a different RNA binding pattern from its M. 

tuberculosis MazF homologues. 

Genome-wide RNA sequencing has shown that MazF-mt3 specifically cleaves a five-

base U^CCUU sequence (165). However, among its target RNA element, sequence-specific 

interaction is only found between the uracil base of the deoxynucleotide, dU3, and the side chain 

of Ser74 of MazF-mt3 in our structure (Figure 12C). The cytosine base of C4 interacts with the 

side chains of Arg24 and Asp91, supplemented by stacking interaction with Trp10, from a MazF-

mt3 symmetry mate, and the base of C5 interacts with the main chain of Arg24 from the same 

molecule (Figure 12C). On the 5' side beyond RNA recognition sequence, stacking of adjacent 

bases, U1 and C2, with the side chain of Trp10 from one protomer of the MazF-mt3 dimer is 

found, and the cytosine base of C2 additionally forms a hydrogen bond with Arg24 (Figure 12C). 

No interactions with the phosphate backbone are found between the bound RNA and MazF-mt3, 

and the 2'-OH groups of the ribose all form water-mediated hydrogen bonds.  

The observed interactions of the bound RNA with a symmetry-related MazF-mt3 

molecule raise a question about whether this is a artifact of crystal packing. In the B. subtilis 

MazF-RNA complex, the 5' and 3' terminal nucleotides of the 9-mer RNA substrate are involved 

in crystal-packing interactions, while its five-base RNA recognition element interacts only with 

one of the subunit of MazF (154). In contrast, the symmetry mate of MazF-mt3 makes 

interactions with its target RNA sequence. Moreover, the same residues from both the symmetry 

mate and one subunit of the MazF-mt3 dimer are involved in RNA binding, specifically, the 

bases of nucleotides C2 and C4 interact with Arg24 and Trp10 from two different molecules 
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(Figure 12C). Examination of the crystal packing shows an overlap of the RNA binding pocket 

between a symmetry-related subunit and the subunit of the MazF-mt3 dimer in the asymmetric 

unit (Figure 13A and 13B). As the same molecular interactions of MazF-mt3, though from 

different molecule, with either C2 or C4 are found, binding of C4 with a symmetry-related 

subunit C of MazF-mt3 dimer mimics the interactions formed by C2 in the B subunit of MazF-

mt3 dimer. Therefore, we cannot exclude the possibility of a crystal packing effect on the 

structure of MazF-mt3-RNA complex described herein. 

 

3.5 Biochemical and in vivo characterization of MazF-mt3 
function 

3.5.1 RNA binding 

To understand the role of those residues that interact with RNA in substrate recognition 

by MazF-mt3, we carried out RNA binding studies using isothermal titration calorimetry (ITC) 

on selected MazF-mt3 mutants and the uncleavable 11-mer substrate RNA. ITC studies showed 

that wild type MazF-mt3 binds to 11-mer RNA with a binding affinity (Kd) of 0.57 ± 0.04 μM 

(Figure 14A). Mutations of residues involved in interactions with the scissile phosphate, 

including Thr49 and Arg25, results in 20 to 100-fold weaker RNA binding (Figure 14B), 

suggesting their key role in substrate cleavage. In addition, the S74A MazF-mt3 mutant, which 

should preclude Ser74 from recognition of the uracil base of deoxynucleotide dU3, leads to a 16-

fold lower RNA binding affinity (Figure 14B). In contrast, the D91A mutant exhibits the same 

RNA binding affinity as wild type, indicating that its interaction with the nucleotide C4 is likely 

due to crystal packing (Figure 12C and 14B). Similarly, interaction between the nucleotide C4 
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and the residue Arg24 is also a result of crystal packing. The 9-fold weaker RNA binding affinity 

of the R24A mutant could be mainly due to its involvement in hydrogen bonding with the base of 

C2 (Figure 12C and 14B). RNA binding effected by the C2 position may be important for RNA 

recognition, although base selectivity is not required for MazF-mt3 cleavage.  

Our ITC results demonstrate that RNA interactions with the symmetry mate of MazF-mt3 

are probably due to crystal packing. To further examine the RNA cleavage sequence preference, 

we measured the binding affinity of MazF-mt3 with various RNA sequences. It was found that 

MazF-mt3 showed no binding to the 9-mer RNA used for cocrystallization of B. subtilis MazF-

RNA complex (Figure 14C), an RNA which lacks the UCCUU recognition element of MazF-mt3. 

Substitution of C2 to either purine base (A or G) or uridine in the context of our 11-mer RNA 

only slightly affected binding affinity, showing at most only a 4-fold difference (Figure 14C). As 

C2 is not part of MazF-mt3 target RNA sequence, any base change is tolerated at this position, 

which is consistent with our ITC results. In contrast, the structure of the MazF-mt3-RNA 

complex reveals that the N3 atom of the cytosine base of C2 is within 2.5 Å  distance from the 

side chain of Arg24, and that substitution of C2 to purine bases would create steric clashes, we 

proposed that this side chain interaction with C2 is also a result of crystal packing. Considering 

that the C2 pocket is solvent exposed, it is likely that local reorientation of the side chain of 

Arg24 would occur if an RNA substrate with a purine base at the C2 position was used for 

crystallization. In sharp contrast, modification of the C4 site to either purine base resulted in 10-

fold weaker RNA binding affinity, and substitution of C5 to a purine led to a complete loss of 

RNA binding ability by MazF-mt3 (Figure 14C). These ITC data further confirmed that the 

nucleotides C4 and C5 constitute the 3' part of the U^CCUU RNA recognition sequence, but yet 
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their specific interactions with MazF-mt3 were not observed in the crystal structure. 

Interestingly, all ITC binding experiments showed a stoichiometry of one molecule of 

RNA binding to one MazF-mt3 molecule (Figure 14A), whereas in the crystal structure a molar 

ratio of 1:2 (RNA to MazF-mt3 monomer) was observed. To date, the structures of all MazF-

RNA complexes, including the MazF-mt1 and B. subtilis MazF-RNA complexes, show one RNA 

molecule bound per MazF dimer. Although the MazF-mt1 protein is unstable for comparable ITC 

studies, both ITC and filter-binding experiments have revealed that the B. subtilis MazF binds to 

cognate RNA with a molar ratio of 2:1 (154). These inconsistent results of the stoichiometry of B. 

subtilis MazF- and MazF-mt3-RNA complexes require further studies. As described above, our 

analysis of the crystal packing has shown an overlap of the RNA binding site of one subunit of 

the MazF-mt3 dimer with a symmetry mate. Thus, it appears that in the crystal lattice the 

nucleotides dU3 and C4 from another RNA molecule bound to a symmetry related subunit D of 

the MazF-mt3 dimer occupies the RNA binding site of subunit A (Figure 13A and 13B). The 

presence of dU3 and C4 in the RNA binding interface of subunit A mimics binding of U1 and C2 

to the second molecule of the MazF-mt3 dimer (Figure 13B). The resulting overlap of the RNA 

binding site would therefore prevent the binding of the second RNA molecule to subunit A. The 

stoichiometry obtained from ITC (N=1) suggests that RNA can bind to both sites of a MazF-mt3 

dimer, while crystal packing effects complicate the analysis of the binding mode as seen in our 

MazF-mt3-RNA complex structure. Further studies on the RNA binding pattern of MazF-mt3 

would be required to understand whether RNA binding to one site or two sites on the MazF-mt3 

dimer has any biological significance. 

3.5.2 in vivo MazF toxicity assay of selected MazF-mt3 mutants 
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Structure-guided mutational studies were carried out to investigate further the role of 

selected residues in RNA binding by use of an in vivo MazF-mt3 toxicity assay. MazF-mt3 

mutants were expressed under an IPTG-inducible promoter of the pMCSG7 vector in E. coli. As 

expression of wild type MazF-mt3 causes cellular growth inhibition (149), the absence of 

bacterial growth of selected MazF-mt3 mutants indicates active ribonuclease activity, whereas 

bacterial growth suggests a loss of MazF-mt3 toxicity. As expected, mutations of active site 

residues, Arg25 and Thr49, which interact with the scissile phosphate, resulted in a complete loss 

of MazF-mt3 toxicity (Figure 15). As found in both the MazF-mt1 and B. subtilis MazF-RNA 

complexes, these highly conserved residues play a crucial role in RNA cleavage by MazF 

homologues. Mutation of residues Ser74 (S74A), which interacts with dU3, also led to a loss of 

ribonuclease activity of MazF-mt3 (Figure 15). On the other hand, as suggested from our ITC 

data, the D91A MazF-mt3 mutant, which exhibited the same RNA binding affinity as wild type, 

had no effect on MazF-mt3 toxicity in vivo (Figure 15), again underscoring the effects of crystal 

packing. Similarly, mutation of Arg24 did not affect MazF-mt3 toxicity (Figure 15) even though 

this change resulted in 7-fold weaker RNA binding (Figure 13C). This suggests that a greater loss 

of binding affinity is necessary to evoke a biological response. 

 

3.6 Structures of a crystal-contact MazF-mt3 mutant 

Our ITC results and structure-guided mutations suggested crystal-packing of the MazF-

mt3-RNA complex, possibly trapped the structure in a non-optimal RNA binding mode. 

Crystallization trials with more than four different RNA substrates with variations of flanking 

sequences and lengths all turned out to be unsuccessful in testing this hypothesis. Further 
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examination of the structure of the MazF-mt3-RNA complex showed that three pairs of residues 

were involved in crystal contacts, including the π-π stacking interactions between the side chains 

of residues Phe62 from one MazF-mt3 protomer of a dimer and the same residue from a 

symmetry mate, as well as two pairs of salt bridge interactions between the side chains of 

residues Asp73 and Thr52 and vice versa from two MazF-mt3 molecules. In an attempt to alter 

the crystal packing of the MazF-mt3-RNA complex and hence to understand the molecular 

mechanism of MazF-mt3 recognition of specific RNA, the F62D-T52D MazF-mt3 double mutant 

(MazF-mt3_2D) was generated for further crystallization trials. By making these specific 

mutations of the residues involved in crystal packing, it was anticipated that the corresponding 

mutant would take a different crystal form and hence reveal an MazF-mt3-RNA complex that is 

more consistent with other MazF-RNA binding mechanisms and our biochemical data.  

To date, we have determined two structures of the MazF-mt3_2D protein in complex 

with an 11-mer DNA or an 8-mer RNA (Table 3). Previous studies have shown that E. coli MazF 

can bind single strand DNA that contains the same sequence as its target RNA without cleavage 

(61). Therefore, to minimize the possibility of RNA degradation during crystallization, an 11-mer 

DNA was utilized for cocrystallization with MazF-mt3_2D. The 11-mer DNA has the same 

sequence as the 11-mer RNA used to obtain the MazF-mt3-RNA complex crystals. In addition, 

crystals of MazF-mt3_2D with a shorter 8-mer RNA substrate were obtained. The sequence of 

the 8-mer RNA was chosen based on the cleavage sites identified in phage MS2 RNA after 

MazF-mt3 cleavage in vitro (162), and contains part of the preferred recognition element (shown 

in bold) among its 8-base sequence GUCdU^CCUA. Although the RNA cleavage specificity of 

MazF-mt3 was identified as U^CCUU by a genome-scale approach (165), previous in vitro 
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experiment using the phage MS2 RNA as a substrate identified some degenerate sequences (162). 

We reasoned that using the 8-mer RNA for crystallization was feasible as it was identified from 

in vitro MazF-mt3 cleavage assay, and the base selection at the fifth position of its five-base 

target sequence may not be strictly required for MazF-mt3 binding to RNA. 

Compared to the wild type MazF-mt3-RNA complex, which crystallized in the trigonal 

space group P32, MazF-mt3_2D in complex with DNA crystallized in the orthorhombic space 

group P212121, and the mutant in complex with the 8-mer RNA crystallized in the monoclinic 

space group P2 (Table 3). Both complexes with the mutant MazF proteins share the same global 

structures as observed for the wild type protein with one dimer of MazF-mt3_2D bound to one 

molecule of DNA or RNA (Figure 16A and 16B). More specifically, the structure of the MazF-

mt3_2D-DNA complex resembles the wild type-RNA complex closely (rmsd of 0.55 Å  over 184 

corresponding Cα atoms) with the DNA bound to same RNA binding interface as described 

previously but again with only five nucleotides, dC2 to dU6, with refinable electron density 

(Figure 16A). Interestingly, while the DNA-bound subunit of the MazF-mt3_2D-DNA complex 

has a disordered Loop 1, the non-DNA bound subunit showed an ordered loop 1, which has 

conformation similar to that of the B. subtilis MazF-RNA complex (Figure 16C). In addition, 

Loop 2, which connects β3 to β4 and encompasses residues Thr49 to Val61, of the non-DNA 

bound subunit moves closer towards the dimer interface of MazF-mt3_2D when compared with 

the non-DNA bound subunit. The structure of MazF-mt3_2D-RNA complex (Figure 16B) is also 

similar to the wild type MazF-mt3-RNA complex (rmsd of 0.38 Å  over 178 corresponding Cα 

atoms). However, only two nucleotides, C2 and dU3, are visible in the structure (Figure 16B). 

Surprisingly, an ordered Loop 1 was found in both the RNA bound subunit and the non-RNA 
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bound subunit in the MazF-mt3_2D-RNA complex (Figure 16B). Loop 1 in the RNA-bound 

subunit displays a conformation similar to that of the B. subtilis MazF in its RNA complex, 

whereas Loop 1 of a different subunit that is not RNA-bound is ordered but is missing density for 

residue Gly14 and projects into the solvent and thus moves outward from the dimer interface of 

MazF-mt3_2D (Figure 16B and 16C). As observed in the MazF-mt3_2D-DNA complex, Loop 2 

of the non-RNA bound subunit moves towards the dimer interface of MazF-mt3_2D in contrast to 

the RNA bound subunit (Figure 16C).  

In both the MazF-mt3_2D-DNA and -RNA complexes the complete five-base UCCUU 

recognition element was not found, and therefore, the mechanism of MazF-mt3 sequence-specific 

RNA recognition remains unclear. Although the MazF-mt3_2D-nucleic acid complexes 

crystallized in space groups different from wild type and utilized very different oligonucleotides, 

MazF-mt3_2D appears to remain in the non-optimal/non-specific nucleotide-binding 

conformation. In comparison with the wild type MazF-mt3-RNA complex, the nucleotides of 

dC4, dC5, and dU6 of the bound DNA in MazF-mt3_2D-DNA complex still interacted with a 

symmetry-related molecule, from which the same residues, Arg24 and Asp91, are involved in 

interaction with the bound nucleotides. Structural superposition with the wild type-RNA complex 

showed that orientation of the side chains of Arg24 and Asp91 are slightly different in MazF-

mt3_2D, and thus these two residues interact with the base of dC5 instead of dC4 as observed in 

wild type MazF-mt3. So far structures of wild type and mutant MazF-mt3 all show nucleotide 

binding, perhaps preferred, with symmetry-related molecules. Our attempts to cocrystallize 

MazF-mt3_2D with a slew of other RNA and DNA sequences failed, and hence the RNA binding 

and catalytic mechanism of MazF-mt3 remains only partially resolved.  
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Our structural studies on wild type and mutant MazF-mt3 with varying RNA or DNA 

sequences showed significant conformational flexibility of the loops in the RNA binding pocket 

(Figure 16C). In the different crystal forms Loop 1 of MazF-mt3 was observed to be completely 

disordered, or in an open from, or in a closed conformation. Specifically, the closed conformation 

of Loop 1 is in the same conformation as the loop in the B. subtilis MazF-RNA complex, and the 

open form is solvent-exposed and projects outward away from the dimer interface of MazF-mt3. 

On the other hand, Loop 2 shows no major conformational changes between the different crystal 

forms of MazF-mt3 except that the α2 segment within Loop2 can sometimes unfold to become a 

loop. A complete Loop 2 segment (residues Thr49-Val61), without insertion of any secondary 

structure element, was observed in the non-RNA and non-DNA bound subunit of MazF-mt3_2D 

(Figure 16C). Moreover, Loop 2 of the non-RNA and non-DNA bound subunits of MazF-

mt3_2D moves towards the dimer interface in contrast to the nucleotide-bound subunit. Similar 

results were found when compared with the Loop 2 of the non-RNA bound subunit in B. subtilis 

MazF-RNA complex, which adopts an open conformation (Figure 16D). It has been shown that 

the loops in the RNA binding interface play a major role in RNA recognition by MazF 

homologues (154) with the different sequence compositions in Loop 1 and Loop 2 dictating 

sequence-specific RNA recognition by the MazF homologues. In addition, the conformational 

changes of Loop 2 observed between MazF-mt1 and B. subtilis MazF affect the ability of these 

MazF proteins to target different RNA lengths. Thus, it is possible that the observed 

conformational flexibility of both Loop 1 and Loop 2 in MazF-mt3 plays a role in RNA binding 

and recognition. Further structural studies on MazF-mt3-RNA complexes will be required to 

understand fully its structural basis of RNA recognition and catalysis.  
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3.7 Discussion 

The structure of the MazF-mt3-RNA complex, although subject to some crystal packing 

artifacts, showed a similar RNA binding pocket with a highly conserved catalytic center to other 

MazF homologues. Our ITC binding studies and in vivo mutational data revealed those 

interactions that were biochemically and biologically relevant and those which were promoted by 

crystal-packing interactions. Our efforts to crystallize different crystal forms of MazF-mt3 

revealed the tremendous conformational flexibility of the key loops of the RNA binding site, 

which appear to play a key roles in RNA recognition. In order to understand the full function of 

MazF-mt3, further biochemical and structural characterization are needed.  

Previous structural studies on E. coli and B. subtilis MazE-MazF antitoxin-toxin 

complexes have shown that Loop 1 of these MazF homodimers adopts open conformations, 

which are mostly disordered (45,154). In contrast, Loop 1 of the substrate-free form of the MazF 

dimers from B. subtilis and S. aureus takes a closed conformation, which is stabilized by intimate 

contacts with the core of the MazF dimer and ultimately forms part of the dimer interface 

(185,186). The closed conformation of the corresponding loops was also observed in the MazF 

structural homologues, Kid and CcdB (70,74). Loop 1 of Kid adopts a similar conformation to 

that of Loop 1 of the B. subtilis MazF in complex with RNA, and closure of the loop was found to 

create a cavity composed of basic residues, mimicking the surface property of the RNA binding 

interface of the B. subtilis MazF toxin as observed in its RNA complex. These findings suggest a 

functional flexibility for Loop 1 among MazF homologues. Although Loop 1 in MazF-mt3 was 

not found to be stabilized or structured in the presence of bound RNA, alternative conformations 
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of Loop 1 were observed in different MazF-mt3 crystal forms, strongly suggesting its role in 

RNA interaction.  

In order to obtain a basic understanding of the role Loop 1 in RNA binding by MazF-

mt3, and furthermore, to delineate potential residues utilized for RNA recognition, several 

structure-guided point mutations were generated. Residues Ser19, Leu54, and Thr79, which are 

located on Loop 1, Loop 2, and strand β6, respectively, were chosen because they align with 

those residues of the B. subtilis MazF, which interact with cognate RNA in this MazF-RNA 

complex. The S19A and L54A MazF-mt3 mutants showed ~10-fold weaker RNA binding affinity 

by ITC studies with the 11-mer RNA (data not shown). However, these two mutations showed no 

effect on MazF-mt3 toxicity in vivo (data not shown). From these contradictory results and 

without a proper structure we are unable to fully explain the role of the Loop 1 in RNA binding 

by MazF-mt3. However, one complication is that our substitutions might effect the structure of 

the Loops and hence alter some RNA-binding property of the protein but not its catalytic 

function. Further, the previously performed in vitro RNA binding experiments may not represent 

the real binding preference of MazF-mt3 in living cells, and other residues on Loop 1 or Loop 2, 

different from those we mutated, could also be involved in target RNA recognition. Interactions 

of the five-base target RNA with backbone atoms positioned in the loops in the MazF-mt3 RNA 

binding site are also possible but cannot be simply observed by point mutation studies. 

Interestingly, mutation of Thr79 on strand β6 to alanine resulted in loss of MazF-mt3 activity. 

Thr79 is situated in the same position as residue Glu78 of the B. subtilis MazF-RNA complex, 

which Glu78 interacts with the fourth and the fifth nucleotides in the target site (154). This 

finding suggested that in MazF-mt3 residue Thr79 could be involved in interaction with the 3' 
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side of RNA target element. Regardless, its real role in sequence-specific RNA recognition 

requires further research. 

MazF-mt3 binds the 11-mer RNA with an affinity at the low μM range (Kd = 0.57 ± 0.04 

μM). This is in sharp contrast to the strong binding affinity of B. subtilis MazF, which binds its 

cognate RNA 10-fold more strongly (Kd = 64 ± 7 nM) (154). Thus, it would appears that MazF-

mt3 is a relatively weak enzyme. This difference in affinity is not a result of experimental 

conditions as ITC experiments performed under the same salt concentration as used for the B. 

subtilis MazF-RNA experiment, which contained only 50 mM NaCl instead of 150 mM NaCl in 

our buffer, increased the binding affinity of MazF-mt3 for its cognate RNA only approximately 

2-fold (Kd = 0.26 μM). Thus, the binding affinity of MazF-mt3 was not affected by a lowered salt 

concentration, suggesting that ionic interactions may not be the major part of MazF-mt3-RNA 

interactions. With a binding affinity in the μM range, it seems like MazF-mt3 is a less efficient 

enzyme. In M. tuberculosis only 20% of its mRNAs were found to contain one or more UCCUU 

MazF-mt3 target sites (165). As mRNA cleavage by MazF-mt3 is not prevalent in the cells, it is 

unclear how this less efficient enzyme MazF-mt3 selectively cleaves its target RNA. However, 

considering that the induction level of MazF-mt3 in vivo under stress is unknown, it is possible 

that its lower binding affinity and potential activity could be compensated by its increased cellular 

concentration. Furthermore, M. tuberculosis contains nine MazF homologues, which have been 

proposed to play a role in selective expression of a subset of genes (162). It is also possible that 

individual MazF homologues may have varying ranges of RNA binding affinities as part of the 

regulatory mechanism of MazF-mediated RNA cleavage under a variety of stresses. 

Our ITC studies showed that MazF-mt3 binds RNA in a 1:1 molar ratio as one MazF-mt3 



 

 94 

molecule binds one RNA substrate. The influence of crystal packing can explain why a 1:1 RNA: 

MazF-mt3 dimer is found in the structure. In addition, the use of the high concentration of RNA 

(around 1 mM) for crystallization, as well as the low binding affinity of MazF-mt3 may increase 

the possibility to crystallize protein-RNA complexes in a quasi-specific binding state, especially 

if crystal packing becomes a dominant driving force. A second approach to determine the binding 

stoichiometry, which utilized a fluorescence polarization-based assay, also revealed the same 

molar ratio for MazF-mt3 RNA binding (data not shown). Compared to the finding that one RNA 

molecule binds per B. subtilis MazF dimer, it is unclear whether RNA binding to both sites of 

MazF-mt3 dimer has any physiological significance. It would be interesting to know whether this 

RNA binding pattern is specific to MazF-mt3, or also applies to other M. tuberculosis MazF 

homologues. Our structure of the MazF-mt1-RNA complex, although showing the same binding 

stoichiometry as B. subtilis MazF-RNA complex, remains biochemically uncharacterized. Thus, 

understanding the molecular mechanism that results in MazF homodimers preferentially binding 

to either one or two RNA substrates simultaneously is a key future goal.  

In conclusion, the MazF-mt3-RNA complex shows a conserved MazF-family active site, 

but further studies on its functional characterization, specifically the mechanism of RNA 

recognition, cleavage, and the RNA binding stoichiometry, are required to obtain a complete 

understanding of MazF-mt3 function under stress in M. tuberculosis. In addition to more strutural 

works, which appear to be challenging because of the tendency of MazF-mt3 to crystallize in a 

quasi-specific or non-optimal RNA binding state, in vivo research on the regulatory mechanism of 

MazF-mt3 expression and the biological function of MazF-mt3 targeted genes, would further help 

us to understand the complete activity of this M. tuberculosis MazF family member. 
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Table 3: Crystallographic statistics for MazF-mt3-RNA and MazF-mt3-DNA complexes. 

 MazF-mt3-RNA MazF-mt3 F62D-T52D 
DNA 

MazF-mt3 F62D-T52D 
8-mer RNA 

Data Collection    

Space group P32 P212121 P2 
Unit cell 
a, b, c (Å )                                        
α, β, γ (°)                                    

 
68.3, 68.3, 88.4 
90, 90, 120 

 
47.3, 64.2, 73.9  
90, 90, 90 

 
48.3, 38.8, 69.2 
90, 107.3, 90 

Resolution (Å ) 50.00 – 2.25 (2.29-2.25) 50.0-1.56 (1.59-1.56) 50.00 – 1.68 (1.71-1.68) 
Total reflections 61859 105841 74834 
Unique reflections 21890 15533 27052 
Completeness (%) 99.6 (95.9) 98.2 (87.7) 95.9 (98.2) 
Redundancy  2.8 (2.5) 3.3 (2.6) 2.8 (2.7) 
I/σI 19.5 (2.2) 14.8 (3.0) 16.1  (2.1) 
Rmerge  (%) 5.4 (43.0) 8.9 (40.7) 5.1 (45.8) 

Refinement    

Rwork 
c
 [%] 21.2 19.2 20.1 

Rfree 
d
 [%] 25.7 20.7 23.2 

RMS deviations    
     Bonds [Å ] 0.002 0.006 0.007 
     Angles [

o
] 0.72 1.07 1.18 

Average B factor 40.2 24.5 25.7 
   Protein 40.2 23.2 24.9 
   RNA 50.4 30.9 31.2 
   Water 40.1 36.8 34.8 
Ramachandran [%]    

     Allowed, generous, disallowed
 

94.0, 4.8, 1.2 96.7, 2.8, 0.5 96.4, 3.1, 0.5 
a
 statistics for the highest resolution shell are shown in parentheses. 

b 
Rmerge = |I- I|/ |I|, where I is the observed intensity and <I> is the average intensity of several symmetry-related observations. 

c 
Rwork = ||Fo|-|Fc||/ |Fo, where Fo and Fc are the observed and calculated structure factors, respectively. 

c
 Rfree =  ||Fo|-|Fc||/ |Fo for 5% of the data not used at any stage of the structural refinement. 
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Figure 10: Structure of M. tuberculosis MazF-mt3 in complex with an uncleavable RNA 

substrates. 

(A) Structure of the MazF-mt3-RNA complex. The subunits of the MazF-mt3 dimer is colored in 

cyan and grey. The sequence of the 11-mer RNA used for crystallization is shown, where the 

target site is shown in bold and ^ indicates the cleavage site. The first uracil in the target site was 

modified to a deoxynucleotide to prevent cleavage. The nucleotides seen in the structure are 

numbered and labeled on the structure. (B) Structural superposition of the B. subtilis MazF-RNA 

complex (pink) and MazF-mt3-RNA complex. The loop connecting the β1 and β2 strands of 

MazF-mt3, from residues Gly14 to Gln20, are disordered (highlighted by a blue circle), whereas 

this loop (colored red) in observed in the B. subtilis MazF-RNA complex. (C) Secondary 

structural elements of the MazF-mt3 protein. α helices and β strands are show as rectangles and 

arrows, respectively. 

  



 

 97 

 

Figure 11: The RNA binding interface and the catalytic center of M. tuberculosis MazF-mt3. 

(A) A 2Fo-Fc electron density map of the bound RNA in the MazF-mt3-RNA complex contoured 

at 1σ level and shown as blue mesh. Only five nucleotides, U1 to C5, were found to have well 

defined electron density. (B) The electrostatic surface potential of MazF-mt3. The bound RNA is 

positioned in a positively charged cavity within the dimer interface of MazF-mt3. Blue and red 

represent positive and negative electrostatic surfaces, respectively. (C) Architecture of the active 

site of the MazF-mt3. Two MazF-family conserved residues, Arg25 and Thr49, form hydrogen 

bonds and electrostatic interactions with the scissile phosphate group between dU3 and C4 in the 

active site. Interactions are indicated by dashed grey lines.  

 

  



 

 98 

 

Figure 12: RNA binding pocket of MazF-mt3. 

(A) Overlay of the RNA bound B. subtilis MazF (cyan) and MazF-mt3 (orange) highlight the 

disordered Loop 1 of the structure of MazF-mt3-RNA complex. (B) A close up view of the bound 

RNA in the B. subtilis MazF-RNA (cyan) and MazF-mt3-RNA (orange) complexes. The bases of 

nucleotides C4 and C5 in the MazF-mt3-RNA structure project in opposite directions from the 

corresponding nucleotides of the B. subtilis MazF bound RNA. (C) MazF-mt3 interactions with 

RNA in the binding pocket. Within the MazF-mt3 target sequence U3^U4C5CU, only the base of 

dU3 specifically interacts with the side chain of S74. The bases of nucleotides C4 and C5 project 

towards the symmetry mate (residues shown in wheat and labelled with a ‘) of MazF-mt3. The 

cytosine base of C4 interacts with Trp10’, Arg24’ and Asp91’ from the symmetry-related 

molecule.  
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Figure 13: Crystal packing interactions of the MazF-mt3-RNA complex. 

(A) Nucleotides dU3’ and C4’ from a different RNA molecule bind to the symmetry related 

subunit D of MazF-mt3 and occupy part of the RNA binding site of subunit A as shown in panel 

(B). (B) A model of the MazF-mt3 dimer bound to two molecules of RNA can be generated by 

structural superposition of the RNA-bound subunit B onto subunit A. Overlap of the RNA 

binding site (highlighted by the red circle) between one protomer of a MazF-mt3 dimer and a 

protomer of the symmetry mate is observed and thus is able to prevent binding of the second 

RNA molecule to MazF-mt3 dimer. 
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Figure 14: Binding affinity of MazF-mt3 to the 11-mer RNA. 

(A) A representative thermogram from an ITC experiment of wild type MazF-mt3 binding to the 

uncleavable 11-mer RNA. The experiment was carried out at 25 °C. A binding stoichiometry (N) 

of 1.01 corresponds to one MazF-mt3 molecule binding to one ssRNA molecule. The molar 

concentrations of MazF-mt3 are presented as per monomer. (B) Table of the binding affinities 

(Kd) obtained for various MazF-mt3 mutants binding to the same 11-mer RNA. (C) Table of the 

binding affinities (Kd) of different RNA sequences and wild type MazF-mt3. Different 11-mer 

RNA sequences are represented simply with the single modified base and its position in the RNA. 

The sequence of the 11-mer RNA used for all ITC studies is AGU1C2dU3^C4C5UUUC, with the 

exception of the B. subtilis RNA (BsRNA), which sequence is UUdUACAUAA.  
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Figure 15: Effect of MazF-mt3 point mutations on the cytotoxicity in vivo. 

Residues involved in RNA recognition and cleavage were mutated and tested for the cytotoxicity 

in E. coli BL21(DE3)pLysS cells. Expression of various MazF-mt3 mutants was induced by 

IPTG. Each mutant was expressed in duplicates in the bottom quadrants of the plate (numbered 3 

and 4 in the schematic). Expression of the empty pMCSG7 vector and wild type M. tuberculosis 

MazF-mt3 is shown in the upper left (numbered 1 in the schematic) and upper right (numbered 2 

in the schematic) quadrants, respectively, as controls. Bacterial growth indicated a loss of toxicity 

of the particular MazF protein and revealed residues required for RNA recognition or cleavage.  
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Figure 16: Structures of MazF-mt3 T52D-F62D double mutant (MazF-mt3_2D) in complex 

with DNA or RNA. 

(A) Structure of the MazF-mt3_2D dimer (blue and grey) in complex with an 11-mer single-
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stranded DNA (space group P212121). Both sets of Loop 1 and Loop 2 are highlighted in red. The 

sequence of the 11-mer DNA is the same as the 11-mer RNA used for cocrystallization of MazF-

mt3-RNA complex. Only five nucleotides, dC2 to dU6, of the 11-mer RNA, dA dG dU dC2 

dU3^dC4 dC5 dU6 dU dU dC, showed ordered electron density in the MazF-mt3_2D-DNA 

complex. (The recognition sequences for MazF-mt3 are shown in bold and ^ indicates the 

cleavage site.) (B) Structure of the MazF-mt3_2D dimer (olive and grey) in complex with an 8-

mer RNA (space group P2). Of the 8-mer RNA, GUC2dU3^CCUA, only two nucleotides, C2 and 

dU3, are seen in the structure. (C) Structural superposition of the wild type and MazF-mt3_2D 

monomers with a monomer from the B. subtilis MazF shows conformational flexibility of Loop 1. 

Loop 1 of MazF-mt3 is able to take alternative conformations, that can be considered open or 

closed. The conformational flexibility of Loop1 is also underscored by its complete disorder in 

the wild type MazF-mt3 structure. (D) The conformation of Loop 2 of the non-RNA or non-DNA 

bound subunits of MazF-mt3_2D differs from that of Loop 2 of B. subtilis MazF. The non-RNA 

or non-DNA bound subunits of MazF-mt3_2D are color coded as in panel (C) with the 

corresponding Loop 2 region highlighted by a blue circle. The nucleotide bound subunits of the 

MazF dimer from MazF-mt3_2D-DNA, MazF-mt3_2D-RNA, and B. subtilis MazF-RNA 

complexes are shown in the same color (wheat). In contrast to the open conformation of Loop 2 

in the non-RNA bound subunit of B. subtilis MazF, Loop 2 of both non-nucleotide bound 

subunits of the MazF-mt3_2D-DNA and MazF-mt3_2D-RNA complexes move towards the 

dimer interface of the MazF dimer. 
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4. Conclusions and future directions 

4.1 Conclusions 

Toxin-antitoxin (TA) systems are ubiquitous in plasmids and chromosomes of 

prokaryotes. These systems typically consist of a two-gene operon encoding a stable toxin and an 

unstable cognate antitoxin. Toxins have been found to target various essential cellular processes, 

such as DNA replication, RNA stability, ATP synthesis, and translation, and thus are involved in 

regulation of cell growth (6). In the genome of M. tuberculosis these stress-responsive genetic 

elements are unusually abundant with at least 88 putative TA systems have been identified so far 

(5). The majority of these TA systems are especially conserved in the M. tuberculosis complex 

(MTBC), but are absent from other closely related mycobacteria (5). Moreover, various TA loci 

in M. tuberculosis are found to be up-regulated during heat shock (203), hypoxia (5,139), 

macrophage infection (139,204,205), antibiotic treatment (104,206), and in persister cells (137). 

The large number of conserved TA systems in the MTBC therefore suggests their importance in 

M. tuberculosis pathogenesis and persistence.  

Nine of the TA systems in M. tuberculosis belong to the mazEF family, encoding the 

toxin MazF and the antitoxin MazE (149). Compared to the majority of bacteria harboring only 

one or two mazEF genes, M. tuberculosis has a large number of MazEF TA systems. MazF is a 

sequence-specific endoribonuclease that cleaves single-strand RNA (ssRNA) in a ribosome-

independent manner (57). In normal growing cells MazE forms a stable complex with MazF to 

inhibit its toxicity. During stress, MazE is degraded by ClpPA protease, and therefore MazF is 

released from the MazE-MazF complex to mediate sequence-specific RNA cleavage (16). 

Induction of MazF in E. coli has been found to inhibit protein synthesis, leading to cellular 
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growth arrest (57). However, the MazF-induced cells, although having stopped dividing, are still 

capable of DNA replication and RNA synthesis (57). This quasi-dormant state triggered by MazF 

in E. coli shows similarities to the nonreplicating persistent state of M. tuberculosis during latent 

tuberculosis, suggesting the possible involvement of MazF toxins in M. tuberculosis persistence 

and dormancy (117). 

In M. tuberculosis MazF-mt1 (Rv2801c) was first identified from a BLAST search and 

shares 32.5% sequence identity to E. coli MazF (149). Other MazF homologs were found with 

greater than 20% identity to MazF-mt1, and six of them were annotated as MazF-mt2 to -mt7 

(149). These MazF homologs also cause cellular growth arrest when induced in E. coli, and 

several studies have indicated their role in stress responses and persistence (149,192). The mazF-

mt4 (Rv0659c) and mazF-mt6 (Rv1102c) genes were found to be down-regulated or up-regulated 

during nutrient starvation (138). In addition, it was found that expression or deletion of several 

mazF genes, including MazF-mt1, -mt5, and -mt6, is able to affect persister formation in response 

to specific drugs in M. tuberculosis (205). Overexpression of MazF-mt6 also increased the level 

of persister cells in M. smegmatis when exposed to gentamycin and kanamycin (193).  

Among M. tuberculosis MazF homologs, four of them have been characterized to cleave 

ssRNA at specific sequences of either three or five nucleotides. Their distinct RNA cleavage 

specificities have been proposed to play a role in selective gene expression during stress. In 

addition, it was recently found that MazF-mt6 and MazF-mt3 (Rv1991c) also cleave 23S rRNA, 

resulting in inhibition of translation and dissociation of ribosomal subunits (164,165). Moreover, 

MazF-mt3 targets the anti-Shine-Dalgarno (aSD) sequence of 16S rRNA within ribosomes (165), 

whereby the affected ribosomes may exhibit a preference for leaderless mRNAs in a manner 
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similar to the stress ribosomes that are generated as a result of E. coli MazF cleavage of 16S 

rRNA (168). The dual functions of M. tuberculosis MazF toxins targeting both mRNA and rRNA 

have been proposed to facilitate a faster response for translation inhibition during stress (164).  

Considering that only one structure of a MazF-RNA complex is available, that of B. 

subtilis MazF-cognate ssRNA analogue (154), and that M. tuberculosis MazF homologues 

recognize different RNA sequences, the molecular mechanism resulting in their distinct substrate 

specificity remains unclear. The work we presented here is to provide a better understanding of 

the structural and biochemical basis of M. tuberculosis MazF-RNA recognition. Among the four 

MazF homologs with target RNA identified, we have determined crystal structures of two MazF-

RNA complexes, MazF-mt1 and MazF-mt3 in complex with an 11-mer uncleavable RNA 

substrate containing their respective RNA target sequence. Both MazF-mt1 and MazF-mt3 form a 

dimer with one molecule of RNA bound, in which their bound RNA occupies the same binding 

pocket within the MazF dimer interface as observed in the B. subtilis MazF-RNA complex. 

Although both structures showed partial electron density of their bound RNAs, they display 

similar catalytic centers, whereby two highly conserved residues, Arg and Thr, form hydrogen 

bonds with the scissile phosphate group at the cleavage site of the bound RNA. On the other 

hand, residues involved in sequence-specific recognition of target RNA vary between MazF-mt1 

and MazF-mt3, suggesting the molecular mechanism underlying their different RNA substrate 

preferences. 

The structure of MazF-mt1-RNA complex showed sequence-specific recognition of the 

U^AC RNA recognition element (where the cleavage site is depicted by ^) by MazF-mt1. 

Residues involved in RNA binding are mainly located in the loop connecting strands β1 and β2 
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(Loop 1), strand β4 and the loop between β5 and β6. Surprisingly, Loop 2 (the loop between β3 

and β4) of MazF-mt1 was not involved in RNA binding. Structural comparison with the B. 

subtilis MazF-RNA showed that Loop 2 of MazF-mt1 moved outward away from the bound RNA 

and did not interact with the nucleotides located outside the 3' side of its consensus RNA 

sequence. In contrast, residues located on the homologous Loop 2 of B. subtilis MazF form 

hydrogen bonds with the bound RNA. The nucleotide occupying the corresponding position in 

MazF-mt1 only forms water-mediated hydrogen bonds. As a result, B. subtilis MazF specifically 

recognizes a longer five-base RNA, while MazF-mt1 targets a three-base RNA sequence. Local 

conformational changes of Loop 2 in the RNA binding site thus appear to play a role in MazF 

targeting different RNA lengths and sequences.  

Similar to the other MazF proteins, the MazF-mt3-RNA complex showed a conserved 

active site structure. However, sequence interactions were only found with the deoxyuridine (dU) 

in the cleavage site of its five-base U^CCUU RNA recognition element. The two cytosine bases 

located at the 3' end of the cleavage site bound to symmetry-related MazF-mt3 molecules in the 

crystal. In addition, the corresponding Loop 1 is disordered in the MazF-mt3-RNA complex. 

Isothermal titration calorimetry (ITC) binding studies using selected MazF-mt3 mutants and the 

cognate 11-mer RNA suggest that the observed interactions between RNA and a symmetry mate 

of MazF-mt3 are a result of crystal packing. In order to understand the molecular basis of its five-

base RNA recognition, residues involved in crystal packing in MazF-mt3 were mutated and used 

for further crystallization trials. The corresponding mutant, T52D-F62D MazF-mt3 double mutant 

(MazF-mt3_2D), in complex with an 11-mer ssDNA or a shorter 8-mer RNA substrate 

crystallized in different space groups and revealed an ordered Loop 1 in one subunit of the MazF 
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dimer structure. However, we still observed only partial electron density of the bound nucleotides 

in both structures of MazF-mt3_2D in complex with DNA or RNA. Moreover, in MazF-mt3_2D-

DNA complex the bound DNA also interacts with the symmetry mate as observed in wild type 

MazF-mt3 RNA complex. How MazF-mt3 specifically recognizes its entire five-base RNA 

sequence still remains unclear. However, structural superposition of different crystal forms of 

wild type and MazF-mt3_2D in complex with RNA or DNA revealed conformational flexibility 

of Loop 1 region, implying a possible role in RNA binding. Clearly more studies are required to 

understand the function of Loop 1 in nucleotide binding and sequence specificity. 

On the basis of our MazF-RNA complex structures, mutagenesis studies on structure-

guided MazF residues that are involved in RNA binding and cleavage were carried out to 

understand their specific contributions to RNA recognition and MazF toxicity in vivo. As 

overexpression of wild type MazF-mt1 and MazF-mt3 causes cellular growth inhibition, the 

absence of bacterial growth of selected MazF mutants indicates active ribonuclease activity, 

whereas bacterial growth suggests a loss of MazF cytotoxicity. Mutations of the conserved Arg 

and Thr residues, which are involved in interaction with the scissile phosphate in the active site, 

in MazF-mt1 and MazF-mt3 resulted in a complete loss of MazF toxicity, supporting their key 

role in the catalytic process. Mutation of residue Ser74 (S74A) of MazF-mt3, which interacts with 

the base of the deoxynucleotide dU in the catalytic pocket, also leads to a loss of MazF 

ribonuclease activity. Similar in vivo results were also found when residues involved in RNA 

binding by MazF-mt1 were mutated, although some interactions between RNA base and protein 

side chains are not essential for RNA binding due to the involvement of backbone atoms in 

interactions with RNA bases. By contrast, mutations of residues of MazF-mt3 that interact with 
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the RNA through a symmetry mate had no effect on MazF-mt3 toxicity in vivo, which is 

consistent with our ITC result, and supports our contention that these particular interactions are 

due to crystal packing and are not physiologically relevant. 

In summary, the structures of MazF-mt1- and MazF-mt3-RNA complexes provide 

insights into the structural basis of RNA recognition by MazF homologs. Both complex structures 

show a conserved active site for MazF-mediated RNA cleavage. The structure of MazF-mt1-

RNA complex showed the molecular basis of sequence-specific RNA recognition, and 

furthermore, the structural mechanism of MazF targeting different RNA lengths and sequences as 

a result of local conformational changes of the Loop 2 in the RNA binding site. In addition, the 

observed multiple conformations of the Loop 1 of MazF-mt3 in different crystal forms suggest 

the role of this flexible loop in RNA binding by MazF-mt3. The structure-guided in vivo MazF 

toxicity assay further support our finding about the roles of key residues in RNA cleavage and 

binding by MazF-mt1 as well as MazF-mt3. Our work has addressed the basis of RNA 

recognition mechanisms by MazF and can guide future studies on other M. tuberculosis MazE-

MazF TA systems. 

 

4.2 Discussion and future directions 

4.2.1 Molecular basis of sequence-specific RNA recognition by 
different MazF homologues 

A number of MazF homologues characterized so far have a wide range of RNA cleavage 

specificities that range from three to seven nucleotides (151,161,162,164,165). Among the M. 

tuberculosis MazF homologs, four of them were characterized to cleave distinct RNA sequences 



 

 110 

(61,162,165). Our structural work on MazF-mt1 and MazF-mt3 have shown that small changes in 

the RNA binding site, such as different RNA binding residues as well as conformational changes 

of one or two key loops, are the likely basis for the different RNA sequence specificities of the 

MazF homologues. Sequence alignment of multiple MazF homologues showed that, although 

residues involved in RNA binding are positioned on the same structural elements and are spatially 

located at the same place, there is no simple pattern of MazF interaction with RNA bases. We did 

not find any direct relationship of a specific residue among MazF homologues recognizing a 

specific nucleotide. Both the composition of amino acid residues and the three-dimensional 

structure of the RNA binding interface play a role in the RNA cleavage sequence specificities of 

MazF homologues. In the RNA binding site protein sequence variation could readily result in 

MazF recognition of different RNA sequences, and local conformational changes could result in 

MazF targeting different RNA lengths.    

On the basis of this sequence alignment, MazF-mt1, MazF-mt3 and B. subtilis MazF are 

all found to have similar lengths of the Loop 1 and Loop 2 regions that line their RNA binding 

pockets (Figure 17). In contrast, MazF-mt4, -mt5, -mt6 and -mt7 display a significantly shorter 

Loop 1, with only about half of the length of MazF-mt1 (Figure 17) (149,154). As structural 

studies have shown that Loop 1 of MazF homologs is involved in RNA recognition, it is possible 

that a shorter Loop 1, which could have a different conformation, would affect or direct MazF-

RNA interaction. With target RNA sequences identified, future structural studies on MazF-mt6- 

and MazF-mt7-RNA complexes will be important to understand whether any length-dependent 

structural changes of Loop 1 influence RNA recognition.  

Furthermore, on the basis of structures of MazF-mt1- and B. subtilis MazF-RNA 
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complexes, it was found that residues located on Loop 1 of MazF are usually responsible for 

interactions with the first two nucleotides (N2 and N3) located at the 3' side of the RNA cleavage 

site, which for a target RNA sequence of a MazF toxin is expressed as N(-1)N1^N2N3N4N5N6, 

where ^ indicates the cleavage site and N stands for unspecified nucleotides. In contrast, Loop 2 

and strand β5 of MazF are involved in interactions with nucleotides beyond the third nucleotide 

downstream of the cleavage site (including N4 and beyond). Considering the RNA recognition 

elements of MazF-mt6 and MazF-mt7, UU^CCU and U^CGCU, respectively, MazF-mt6 

recognizes RNA sequence between N(-1) and N4 while MazF-mt7 binds position N1 to N5. With 

target RNA sequences covering different lengths across the cleavage site, it is possible that Loop 

2, and even strand β5 of MazF-mt6 and MazF-mt7 undergo conformational changes to 

accommodate and recognize specific RNA lengths and sequences. In addition, among MazF 

homologues the protein sequences of Loop 2 are the most variable region, while the 

corresponding Loop 1 shows variable lengths. Therefore, a combined effect of conformational 

changes of both loops in the RNA binding interface could affect MazF recognition of RNA of 

varying lengths and sequences, and possibly the register of nucleotide recognition.  

With the RNA recognition element characterized, future structural studies on MazF-mt6- 

and MazF-mt7-RNA complexes will help our understanding of whether any length-dependent 

structural changes of the Loop 1, as well as structural reorganization of the Loop 2, and even the 

RNA binding interface affect RNA recognition by MazF homologues. As M. tuberculosis 

contains multiple copies of MazF, studies on these MazF-RNA complexes will clarify their 

distinct RNA cleavage specificities, which ultimately play the key role in selective gene 

expression during various stresses. Moreover, studies on MazF homologues from other species, 



 

 112 

such as Haloquadra walsbyi MazF that cleaves RNA at a specific seven-base sequence 

(UU^ACUCA) (151), are also one possible future direction to help us gain insight into how MazF 

toxins manage to recognize and cleave RNA. 

4.2.2 Mechanism of MazF inactivation by cognate antitoxin MazE in M. 
tuberculosis 

It has been shown that the overall structural arrangement of the MazE-MazF complexes 

from E. coli and B. subtilis is similar, the complex of which are heterohexamers formed by two 

dimers of MazF bound to one dimer of MazE (Figure 3) (45,154). However, the fold of MazE is 

different between these two species. B. subtilis MazE contains an N-terminal ribbon-helix-helix 

(RHH) motif and a helical structure at its C-terminus (Figure 3A) (154). In contrast, E. coli MazE 

has a β barrel core at the N-terminus and a C-terminal loop (Figure 3B) (45). Different structures 

of the C-terminus of E. coli and B. subtilis MazE explain why E. coli MazE cannot neutralize B. 

subtilis MazF. E. coli MazE binds its cognate MazF via the C-terminal loop, whereas B. subtilis 

MazE binds MazF via a helical structure (45,154). In M. tuberculosis it was also found that none 

of the MazE antitoxins share homology to the E. coli MazE, whereas the MazF homologues show 

20-45% sequence identities to the E. coli MazF (149). As the MazE-MazF complexes from E. 

coli and B. subtilis show different quaternary structures, it is possible that M. tuberculosis MazE 

interacts with its cognate MazF in a different manner. To date the molecular mechanism of MazF 

inactivation by MazE in M. tuberculosis is completely unclear.  

As stated above, all nine MazE proteins in M. tuberculosis show little sequence 

homology to the E. coli and B. subtilis MazE antitoxins. To obtain preliminary insight into the 

structure of M. tuberculosis MazE, we performed secondary structure prediction and structure-
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based sequence alignment using the PRALINE server. The secondary structure prediction of M. 

tuberculosis MazE proteins suggested that the structure of their C-terminal regions, which 

corresponds to part of the α2 and α3 helices (from residues Met57 to Glu83) of B. subtilis MazE, 

is either a loop or an α helix (Figure 18). MazE-mt2 is the only exception because it is a much 

smaller protein (6.7 kD) than other M. tuberculosis MazE proteins, which are typically ~10 kD, 

and lacks the corresponding C-terminal region. MazE-mt3, MazE-mt5, and MazE-mt7 are 

predicted to possess a C-terminal α helical structure with lengths similar to the C-terminus of B. 

subtilis MazE. MazE-mt7 has a predicted loop inserted between the corresponding α2 and α3 

helices. MazE-mt4 and MazE-mt6 are predicted to have a truncated α2 helix (one helical turn 

shorter) and similar length of α3. On the other hand, two MazE proteins, Rv2063 and Rv2274A, 

although predicted to possess an α2 helix, do not contain the corresponding α3 helix at their C-

terminus. Instead, following the α2 helix of the C-terminus of Rv2063, a loop is predicted, and 

Rv2274A shows a predicted β strand in its C-terminus. Finally, MazE-mt1 may a have similarly 

long α2 helix as the B. subtilis MazE but is predicted to have a truncated α3. Therefore, these 

variable structural features of the C-terminal regions of M. tuberculosis MazE antitoxins, which 

are likely involved binding their cognate MazF toxins, indicate different intermolecular 

interactions between MazE and their cognate MazF.  

With a predicted loop structure at the C-terminal end, the MazE Rv2063 may bind its 

MazF Rv2063A in a similar way as found in the E. coli MazE-MazF complex, whereas MazE 

Rv2274A may interact with the MazF Rv2274c using a novel mechanism via its predicted C-

terminal β strand. For other M. tuberculosis MazE antitoxins, although they are predicted to have 

the same C-terminal structure as B. subtilis MazE, interactions between these MazE-MazF 
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complexes could still be different because cross interactions between MazE and non-cognate 

MazF have yet to be found. Even though our structural work on MazF-mt1-RNA and MazF-mt3-

RNA complexes showed similar RNA binding interface, which is also predicted to be occupied 

by MazE when the MazE-MazF complex forms, the mechanism of MazE-MazF interactions 

remains to be investigated.  

Another interesting finding regarding the chemical property of M. tuberculosis MazE is 

that some pairs of MazE and MazF are both basic proteins, while the MazE-MazF complexes are 

usually found as a pair of acidic and basic proteins (162). MazE-mt2 and MazF-mt2 are both 

basic proteins under physiological conditions (with isoelectric points (pI) of approximately 11.3 

for both proteins). The MazE-mt7 and MazF-mt7 also showed little charge difference with the pI 

for MazE-mt7 around 9.3 and that for MazF-mt7 around 7.9. In contrast, other MazE-MazF pairs 

exist as proteins with opposite charge in solution. It has been suggested that the opposite net 

charge between MazE and MazF can aids their interaction, although this feature is likely not 

essential for complex formation for MazE-MazF-mt2 and MazE-MazF-mt7. Perhaps in the basic 

MazEF complexes some organic or inorganic anion plays a role in oligomerization.  

In short, based on the sequence and structure variabilities of the M. tuberculosis MazE 

antitoxins, future structural work on all the MazE-MazF complexes of M. tuberculosis will be 

needed to help understand the molecular mechanism of their specific interaction, and furthermore, 

the regulatory mechanism of MazF toxicity by binding of cognate MazE. Considering the 

presence of multiple mazEF TA modules with MazF homologs containing similar RNA binding 

site with conserved catalytic residues in M. tuberculosis, these studies should provide detailed 

insight into the function of homologous MazE-MazF complexes. 
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4.2.3 Regulation of mazEF operon by M. tuberculosis MazE-MazF 
complexes  

MazE-MazF complexes function as transcriptional repressors of their own operon 

(14,208). On the basis of secondary structure predictions different organizations of the N-terminal 

regions of M. tuberculosis MazE homologues (Figure 18) suggest the possibility of different 

recognition mechanisms of the MazE-MazF complexes for binding to their cognate mazEF 

promoters. M. tuberculosis MazE-mt3 and Rv2063 are predicted to have a DNA binding motif 

belonging to the ribbon-helix-helix (RHH) family, and MazF-mt2 may consist of the AbrB/E. coli 

MazE-like looped-hinge-helix (LHH) fold (209). In contrast, other M. tuberculosis MazE 

homologues have uncharacterized N-terminal regions, some predicted to contain either loops or 

extended regions. It has been found that the DNA-binding domains in antitoxins are highly 

variable among different families, and even within the same TA family (9). The M. tuberculosis 

MazE homologues likely have the same pattern. As none of the promoter sequences for the M. 

tuberculosis mazEF operons have been identified to date, the DNA-binding folds and DNA 

recognition mechanisms remain unknown.  

In addition, while the MazE-MazF complexes from E. coli and B. subtilis are found in the 

heterohexameric form with a 1:2 ratio of one MazE to two MazF molecules, the stoichiometries 

of the M. tuberculosis MazE-MazF complexes are completely unclear. Previous studies on the 

CcdA/CcdB TA systems have shown that the ratio between CcdA and CcdB controls 

transcription of the ccd operon (23). The presence of equal amounts of the antitoxin CcdA and the 

toxin CcdB leads to transcription repression, while excess CcdB results in derepression. A similar 

mechanism of transcription regulation using conditional cooperativity has also been found in 

other TA systems, including RelBE and PhD/Doc (24,25,30). It would be very interesting to learn 
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whether M. tuberculosis MazE-MazF complexes are also composed of heterohexamers, and 

whether these complexes have different oligomerization states or altered conformations that 

depend upon the concentrations of their individual components and hence display some sort of 

conditional cooperativity that permits the complex to modulate transcription of their own operon 

and any specific mazEF regulons. 

In short, structural studies on the M. tuberculosis MazE-MazF complexes can provide 

information of these toxin-antitoxin interactions, the nature of the DNA-binding motif of MazE, 

as well as the composition of antitoxin and toxin in MazE-MazF complexes. While genetic and 

biochemical characterization of M. tuberculosis mazEF promoter is necessary, these structural 

studies would demonstrate the role of MazE as a transcription regulator and visualize the 

transcriptional regulatory mechanisms of these MazE-MazF complexes.  

The MazEF TA family is one of the most well characterized TA systems. However, 

nearly all the studies were carried out in E. coli. The biological roles of the nine pairs of MazEF 

TA modules in M. tuberculosis that are key environmental stress responders are far less clear. 

Our studies described herein on two M. tuberculosis MazF toxin homologs in complex with their 

cognate RNA provide the first structural data regarding the molecular basis of sequence-specific 

RNA recognition by any MazF homologue. These studies provide the basis for future studies on 

the structural mechanisms of the distinct RNA cleavage specificities of other M. tuberculosis 

MazF homologues. Furthermore, future work on the remaining M. tuberculosis MazE-MazF 

complexes would be interesting in order to understand their roles in regulation of MazF toxicity 

and transcription repression. As M. tuberculosis carries multiple mazEF copies, these studies 

shall provide further understanding to the function of M. tuberculosis MazE-MazF TA systems 
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during stress. 
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Figure 17: Sequence alignment of selected MazF homologues. 

MazF-mt4, MazF-mt5, MazF-mt6, and MazF-mt7 are found to have a shorter Loop 1. Secondary 

structural elements from MazF-mt1 are shown above the aligned sequences with the 

corresponding Loop 1 and Loop 2 regions labelled. α helices and β strands are show as rectangles 

and arrows, respectively. Aligned sequences include E. coli MazF (MazF_Ec), B. subtilis MazF 

(MazF_Bs), and nine M. tuberculosis MazF homologs (MazF-mt1 to MazF-mt7, and Rv2063A 

and Rv2274c). MazF-mt1 to MazF-mt7 corresponds to Rv2801c, Rv0456A, Rv1991c, Rv0659c, 

Rv1942c, Rv1102c, and Rv1495, respectively. This sequence alignment was generated using 

Clustal Omega and shaded using BoxShade 3.2.  
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Figure 18: Secondary structure prediction of M. tuberculosis MazE homologues. 

Sequences used include E. coli MazE (EcMazE), B. subtilis MazE (BsMazE), and nine M. 

tuberculosis MazE homologues (MazE-mt1 to MazE-mt7, and Rv2063 and Rv2274A). 

Secondary structure prediction was carried out using DSSP (210) and PSIPRED (211) and 

combined with sequence alignments using PRALINE. Sequences of MazE homologues used here 

are alignment based on their secondary structure similarities. Secondary structural elements from 

B. subtilis MazE (pdb: 1UB4) are shown above the aligned sequences (α helices and β strands are 

show as rectangles and arrows, respectively). The C-terminal α2 and α3 helices of B. subtilis 

MazE, specifically from Met57 to Glu83, in which interact with its cognate MazF, are boxed in 

blue as is the corresponding C-terminal region of the M. tuberculosis MazE homologues.   
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Appendix A. Structural and functional studies on the 
bacillithiol biosynthetic enzyme BshC 

A1. Introduction 

A1.1 Biological roles of low molecular weight (LMW) thiols 

Low-molecular-weight (LMW) thiols (Figure 19A) are the major antioxidant and 

intracellular redox buffers of living organisms. Glutathione (GSH) is the predominant LMW thiol 

in eukaryotes and most Gram-negative bacteria, and plays a key role in maintaining redox 

homeostasis and protecting cells against environmental stresses (212,213). GSH was found at 

high intracellular concentrations (1-10 mM) in bacteria with a high redox ratio (>100) of reduced 

GSH over its oxidized form, glutathione disulfide (GSSG) (212,214). As GSH is mainly 

maintained in its reduced state and exhibits a reduction potential of -240 mV at pH 7.0 and 25 °C 

(215), GSH help maintain the reducing environment in the cytosol. In coordination with the 

thioredoxin system, GSH keeps active-site cysteine residues in enzymes, such as ribonucleotide 

reductase, in the reduced state after each catalytic cycle (216,217). In addition, GSH exhibits 

lower rates of autoxidation and acts as the scavenger of reactive oxygen species (ROS) and 

harmful xenobiotics (218).  

As a predominant LMW thiol mediating redox homeostasis, GSH is also involved in 

cellular responses to oxidative stress. GSH protects the irreversible oxidation of protein thiols 

under oxidative stress through reversible formation of mixed disulfides between GSH and active 

protein cysteinyl residues (219). This specific post-translational modification, termed as S-

glutathionylation, not only prevents protein overoxidation but also regulates functions of redox 

sensor proteins. In E. coli ~2% of the total GSH was found in the form of mixed disulfides with 
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proteins, and various proteins involved in metabolism, signalling pathways, and redox sensing 

have been found to be functionally modified by S-glutathionylation (220,221). Protein S-

glutathionylation has been found to either activate or inhibit protein activities (222-225), and it 

can occur under stress or basal physiological conditions (223,226-229), suggesting a key role of 

GSH in redox regulation and signaling. Native protein thiol states can be subsequently 

regenerated by spontaneous or enzyme catalyzed thiol-disulfide exchange (230).  

By contrast, most Gram-positive bacteria lack GSH and instead synthesize alternative 

LMW thiols. In the high (G+C)-content Gram-positive Actinobacteria, including streptomyces 

and mycobacteria, mycothiol (MSH) is the major GSH functional equivalent (Figure 19A) (231-

233). Like GSH, MSH is mainly in its reduced state and found at millimolar concentrations 

(234,235). MSH undergoes metal-catalyzed autoxidation at a slower rate than GSH (231), and 

thus is a suitable protective thiol against oxidative stress and electrophilic toxins. Depletion of 

MSH in Mycobacterium smegmatis alters the thiol-disulfide status and results in high sensitivity 

to ROS, alkylating agents, and antibiotics (236-238). In addition, MSH is essential for the growth 

of Mycobacterium tuberculosis (239). As protein S-glutathionylation is important for redox 

signaling, analogous mycothiolation of proteins in mycobacteria has also been indicated that 10% 

of the labeled MSH was found in the precipitate protein fraction in M. smegmatis loaded with 

radiolabeled MSH (240). Characterization of mycoredoxin-1 (Mrx1) as a glutaredoxin-like 

enzyme specific for de-mycothiolation of MSH-thiolated proteins further suggests the presence of 

S-mycothiolated protein, which can play a role in oxidative stress and virulence in Actinomycetes 

(241).  

Interestingly, the low (G+C)-content Gram-positive bacteria (Firmicutes) do not generate 
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GSH and MSH. They were previously thought to use either L-cysteine or coenzyme A (CoASH) 

(Figure 19A) as a major thiol (241,242). Cysteine is one of the ubiquitous LMW thiols in the 

cytosol and CoASH undergoes autooxidation at a lower rate than GSH (243). With the presence 

of CoASH reductase, CoASH was proposed to be a major thiol in Bacillus cereus and 

Staphylococcus aureus (242-244). However, the function of Cys or CoASH as a major redox 

buffer in Firmicutes is questionable considering that CoASH does not serve as a reservoir for 

regeneration of cysteine, and that both Cys and CoASH have other important metabolic roles 

(235).  

Bacillithiol (BSH) (Figure 19A) was recently identified as a major LMW thiol widely 

distributed in Firmicutes, including Bacilli, Staphylococci and Streptococci (235). BSH is a 398-

Da thiol, which was first found in extracts of Bacillus anthracis and in a mixed disulfide form 

with Bacillus subtilis redox sensor protein OhrR (245,246). BSH, with structural resemblance to 

MSH, is the α-anomeric glycoside of L-cysteinyl-D-glucosamine with L-malic acid (235). 

Though found at relative low intracellular level (~200 μM), BSH is substantially maintained in its 

reduced thiol state with ratio of 400 ± 140 to its oxidized form, bacillithiol disulfide (BSSB), 

which ratio is comparable to that of GSH/GSSG in E. coli (235). Recent studies showed that the 

cellular concentration of BSH can reach up to 5 mM in stationary phase in B. subtilis (247). BSH 

null cells showed increased sensitivity to acid, high salt, electrophiles, thiol alkylating agents, and 

the antibiotic fosfomycin (248). BSH-dependent detoxification of the thiol-reactive antibiotic, 

rifamycin, to less potent mercapturic acids was observed in Staphylococcus aureus (249). 

Furthermore, BSH is also involved in metal ion homeostasis as a zinc buffer (250). All these 

studies suggest that BSH serves as a glutathione analog in Firmicutes against reactive oxidants 
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and toxins.      

Moreover, protein S-bacillithiolation has been found to play a role in protein thiol-

disulfide homeostasis. The transcriptional repressor OhrR from B. subtilis was found to be 

inactivated through S-bacillithiolation when exposed to organic hydroperoxides, resulting in 

derepression of ohrA transcription, which the OhrA peroxiredoxin protects cells against ROS 

(245). In addition, under hypochlorite stress, the methionine synthase MetE is strongly S-

bacillithiolated in Bacillus species, leading to enzyme inactivation and transient methionine 

auxotrophy (245,251). Recent studies further showed that protein S-bacillithiolation is widespread 

in Firmicutes, including enzymes involved in biosynthesis of amino acids, cofactors, and 

nucleotides, as well as redox sensor proteins (252). Thus, BSH is not only a redox buffer but also 

a regulator in redox sensing in Firmicutes.  

A1.2 Bacillithiol biosynthetic pathway in Firmicutes 

On the basis of structural similarity to MSH, BSH is synthesized by an analogous 

pathway via a series of unique enzymes, BshA, BshB, and BshC  (Figure 19B) (248). 

Biosynthesis of BSH is initiated by a glycosyltransferase BshA coupling L-malate to UDP-N-

acetylglucosamine (UDP-GlcNAc). The product, GlcNAc-Mal, is subsequently deacetylated by 

BshB to become GlcN-Mal. BshC catalyzes the last step by coupling cysteine to GlcN-Mal to 

generate BSH. BshA and BshB were identified based on their homology to the parallel MSH 

biosynthestic enzymes, MshA and MshB, and both proteins are essential for BSH biosynthesis 

(248). The bshA null B. subtilis strain lacks detectable BSH, and both the functional redundant 

BshB1 and BshB2 have sufficient deacetylase activity for BSH synthesis that BSH became 

undetectable in a bshB1bshB2 double mutant (248). Structural studies on homologous BshA and 



 

 124 

BshB1 from B. anthracis and B. cereus, respectively, further showed a conserved active site but 

different substrate binding sites in comparison with MshA and MshB (253-255).  

Unlike the well-characterized BshA and BshB, BshC, although catalyzing an analogous 

cysteine adding step, shows low sequence identity to MshC and the MshC homolog cysteinyl 

tRNA synthetase (239,248). BshC was identified in a phylogenomic analysis that the candidate 

locus was present in the genomes encoding BshA and BshB1 (248). BshC appears to have no 

characterized homologous proteins and no recognizable domains (248). Genetic studies have 

shown that compared to wild type, bshC null cells completely lack BSH and have a 5-fold 

increased accumulation of the substrate GlcN-Mal, suggesting that BshC is essential for BSH 

biosynthesis (248). However, purified BshC is inactive when tested using a modified MshC 

HPLC assay (248). With little structural and biochemical characterization, the biological function 

of BshC in BSH biosynthesis is still unclear. 

As a hypothetical cysteine ligase, BshC is proposed to catalyze the two-step cysteine 

coupling reaction in a similar mechanism as MshC (Figure 20) (256,257). It is an ATP-dependent 

condensation of cysteine and GlcN-Mal, that in the first half-reaction cysteine reacts with ATP to 

form cysteinyladenylate and inorganic pyrophosphate, and then in the second half-reaction GlcN-

Mal mediates the nucleophilic attack to the adenylated intermediate to generate BSH and AMP. 

Kinetic studies on MshC have shown that it catalyzes an ordered reaction via a Ping-Pong kinetic 

mechanism that the substrate GlcN-Ins binds after formation of cysteinyladenylate (257). In the 

first half-reaction a random binding of ATP and cysteine to the active site of MshC was observed, 

and the enzyme-ligand coordination induces conformational changes to allow the binding of the 

second substrate GlcN-Ins (257,258). Whether BshC catalysis is an ordered reaction remains 
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unclear. Moreover, while genetic studies showed that GlcN-Mal is the substrate of BshC, the 

nature of the cysteine substrate and the energy source remain to be investigated. As a specific 

zinc coordination with the thiol group of cysteine was observed for amino acid discrimination by 

MshC (258), whether BshC catalysis involves Zn2+ or other cations for ligand binding also has to 

be studied. As mechanistic studies showed that MshC differes from the homologous CysRS in the 

rate-limiting steps (256), it is possible that BshC, which is unrelated to both MshC and CysRS, 

catalyzes the cysteine coupling reaction in a different way.  

Crystal structure of B. subtilis BshC has been solved and revealed that BshC contains a 

Rossmann fold domain (259). The structural similarity of the Rossmann fold to the active site of 

MshC suggests its potential role as the catalytic site of BshC. However, the BshC activity remains 

uncharacterized. Moreover, with limited functional characterization the role of the dimerization 

domain and the novel nucleotide-binding site observed in the structure of BshC remains unclear. 

To further understand the catalytic mechanism of BshC on the basis of its structure, we have 

determined the structures of B. subtilis BshC from two different crystal forms. Conformational 

changes observed between these two crystal forms suggest the structural role of the nucleotide-

binding site in BshC dimer formation. The functional implication of both the dimerization domain 

and the nucleotide-binding site is further supported by our structure-guided in vivo mutational 

studies. Moreover, our in vivo studies highlight the important role of the Rossmann fold domain 

in BshC catalysis. Comparison of the active site structures of BshC and MshC also suggests the 

possibility of substrate-induced conformational changes as well as alternative cysteine donors for 

BshC catalysis. 
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A2. Experimental procedures 

Expression and purification-The construct encoding B. subtilis BshC was kindly 

provided by Helmann lab (Cornell University). Using the protocol developed by Helmann lab 

BshC was overexpressed in E. coli strain BL21 containing pRK1037 and pT7-GroEL/GroES 

induced with 0.3 mM IPTG at 15°C overnight (260). Cells were harvest and resuspended in 

buffer containing 50 mM Tris-HCl (pH 7.5), 300 mM NaCl, 5 % glycerol and 2 mM β-

mercaptoenthanol. The cells were lysed by microfluidizer, and then after centrifugation the lysate 

was loaded onto Ni-NTA affinity column. BshC was eluted with a stepwise gradient of 50-200 

mM imidazole, and further purified by gel filtration chromatography using HiLoad 26/60 

Superdex 200 column with buffer containing 30 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5% 

glycerol, 0.5 mM EDTA and 1 mM DTT. 

Crystallization and structure determination- Purified BshC was crystallized at 25°C by 

hanging drop vapor diffusion method mixing equal volumes of the protein solution (28 mg/mL) 

and a reservoir solution (100 mM sodium citrate, pH 5.5, and 40% PEG 600). Higher quality 

crystals can be further obtained by grid screening around the same condition in the presence of 10 

mM zinc acetate. Selenomethionine-labeled protein was then prepared and crystallized under the 

same condition by macroseeding or microseeding. Crystals were flash-frozen in liquid nitrogen 

and stored under liquid nitrogen before data collection. The data were collected at beamline 5.0.1 

of the Advanced Light Source and processed using the HKL3000 software suite (199). The 

structure of the selenomethionine-substituted BshC (BshC_C2) was determined by single 

wavelength anomalous dispersion (SAD) using PHENIX Autosol (200). The resulting electron 

density map was of good quality for initial model building in Coot (201). Further model 
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improvement was carried out using PHENIX refine (200).  

Another crystal form of BshC (BshC_P1) was obtained by mixing 1 μl of BshC (28 

mg/mL) in the gel filtration buffer plus 5 mM GTP and 5 mM MgCl2, with 1 μl of well solution 

(0.1 M Tris-HCl, pH 8.5, 0.2 M ammonium acetate, and 25% PEG 3350). Crystals were 

cryoprotected in the mother liquor with addition of 20% (v/v) ethylene glycol before data 

collection. Data were collected on a Rigaku rotating anode generator and processed with 

HKL3000 (199). The structure was solved by molecular replacement using Phaser from PHENIX 

with BshC_C2 as a search model (200,261). The data collection and refinement statistics of both 

BshC_C2 and BshC_P1 are shown in Table 4. 

ITC measurements-All ITC experiments were done using VP-ITC (Microcal) at 25 °C. 

Purified wild type and mutant BshC were dialyzed against a buffer containing 50 mM Tris-HCl 

(pH 7.5), 150 mM NaCl, 5 % glycerol, 1 mM TCEP, and 5 mM MgCl2. AMPPNP was diluted to 

desired concentration using dialysis buffer. Calorimetric titration was performed by injection of 

AMPPNP into a cell containing BshC.  

In vivo fosfomycin sensitivity assay- this assay was performed by Dr. Ahmed Gaballa as 

described in Gaballa et al. (248). The bshC null B. subtilis strain was generated as described 

previously (248), and the corresponding bshC mutant genes were cloned into the xylose-inducible 

pSWEET plasmid. Cells were grown in LB medium at 37 °C to mid-log phase. A 100 μl cell 

culture was mixed with 4 ml LB soft agar and pour onto LB agar plates. Filter disks containing 

500 mg fosfomycin were placed on top of the agar, and the plates were incubated at 37 °C 

overnight. The diameter of the zone of inhibition was measured, and the fold differences were 

calculated in comparison with wild type. The data shown represents the average and standard 
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deviation of three replicates. 

 

A3. Crystal structure of Bacillus subtilis BshC 

A3.1 Overall structure of B. subtilis BshC 

Two structures of B. subtilis BshC, crystallized in space group C2 and P1, respectively, 

were determined (Table 4; Figure 21A). The structure in C2 space group (BshC_C2) (Figure 

21A) to 2 Å  resolution was first determined by single wavelength anomalous dispersion (SAD), 

and is the same as the reported structure of B. subtilis BshC (pdb: 4WBD) with rmsd of 0.37 Å  

over 457 Cα atoms. A second structure crystallized in P1 space group (BshC_P1) was then 

determined to 2.3 Å  by molecular replacement. Structures of BshC_C2 and BshC_P1 are 

generally the same (rmsd of 0.53 Å  over 440 Cα atoms) except a conformational change of the α-

helical bundle region (Figure 21B). BshC is a dimer in solution on the basis of gel filtration 

chromatography analysis, and both BshC_C2 and BshC_P1 were found to form a dimer with a 

crystallographic symmetry mate. Two BshC subunits dimerize via helices α21 (residues 420-447) 

and α22 (residues 449-480) that forms a four-helix bundle with 2920 Å ² buried solvent accessible 

surface area (Figure 21D). Pairs of isoleucine residues from each subunit form hydrophobic 

interactions to stabilize the dimer interface (Figure 21D). In addition, an ADP molecule was 

found to bind BshC in both structures of BshC_C2 and BshC_P1, which could be occupied 

throughout the multistep protein purification procedures. A citrate molecule was also found in 

BshC_C2 structure due to its use as a crystallization buffer. 

Search of the protein data bank using the Dali server revealed that BshC is structurally 

more similar to the class I aminoacyl-tRNA synthetases (aaRSs) (262). Pyrococcus horikoshii 
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lysyl-tRNA synthetase (LysRS) is the most similar with an rmsd of 2.8 Å over 273 Cα atoms 

(Figure 22C and 22D). In addition, the Mycobacterium smegmatis cysteine ligase MshC also 

showed structural similarity to BshC (rmsd of 3.9 Å over 237 Cα atoms) (Figure 22A and 22B). 

On the basis of structural superposition with LysRS and MshC, the structure of BshC can be 

divided into two primary domains and two connecting domains with inserted peptides which are 

not found in class I aaRS. BshC is composed of the Rossmann fold core domain with a N-

terminal α-helical insertion and an interdomain connective peptide CP domain, as well as the C-

terminal α-helix bundle domain with the stem-contact (SC) fold connecting in between the 

Rossmann fold and α-helix bundle domain (Figure 21A). Unlike the domains assigned for BshC 

published by VanDuinen et al. (259), which showed only connecting domains and the C-terminal 

helix bundle domain without highlighting Rossmann fold domain, our domain assignment of 

BshC structure makes it clear for comparison with the structural and functional features observed 

in individual domains of class I aaRS and MshC. 

In general, the Rossmann fold of BshC adopts similar architecture to the characteristic 

catalytic domain of class I aaRSs and MshC (258,263). However, BshC lacks the two highly 

conserved motifs, HIGH and KMSKS motifs, presented in class I aaRSs and MshC. All members 

of class I aaRSs and MshC contain these two signature motifs, which the HIGH motif is located 

within the Rossmann fold and the KMSKS motif is resided in the SC fold, involved in activation 

of an amino acid with ATP during their first catalytic step (258,264). In addition, although 

domains of BshC are arranged in a similar way to MshC and LysRS, the most remarkable 

differences are the C-terminal α-helix bundle domain (Figure 22B and 22D). The α-helix bundle 

domain of BshC is involved in dimerization, while the α-helix bundle domain and the extended α-
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helix cage domain in LysRS (Figure 22C) are responsible for recognition of the anticodon loop in 

tRNA (263).  

A3.2 Putative active site of BshC 

The observed similarities of the Rossmann fold domain between BshC and MshC 

suggests that this domain could be the potential active site of BshC. The structure of MshC in 

complex with a cysteinyladenylate analog, 5’-O-[N-(L-cysteinyl)sulfamonyl]adenosine (CSA) has 

been solved (258). Interactions with CSA in the Rossmann fold catalytic domain of MshC 

revealed the molecular basis of substrate binding and discrimination. Superposition of the MshC-

CSA complex onto BshC therefore provides a model to understand the mechanism of substrate 

recognition of BshC. 

The BshC structure solved by VanDuinen et al. contains a citrate molecule and a glycerol 

molecule in the Rossmann fold domain (259). These two molecules are found in the same binding 

pocket where CSA bound in MshC. According to VanDuinen et al., binding of the citrate 

molecules mimics binding of BshC to the malyl moiety of GlcN-Mal and BSH. Moreover, the 

glycerol molecule occupies the same position as the cysteinyl portion of CSA in MshC and thus 

suggests where cysteine can bind during BshC catalysis. However, the fact that CSA can be 

modeled into the base of the Rossmann fold of BshC in a similar position as found in MshC only 

implies that this binding pocket is where the activated form of cysteine binds in BshC. Whether 

BshC utilizes free cysteine for the coupling reaction to GlcN-Mal is still unclear so far. 

Calculation of the electrostatic surface shows that this modeled CSA binding site in BshC is more 

positively charged. Given that the nature of the negatively charged citrate molecule present in the 

crystallization buffer at high concentration, binding of citrate to this solvent accessible binding 
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pocket in the Rossmann fold of BshC could be due to crystallization artifacts. Similarly, our 

BshC_C2 structure also contains a citrate molecule bound in the base of the Rossmann fold. 

Under the assumption that BshC catalyzes the cysteine coupling reaction as MshC, 

structural superposition of MshC-CSA complex onto BshC showed that CSA can bind to the 

Rossmann fold of BshC in the same manner as MshC, whereas local structural rearrangements 

would be required to position this activated cysteine in a favorable orientation (Figure 23A). The 

β2 strand of BshC, which is located in the first part of the Rossmann fold, is longer that that of 

MshC, and the position of the α6 helix of BshC is much closer to where CSA was modeled 

(Figure 23A). Gln91 and Tyr101 would therefore have steric clashes with the adenylate portion of 

modeled CSA if this putative active site of BshC does not undergo structural reorganization. 

Interestingly, the corresponding helix to the α6 helix of BshC in MshC and class I aaRSs is where 

the conserved HIGH motif is located. In addition, the α24 helix in the SC fold of BshC, which is 

in proximity to the adenine portion of the modeled CSA, is positioned in a similar orientation as 

the loop containing the KMSKS motif in the tRNAcys bound cysteinyl-tRNA synthetase (CysRS) 

(265). The KMSKS motif in MshC is also in the corresponding position but disordered in the 

structure (Figure 23A) (258). Although BshC lacks these two motifs, the sequences in the α6 and 

α24 helices are conserved among BshC homologs in Firmicutes (Figure 26). Considering their 

proximity to where CSA is modeled to bind, they may play similar roles in positioning the 

adenine base of CSA in BshC as the motifs in class I aaRSs and MshC. These characteristic 

structural features found in the BshC-CSA model suggests the potential active site of BshC, while 

conformational changes upon substrate binding may further help assemble the active site. 

Based on the interactions of CSA observed in the active site of MshC, several residues in 
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the Rossmann fold domain of BshC are found to be likely involved in interaction with the 

cysteinyladenylate during BshC catalysis (Figure 23B). The ribose ring of the adenylate moiety of 

modeled CSA is found to be in close contact with Glu353. The thiol group of the cysteine moiety 

may interact with the side chain of Arg334, and the α-amino group may interact with main chain 

of Gly90 and side chain of Gln92. The cysteinyl portion of modeled CSA is also found in a 

similar position to the amino acid binding site in the cysteine-bound CysRS (266). The residues 

we proposed to be involved in substrate binding of BshC are strictly conserved in BshC homologs 

in Firmicutes, thus suggesting their importance for BshC function (Figure 26). Interestingly, in 

the structures of MshC and CysRS a direct cysteine-zinc ion interaction, specifically with the 

thiolate group of cysteine, was found to provide amino acid discrimination (258,267). In contrast, 

no electron density belonging to zinc ion was found in the Rossmann fold of BshC, and the 

equivalent zinc coordination residues were not present in the protein sequence. How BshC 

specifically recognizes cysteine remains to be studied. On the basis of our structural analyses of 

this putative BshC active site, the potential roles of residues involved in BshC substrate binding 

were further supported by structure-guided mutational studies. 

A3.3 The high affinity ADP binding site      

A tightly bound ADP molecule was found in the structure of BshC published by 

VanDuinen et al. (259) and our BshC_C2, which the binding pocket is solvent exposed and 

formed by β4, β5, α23, and the SC fold of BshC (Figure 21A). This binding site is unusual 

considering the presence of the Rossmann fold in BshC, which Rossmann fold is the nucleotide-

binding domain commonly found in nucleotide-binding proteins. VanDuinen et al. suggested that 

additional group other than phosphate may be attached to β-position of the bound ADP molecule 
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due to the ambiguous electron density for the β-phosphoryl group (259). However, the electron 

density of ADP was well refined in our BshC_C2 structure (Figure 24A). Considering the 

molecular interactions of ADP with BshC, it is likely that ATP can also bind to BshC as the γ-

position of ATP points into the solvent without any steric hindrance. It is possible that ATP 

bound with BshC when expressed in E. coli but was hydrolyzed during the course of protein 

purification and crystallization.  

The adenine base of ADP is stacked between Trp506 and Tyr510 (Figure 24B), which 

Trp506 is highly conserved in BshC homologs (Figure 26). However, no base-specific 

recognition was observed. The N1, N3, and N6 nitrogen atoms of the adenine base form hydrogen 

bonds with water molecules. In addition, the 2’- and 3’-oxygen on the ribose ring of ADP is 

hydrogen bounded to the side chains of Glu384 and His386. No divalent metal ion was found in 

coordination of α- and β-phosphate of ADP in BshC. Instead, they form hydrogen bonds with the 

side chains of Ser146 and Arg490, respectively.  

The binding affinity of BshC to ATP in vitro was measured by isothermal calorimetry 

(ITC). Whereas initial ITC experiments using ATP as a titrant was unsuccessful due to 

hydrolysis, BshC exhibits strong binding affinity to AMPPNP (Kd = 2.8 μM) (Figure 24C). 

Mutation of Trp506 to alanine abolished the binding ability to AMPPNP in vitro (Figure 24C), 

and the Y510A mutant became unstable and is not suitable for ITC measurement. Our ITC 

studies also suggested that the observed ADP binding pocket in the BshC structure is the only 

nucleotide-binding site for ATP. The N value of 0.35 obtained from ITC (Figure 24C) could be 

due to the partial occupation of ADP or ATP in BshC during purification. Attempts to generate 

nucleotide-free BshC were unsuccessful. In addition, mutation of Glu353 to alanine, which 
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Glu353 is located in the Rossmann fold and predicted to bind CSA, did not affect the AMPPNP 

binding affinity (data not shown). These results support that BshC only has one ATP binding site, 

and the Rossmann fold does not participate in ATP binding. Furthermore, our ITC binding studies 

showed that BshC did not bind GDP but selectively bound AMPPNP and ADP (data not shown). 

Although no specific interactions between BshC and the adenine base of ADP was found in the 

binding site, the hydroxyl group of Tyr511 is within 3.4 Å  of the C2 atom of the adenine ring 

(Figure 24B), and prevents the binding of guanine nucletides because the exocyclic N2 atom of a 

guanine base would smack into Tyr511 if it binds to BshC.  

The structure of BshC crystallized in P1 space group, BshC_P1, also contains a bound 

ADP molecule in the same binding pocket as that of BshC_C2. We have fit and refine ADP in 

this structure, but the electron density is not sufficiently refined in the 2’- and 3’-hydroxyl group 

of the ribose ring as well as the phosphoester bond. In addition, the average B-factor for the ADP 

is 68.4 Å 2, which is higher than the overall B-factor of 49 Å 2 in the structure of BshC_P1. In 

comparison with the well-refined ADP in the structure of BshC_C2, ADP appears to have lower 

occupancy in this P1 structure. Interestingly, the entire α-helix bundle domain (α20- α23) is found 

to twist ~12° when two crystal forms are superimposed based on their globular αβ region (rmsd 

of 0.37 Å  over 444 Cα atoms) (Figure 21B). In comparison with the BshC_C2 dimer, one subunit 

of BshC_P1 dimer moves toward the dimerization helices (Figure 21C). On the basis of the helix 

α23 forming part of the ADP binding pocket, this finding suggests that the ADP binding site acts 

as a structural element stabilizing the α-helix bundle domain of BshC. Lower ADP occupancy in 

BshC_P1 structure results in changes of the orientation of the α-helix bundle domain, and 

therefore conformational changes of the BshC dimer. The functional importance of this 
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nucleotide-binding site will be further examined by in vivo mutational studies. 

 

A4. Fosfomycin resistance of bshC mutant strains 

It has been found that the bshC null strain completely lacks BSH and have a dramatic 

increase in fosfomycin sensitivity (248). Thus, complementation of fosfomycin sensitivity by a 

series of structure-guided BshC mutants in the background of a bshC null strain was examined. 

Changes of the level of fosfomycin resistance serve as a readout to BshC activity in B. subtilis. 

Mutations of Glu353 to either glutamine or alanine failed to complement the bshC null mutant, 

indicating a loss of BshC activity (Figure 25). In contrast, mutations of the non-conserved 

residues that are located in the Rossmann fold but not in contact with the modeled CSA, 

including Gln121, Asp234, and Lys247, did not significantly alter the fosfomycin sensity when 

ectopically expressed (Figure 25). These findings support our CSA-docking model that the 

Rossmann fold is the potential active site of BshC, which Glu353 play a role in substrate binding 

or catalysis. The I433E and I436E double mutant also resulted in ~3-fold increase of fosfomycin 

sensitivity (Figure 25). Ile433 and Ile436 are located in the dimer interface, and the corresponding 

BshC mutant became monomer in solution. The increased fosfomycin sensitivity suggests that 

BshC dimer is important for its activity. In contrast, partial complementation was found in the 

W506A and Y510A single mutant (Figure 25), indicating that binding of ADP is not required for 

BshC activity. While the W506A mutant did not bind AMPPNP in vitro, the high intracellular 

concentration of ATP in B. subtilis, ranging from 0.8 to 3 mM, might compensate the effect of its 

weak binding affinity (268,269). However, the low binding affinity of W506A and Y510A 

mutants may cause lower ATP occupancy in vivo, and on the basis of the structure of BshC_P1, 
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may destabilize the dimerization domain of BshC. As formation of dimer is found to play a role 

in BshC activity, BshC with flexible dimerization helices may have minor but not significant 

effect on its activity, consistent with the observation from the in vivo complementation assay. 

With the BshC_P1 structure, our in vivo studies suggest a structural role, instead of a catalytic 

role, of the ADP binding site in BshC activity. In general, in vivo mutation studies have provided 

clues of the role of specific structural domains in BshC activity, and further studies will be 

required to determine the molecular mechanism of BshC catalysis. 

 

A5. Discussion 

In this work, we have elucidated the structure of B. subtilis BshC in two crystal forms. 

BshC harbors the canonical Rossmann fold domain similar to the active site of class I aaRSs and 

M. smegmatis MshC. Comparison of the active site architecture of MshC allowed us to identify 

the binding site for the activated intermediate, cysteinyladenylate, and to propose potential 

residues for substrate recognition of BshC. In addition, BshC forms a dimer via a four-helix 

bundle formation, while the physiological relevant forms of MshC and cysteinyl-tRNA synthetase 

are monomers. In vivo mutational studies on fosfomycin resistance complementation showed that 

the Rossmann fold is important for BshC activity and BshC functions as a dimer. The structure of 

BshC_P1 further showed the structural role of the ADP binding site in conformational stability of 

the α-helix bundle domain.  

Our attempts to obtain substrate-bound BshC crystals with either cysteine or GlcN-Mal 

were unsuccessful, and BshC activity remains to be characterized. Structural superposition 

showed different organization of the helix α6 and the strand β2 in the Rossmann fold of BshC 
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from MshC, suggesting a conformational reorganization may be required for BshC to better 

accommodate the reaction intermediate cysteinyladenylate. It was found that the active site of 

MshC is poised to accept either cysteine or ATP in its first half-reaction, which is consistent with 

the kinetic studies (257,258). In contrast, the cysteine-bound cysteinyl-tRNA synthetase (CysRS) 

is in an open conformation, which the KMSKS loop is distant from the ATP binding site, and is 

not poised for catalysis (266). In class I aaRSs binding of ATP or aminoacyl adenylate analogs is 

required to form a closed active site that the KMSKS loop is positioned to stabilize the reaction 

intermediate (270,271). It is possible that such conformational changes were blocked in the BshC 

structure we obtained here, and additional structures of BshC in different lattices and in complex 

with substrates will be required to understand the molecular mechanism of substrate binding. In 

addition, a highly conserved helix α24 in BshC is found to be located in a similar position as the 

KMSKS loop in CysRS-tRNA complex (265). It will be interesting to know whether this 

corresponding helix in BshC exhibits alternate conformations to accept and position cysteine, 

nucleotides, or GlcN-Mal in a favorable orientation for catalysis. 

To date BshC activity remains uncharacterized using proposed substrates, including 

GlcN-Mal, cysteine, and ATP. GlcN-Mal is the substrate of BshC based on the finding that the 

bshC null mutant showed a 5-fold increase of GlcN-Mal (248). In contrast, whether cysteine 

serves as a direct cysteinyl group donor for BshC catalysis is elusive. Relevant literatures showed 

the possibility that BshC can utilize alternative cysteine derivatives for the cysteine ligation 

reaction. It has been found that in the genome of B. subtilis the bshC gene is in an operon with 

ylbQ, which encodes the PanE ketopantoate reductase (248). This colocalization suggests a 

possible coordination of BSH and pantothenate synthesis, which pantothenate is the precursor of 
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coenzyme A (CoASH). As a cysteine derivative, CoASH is one of the possible molecules that can 

deliver cysteine during BshC catalysis. In addition, some enzymes were found to catalyze the 

transfer of an amino acid from an aminoacyl-tRNA. For instances, the Streptomyces viridifaciens 

VlmA, an enzymes involved in valanimycin biosynthesis, acts as an aminoacyl-tRNA transferase 

transferring the seryl residue from seryl-tRNA to isobutylhydroxylamine (272). The 

Staphylococcus aureus lysylphosphatidylglycerol synthase also catalyzes the transfer of lysine 

from lysyl-tRNA to phosphatidylglycerol (273). The structural similarities between BshC and 

class I aaRSs therefore suggest the possibility of BshC catalyzing the transfer of cysteine from 

cysteinyl-tRNA. Superposition of tRNAcys bound E. coli CysRS onto BshC shows that the tRNA 

acceptor arm, which cysteine is conjugated to, enters the cavity in the Rossmann fold domain of 

BshC (Figure 27A). However, a steric overlap of tRNAcys with the N-terminus of BshC (α1 and 

β1) was observed in the docking model, which this N-terminal peptide insertion is absent in 

CysRS (Figure 27A). In addition, interaction between BshC and the anticodon loop of tRNAcys is 

absent, while the extended C-terminal α/β domain in CysRS makes extensive contact with the 

anticodon loop of tRNAcys and is important for tRNA recognition (Figure 27B) (265). Although 

B. subtilis tRNAcys may adopt a different conformation from E. coli tRNAcys which we used here 

for modeling, the role of cysteinylated tRNA as a potential substrate of BshC is unclear. Further 

studies will be required to determine the nature of cysteine donor involved in BshC catalysis.  

Although the real cysteine donor for BshC remains to be identified, structural 

superposition of MshC-CSA complex with BshC provided a useful model to understand how 

BshC interacts with activated cysteinyl intermediate and where the second substrate GlcN-Mal 

can be accommodated. The proposed second half-reaction catalyzed by BshC is the nucleophilic 
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attack of the amino group of GlcN-Mal on the activated cysteine to form BSH. VanDuinen et al. 

suggested that BshC interaction with the citrate molecule mimics interaction with GlcN-Mal 

(259). However, the position of the carboxylate groups of bound citrate is close to the adenine 

ring of modeled CSA. Considering binding of activated cysteine to BshC prior to the second 

ligation reaction, we proposed that GlcN-Mal would bind in a position near where the cysteinyl 

group of CSA is modeled. In the structure of MshC the second substrate GlcN-Ins was modeled 

into the active site that would allow for nucleophilic attack of the cysteinyladenylate. The 

docking model showed that the glucosamine ring of GlcN-Ins formed stacking interaction with 

Trp227 and the hydroxyls of GlcN interact with Asp86 of MshC (258). Moreover, a region with 

strict amino acid conservation among MshC homologs was also found surrounding the modeled 

GlcN-Ins binding site. Similarly, GlcN-Mal can be positioned into the space near the cysteinyl 

portion of modeled CSA in BshC. This possible GlcN-Mal binding site is situated at the base of 

the Rossmann fold surrounded by α15 and a loop connecting β3 and α7 (residues 124-140), which 

amino acid sequences are highly conserved among BshC homologs. Asp134 of BshC is in the 

corresponding position as Asp86 of MshC, and Arg334 is located on helix α15 of BshC near 

where Trp227 of MshC was found, although no corresponding aromatic residues were nearby in 

this potential GlcN-Mal binding site of BshC. Interestingly, Arg334 was also proposed to be 

involved in interaction with the cysteine moiety of CSA in the active site of BshC. Whether this 

region coordinates binding of activated cysteine substrate and GlcN-Mal, such as the possible 

involvement of the conserved Asp134 and Arg334 in interaction with GlcN-Mal, requires further 

studies. It would be interesting to know how BshC position both the cysteine donor and GlcN-

Mal in a favorable catalytic orientation to initiate reaction. 
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The energy source for BshC catalyzed cysteine ligation to GlcN-Mal is also unclear. On 

the basis of the enzymatic mechanisms of class I aaRSs and MshC, cysteine was proposed to be 

activated by ATP in the first half reaction of BshC. Considering that BshC may utilize other 

cysteine-containing substrates, we cannot rule out the possibility of BshC using other energy 

source, instead of ATP, for activation of its cysteine donor substrates.  

In the BshC structure an unexpected ADP binding pocket was found. It is separated from 

the Rossmann fold by the SC fold domain and is about 20 Å  away from the proposed active site. 

Based on the significant distance, it seems unlikely that this nucleotide-binding site coordinates 

cysteine activation during BshC catalysis. In contrast, structural characterization of BshC_P1 and 

in vivo studies suggest that the observed ADP binding site is involved in stabilizing the α-helix 

bundle domain of BshC, and therefore holding the protein in certain conformation. 

Conformational changes of the helical bundle accompanying substrate binding have been found 

in several proteins. For example, the helical bundle domain of the seryl-tRNA synthetase (class II 

aaRSs) reorients upon tRNA binding to maximize substrate interaction (274,275). Thus, the 

conformational flexibility of the α-helix bundle domain of BshC suggests its possible role in 

enabling optimal substrate binding or serving as a flexible platform to interact with other proteins 

or cofactors during BshC catalysis. The functional importance of the ATP binding related 

conformational changes of the helical bundle domain of BshC requires further research. 

With the structure of B. subtilis BshC, sequence alignment of BshC homologs in 

Firmicutes also highlights some structural and functional features. It was found that sequences of 

the corresponding Rossmann fold domain are highly conserved (Figure 26), supporting our 

structure analysis that this domain plays an important role in BshC catalysis. In contrast, the 
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sequences of the dimerization helices and the ADP binding site are less conserved. Only the 

residues, Trp506 and Tyr510, involved in stacking interactions with the adenine base of bound 

ADP are conserved. These two conserved aromatic residues in the ADP binding site are key 

residues involved in ATP binding, which binding therefore affect the conformational flexibility of 

the dimerization domain. In addition, although BshC does not have HIGH and KMSKS motifs 

found in MshC and class I aaRSs, the equivalent residues in the same position, α6 and α24, are 

highly conserved in BshC, implying their possible role in substrate binding or active site 

assembly. Future studies on other BshC homologs shall help our understanding of the function 

and organization of individual domain in coordinating BshC catalysis.  

In conclusion, our structural and in vivo studies have provided the first molecular picture 

of the cysteine ligase involved in bacillithiol biosynthesis in Firmicutes. BshC is found to have 

similar architecture of the Rossmann fold active site as MshC, while its unique ADP binding site 

and the dimerization domain play a role in protein conformational stability. Variation of domain 

organization between BshC and MshC suggests the possibility of different catalytic mechanisms. 

Thus, our structure provides a model for search of possible substrates as a cysteine donor and 

structure guided analysis of BshC activity to elucidate the role of BshC in the last BSH 

biosynthetic step. 
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Table 4: Data collection and refinement statistics of B. subtilis BshC 

 SeMet BshC_C2  BshC_P1 

Data Collection   

Space group C2 P1 
Unit cell 
a, b, c (Å )                                        
α, β, γ (°)                                    

 
89.5, 90.1, 82.4,  
90, 118.9, 90 

 
64.1, 64.3, 78.6 
109.5, 109.3, 97.1 

Resolution (Å ) 50.0-2.07 (2.11-2.07) 50.0-2.30 (2.34-2.30) 
Wavelength (Å ) 0.979 1.54 
Total reflections 242434 132384 
Unique reflections 33817 44888 
Completeness (%) 96.5 (80.1) 95.6 (84.6) 
Redundancy  7.2 (5.7) 2.9 (2.5) 

I/σI 24.4 (1.9) 17.6 (2.4) 

Rmerge 
b
 (%) 11.3 (68.5) 6.2 (36.7) 

Overall figure of merit (FOM) 0.66  

Refinement   

Rwork 
c
 (%) 19.2 17.4 

Rfree 
d
 (%) 23.6 22.3 

RMS deviations   
     Bonds (Å ) 0.006 0.003 
     Angles (

o
) 0.903 0.629 

Overall B factors  (Å
2
) 32.0 48.0 

Average B factors (Å
2
)   

   Protein 32.1 47.9 
   water 27.3 63.5 
Ramachandran [%]   

     Allowed, generous, disallowed
 

98.0, 2.0, 0 96.8, 3.1, 0.1 
a
 statistics for the highest resolution shell are shown in parentheses. 

b 
Rmerge = |I- I|/ |I|, where I is the observed intensity and <I> is the average intensity of several 

symmetry-related bservations. 
c 
Rwork = ||Fo|-|Fc||/ |Fo, where Fo and Fc are the observed and calculated structure factors, respectively. 

c
 Rfree =  ||Fo|-|Fc||/ |Fo for 5% of the data not used at any stage of the structural refinement.
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Figure 19: Low molecular weight (LMW) thiols in bacteria. 

(A) Structures of four major LMW thiols found in bacteria and archaea. LMW thiols are present 

in the form as cysteine derivatives with high concentrations in the cytosol to protect the labile 

cysteine from autoxidation. The cysteine moiety in each LMW thiol is highlighted in blue. (This 

figure was adapted from Antelmann et al. (276)) (B) BSH biosynthetic pathway. Biosynthesis of 

BSH is initiated by BshA (glycosyltransferase), which couples L-malate to UDP-N-

acetylglucosamine (UDP-GlcNAc) to generate GlcNAc-Mal. BshB (N-acetylhydrolase) then 

catalyzes deacetylation of GlcNAc-Mal and produces GlcN-Mal. BshC (cysteine-adding enzyme) 

catalyzes the final step by adding cysteine to GlcN-Mal to generate BSH (248). (This figure was 

provided by Dr. Ahmed Gaballa.) 
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Figure 20: Proposed catalytic mechanism of the putative cysteine-adding enzyme BshC. 

On the basis of structural similarities between BSH and MSH, the reaction catalyzed by BshC 

was proposed to adopt the same mechanism as MshC, the cysteine-conjugating enzyme in MSH 

biosynthesis. 
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Figure 21: The overall structure of B. subtilis BshC. 

(A) Two BshC subunits form a symmetrical dimer, which one molecule is colored by domains 

and the other is shown in gray. The Rossmann fold is shown in cyan, the CP domain in blue, the 

SC fold in orange, and the dimerization domain in magenta. Domains of BshC are assigned based 

on structural superposition with M. smegmatis MshC (pdb: 3C8Z) using the DaliLite server, and 

the regions which do not belong to any domain are colored pink. A nucleotide-binding site was 

also found in BshC structure and was occupied by ADP, shown in a stick presentation, 

throughout the multistep protein purification. (B) Superposition of BshC_P1 (pink) and BshC_C2 

(cyan) showed the shift of the dimerization helices (α21- α22) (RMSD of 0.37 Å  over 444 Cα 

atoms). (C) Superposition of one subunit of BshC_P1 onto BshC_C2 showed that the other 

subunit of BshC_P1 dimer moves toward dimerization helices (representative movements are 

indicated by red arrows). (D) Pairs of isoleucine residues (I433, I436, and I462) mediate 

hydrophobic interactions in the dimer interface of BshC_C2, which residues marked with ‘ are 

from another subunit. 
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Figure 22: Structural comparison of B. subtilis BshC with M. smegmatis MshC and P. 

horikoshi lysyl-tRNA synthetase. 

(A) Domains of M. smegmatis MshC (PDB: 3C8Z) are colored in the same way as that of BshC 

in Figure 21A. (B) Superposition of BshC (gray) with MshC showed similar domain 

organization. (C) P. horikoshi lysyl-tRNA synthetase (LysRS) (PDB:1IRX) has an additional -

helix cage domain, which is colored wheat, while other domains have the same color-coding as in 

panel A. (D) Structural alignment of BshC and lysyl-tRNA synthetase showed the same result as 

panel B. The helix bundle domain is the most different part among BshC, MshC, and LysRS. 
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Figure 23: The putative active site of BshC. 

(A) Superposition of the Rossmann fold of MshC-CSA complex (colored violet) onto that of 

BshC (colored cyan). Compared with MshC, the β2 strand of BshC is longer and the α6 helix 

moves closer to the modeled CSA binding site. The α24 helix in BshC occupies similar location 

as the KMSKS loop in MshC, which is disordered in the structure. The connecting point of the 

loop is MshC is marked with asterisks. (B) Interaction of CSA in the active site of MshC. 

Residues involved in binding of CSA are colored violet. Possible residues that could be involved 

in substrate binding and catalysis in BshC are chosen based on their spatial relationship to those 

found in the structure MshC-CSA complex, and are colored cyan. 
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Figure 24: Molecular interaction in the ADP binding site of BshC. 

(A) 2Fo-Fc map contoured at 2σ level of the bound ADP is shown. (B) Residues involved in 

interactions with ADP are shown in stick representation. Water molecules are shown as red 

spheres, and dashed lines (colored gray) indicate polar interactions. The hydroxyl group of 

Tyr511 is within 3.4 Å  (shown in red dashed line) of the C2 atom of the adenine ring. (C) ITC 

measurements for binding of AMPPNP with BshC. The W506A BshC mutant showed no binding 

to AMPPNP.  
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Figure 25: In vivo complementation assay of fosfomycin resistance of bshC-null B. subtilis 

strains. 

Increases of the inhibition area to the same level as that of the bshC-null strain indicates a loss of 

BshC activity. Q121, D234, and K247 are non-conserved residues located in the Rossmann fold, 

which mutations to alanine did not affect BshC activity. (This experiment was done by Dr. 

Gaballa, Helmann lab, Cornell University) 
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Figure 26: Sequence alignment of B. subtilis BshC with other BshC homologs in Firmicutes. 

Amino acid sequences of BshC from B. subtilis (Bs_BshC), B. megaterium (Bm_BshC), B. 

anthracis (Ba_BshC), B. cereus (Bc_BshC), S. aureus (Sa_BshC) and S. epidermidis (Se_BshC) 

are used for alignment by ClustalW2. Secondary structural elements of B. subtilis BshC are 
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colored coded according to Figure 21A, which α helices and β strands are shown as rectangles 

and arrows, respectively. Residues involved in ADP binding are marked with black stars, and the 

residues potentially involve in substrate binding or catalysis are indicated by red stars. 
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Figure 27: The model of tRNA
cys

 binding with BshC. 

(A) The tRNAcys molecule (colored wheat) from E. coli cysteinyl-tRNA (CysRS) tRNAcys 

complex (PDB: 1U08) was modeled onto BshC based on structural superposition. BshC is color 

coded as in Figure 21A. Steric clashes between the N-terminus of BshC (β1 and 1) and tRNA 

are marked with red arrows. (B) The structure of E. coli CysRS- tRNAcys complex. The 

anticodon-binding domain of CysRS is highlighted with red circle.  
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Appendix B. Protein crystallography 

Protein crystallography is one of the techniques to determine the three-dimensional 

structure of biological macromolecules. By taking advantage of the nature of X-ray as 

electromagnetic waves that can be diffracted by electrons, a protein crystal, as a periodic array of 

atoms, can cause incident X-ray to diffract into specific directions. The electron density image 

can be reconstructed from the diffraction pattern of a protein crystal for subsequent atomic model 

building. The determined protein structures can allow proper understanding of their biological 

function.  

 

B1. Crystal symmetry 

Crystals are periodic arrangement of molecules. A unit cell is the smallest volume from 

which a crystal can be constructed by translation. The dimension of the unit cell is defined by the 

three edge vectors, a, b, and c, and three angles, α, β, γ (Figure 28). The crystal can be regarded as 

stacking of unit cells in three dimensions with edges forming a lattice. The array of points at the 

corners of the unit cells is called lattice points. A lattice may contain centering operators, and 

there are seven types of lattice centering (Table 6). 

A crystal contains translation symmetry, which corresponds to unit translations in three 

dimensions of the unit cells. In addition, the crystal lattice may contain rotational symmetry 

element. The presence of a n-fold rotation axis is defined as when an object is rotated by 360°/n, 

its initial and final positions are indistinguishable. For example, if an object possesses a 3-fold 

axis, position 2 is related to position 1 by rotation about the axis by 120°, and these two positions 
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are equivalent. In crystals the rotational symmetry axes are restricted that n-fold axes can only be 

the following integers: 1, 2, 3, 4, 6. A combination of translational and rotational symmetry 

results in formation of a symmetry element known as screw axis. Two molecules related by a nm 

screw axis represents that rotation of a input atom 1 by 360°/n about a n-fold axis followed by 

m/n of unit cell translation returns an identical output atom 2. In addition, crystals can also have 

other symmetry elements, such as mirror planes and inversion centers. Combination of all 

possible symmetry elements leads to seven crystal systems, and combination of seven crystal 

systems with lattice centering leads to 14 Bravais lattice types (Table 5).  

Crystallographic symmetry applies to the entire crystal, and an asymmetric unit is the 

smallest volume from which the unit cell can be constructed by crystallographic symmetry. 

Combination of all symmetry elements forms 230 space groups, whereas for protein crystal 

symmetry the possible space groups are restricted to 65 because proteins are chiral molecules and 

symmetry operations that change handedness are not allowed. In addition to crystallographic 

symmetry, non-crystallographic symmetry (NCS) can be found in an asymmetric unit. The 

presence of more than two molecules in an asymmetric unit may be related to each other by local 

rotational or translational symmetry; for example, one molecule can be related to another by a 2-

fold NCS for a dimeric structure in an asymmetric unit. NCS is not restricted as crystallographic 

symmetry that a 5-fold NCS is possible in pentameric molecules. 

 

B2. X-ray diffraction 

B2.1 The wave nature of X-ray 

X-rays are electromagnetic waves, which can be described by a cosine function. This 
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wave function contains three constants, including the amplitude r, the frequency h, and the phase 

angle α. 

𝑓(𝑥) = 𝑟 cos 2𝜋(ℎ𝑥 + 𝛼)             

To describe waves in a more convenient way, waves can be expressed as vectors in the complex 

plane with the length of vectors as the amplitude, and the direction of vectors as the phase angle.  

𝑟 cos 𝛼 + 𝑖 𝑟 sin 𝛼 = 𝑟 exp (𝑖𝛼) 

Considering that the incoming X-rays have fixed wavelength, thus with the same frequency, the 

frequency term is omitted here. The total wave of a system, which contains several waves with 

the same wavelength but with phase/amplitude differences, is like summation of the vectors from 

individual wave. 

B2.2 Scattering of X-ray by electrons 

X-ray scattering occurs when incident X-rays encounter a system of electrons. Electrons 

will oscillate along with the electromagnetic field of X-rays and act as a new source emitting 

radiation. The diffracted X-rays from these electrons have path differences at a particular 

direction. Considering a system of two electrons, P1 at the origin and P2 at a given position r 

(Figure 29), the path difference between two diffracted X-rays from P1 and P2 is 𝐫 ∙ (𝑠1 − 𝑠0). For 

constructive interference to occur, the phase difference between these two waves is  

2𝜋𝐫 ∙ (𝑠1 − 𝑠0) = 2𝜋𝐫 ∙ 𝐒 

where 

 𝐒 = 𝑠1 − 𝑠0, and |𝑆| =
2 sin 𝜃

𝜆
 

B2.3 Scattering of X-ray by an atom 



 

 156 

The diffracted X-ray from an atom is expressed by summing up all diffracted X-rays 

from all electrons of an atom. With the electron density at position r as ρ(r), the atomic scattering 

factor f is 

𝑓 = ∫ ρ(𝐫)exp[2𝜋𝑖𝐫 ∙ 𝐒]𝑑𝐫

𝑟

 

Because the electron cloud of an atom is centrosymmetric around the nucleus, ρ(r)= ρ(-r), 

integration over the entire space r shows that 

𝑓 = ∫ ρ(𝐫){exp[2𝜋𝑖𝐫 ∙ 𝐒] + exp[−2𝜋𝑖𝐫 ∙ 𝐒]}𝑑𝐫

𝑟

= 2 ∫ ρ(𝐫) 𝑐𝑜𝑠[2𝜋𝐫 ∙ 𝐒]𝑑𝐫

𝑟

 

Assuming that the electron cloud is spherically symmetric, the atomic scattering factor is 

independent of the direction of S, but depends on the length of S as a function of 2 sin 𝜃 𝜆⁄ .  

B2.4 X-ray diffraction from a unit cell and a crystal 

For a unit cell containing n atoms at position rj with respect to the origin of the unit cell, 

the total scattering from a unit cell is expressed as the structure factor F(S): 

𝐅(𝐒) = ∑ 𝑓𝑗  exp[2𝜋𝑖𝐫𝑗 ∙ 𝐒]

𝑛

𝑗=1

 

where fj is the atomic scattering factor for each atom. 

The total scattering from a crystal therefore is equal to summation of structure factors 

from all unit cells. As a crystal contains global translational symmetry with a unit cell dimension 

in three directions, a, b, and c, an identical unit cell can be found at position 𝑢 ∙ 𝐚 + 𝑣 ∙ 𝐛 + 𝑤 ∙ 𝐜, 

in which u, v, w are integers. The structure factor for this unit cell is 

𝐅(𝐒) × exp[2𝜋𝑖𝑢𝐚 ∙ 𝐒] × exp[2𝜋𝑖𝑣𝐛 ∙ 𝐒] × exp[2𝜋𝑖𝑤𝐜 ∙ 𝐒] 



 

 157 

The total scattering from a crystal thus is  

𝐊(𝐒) = 𝐅(𝐒) × ∑ exp[2𝜋𝑖𝑢𝐚 ∙ 𝐒]

𝑛1

𝑢=0

× ∑ exp[2𝜋𝑖𝑣𝐛 ∙ 𝐒]

𝑛2

𝑣=0

× ∑ exp[2𝜋𝑖𝑤𝐜 ∙ 𝐒]

𝑛3

𝑤=0

 

Because scattering vectors from the large number of unit cells in a crystal point to different 

directions over the space, K(S) is close to zero. Only when the conditions below are fulfilled, 

constructive interference will happen: 

𝐚 ∙ 𝐒 = ℎ 

𝐛 ∙ 𝐒 = 𝑘 

𝐜 ∙ 𝐒 = 𝑙 

where h, k, l have to be integers. 

These conditions are known as Laue equations. When Laue conditions are satisfied, X-ray 

scattering can be observed for a given h, k, l. 

B2.5 Bragg’s law 

According to the Laue equations, the vector S is perpendicular to the Miller plane (h, k, 

l). h, k, l are called Miller indices that cut the unit cell in three dimensions into a set of parallel 

planes, specifically cutting the a edge into h fractions, the b edge into k, and the c edge into l 

fractions, respectively. This Miller plane can be regarded as a reflecting plane, and with respect to 

the origin O of the unit cell in the system, all points in this plane contribute to reflection. Each set 

of Miller planes corresponds to one reflection (h, k, l). The interplanar distance d for one set of 

Miller planes can be expressed as the projection of a/h on S with a unit vector 𝐒 |𝑆|⁄ : 

𝑑 =
𝐒

|𝑆|
∙

𝐚

ℎ
=

𝜆

2 sin 𝜃
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Therefore, for a set of parallel planes with indices h, k, l, diffraction occurs at a specific angle θ 

when Bragg’s law is satisfied (Figure 30): 

𝑛𝜆 = 2𝑑 sin 𝜃 

B2.6 Reciprocal lattice 

Based on Bragg’s law, X-ray diffraction from a crystal can be seen as reflection from 

planes in the lattice. Given that the length of 𝑠0 is 1/λ, the reflection (h, k, l) can be found in the 

normal direction to the Miller plane (h, k, l) with a distance of 1/d from the origin of reciprocal 

lattice when Bragg’s law is satisfied, where |𝑆| = 1 𝑑⁄ , and d is the distance between planes in 

one set of Miller planes (Figure 31A). Each set of lattice planes corresponds to a single reflection. 

It appears that reflections show a periodic pattern and form a lattice. As a result, for a crystal (real 

space lattice) with dimensions a, b, c, we can construct a new lattice, known as reciprocal lattice. 

Planes (h, k, l), such as (1,1,0), (1,2,0) and so forth, are drawn that intersect the edges a, b, c. With 

interplanar spacing dhkl for plane (h, k, l), from the origin of reciprocal lattice, a line normal to the 

plane (1,1,0) with length 1/ d110 meets the reciprocal lattice point (1,1,0). By repeating this 

procedure, we can build a reciprocal lattice. The cell edges for the reciprocal lattice unit cell are 

defined by three vector a*, b*, c*. The scattering vector S(1,0,0), referred to as a*, is 

perpendicular to plane (1,0,0) with length 1/ d100. a* is perpendicular to the b- and c-axis of the 

real space unit cell. In the same way, S(0,1,0) is denoted as b*, and is perpendicular to the a- and 

c-axis. c* (S(0,0,1)) is perpendicular to the a- and b-axis. The lengths of a*, b*, c* are 

reciprocals of the lengths of the real space unit cell edges a, b, c.  

All reflections, which corresponds to the head of the scattering vectors S(h, k, l), can only 

be found at the reciprocal lattice points at a lattice with the unit vectors a*, b*, c*. In reciprocal 
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lattice, S(h, k, l) is expressed as 

𝐒(ℎ𝑘𝑙) = 𝑋𝐚∗ + 𝑌𝐛∗ + 𝑍𝐜∗ 

when Laue conditions are satisfied, 

𝐒(ℎ𝑘𝑙) = ℎ𝐚∗ + 𝑘𝐛∗ + 𝑙𝐜∗  

Therefore, with this imaginary reciprocal lattice, all reciprocal lattice points located on the sphere 

of reflection are in diffracting condition, which Bragg’s law is fulfilled for these points (Figure 

31B). The sphere of reflection, or called the Ewald sphere, has radius 1/λ with a crystal in its 

center (Figure 31A). When we rotate the crystal, the reciprocal lattice rotates as well. By this 

way, different reciprocal lattice points can make intersection with the Ewald sphere and fulfill the 

reflection condition, and therefore more reciprocal lattice points can be recorded during data 

collection (Figure 31C).    

B2.7 The structure factor equation 

In section B2.4, the total scattering from a unit cell can be obtained by summing up the 

scattering from all atoms, and is expressed as the structure factor F(S): 

𝐅(𝐒) = ∑ 𝑓𝑗  exp[2𝜋𝑖𝐫𝑗 ∙ 𝐒]

𝑛

𝑗=1

 

where fj is the atomic scattering factor for each atom. 

As constructive interferences are only found at specific directions where Laue conditions are 

satisfied, the structure factor can be written as the sum of reflections (h, k, l): 

𝐅(ℎ 𝑘 𝑙) = ∑ 𝑓𝑗  exp[2𝜋𝑖(ℎ𝑥𝑗 + 𝑘𝑦𝑗 + 𝑙𝑧𝑗 )]

𝑛

𝑗=1

 

where x, y, and z are fractional coordinates in the unit cell. 
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The intensity of reflections, I (h k l), is proportional to the square of the amplitude of the structure 

factor F(h k l), |𝐅(ℎ 𝑘 𝑙)|2. 

Based on the diffraction pattern from a crystal, the reciprocal space has centrosymmetry 

than the real space. For reflections (h, k, l) and (ℎ̅, 𝑘,̅ 𝑙)̅, which are called Friedel pairs, structure 

factors F(h k l) and 𝐅(ℎ̅ ̅  𝑙)̅ are found to have the same amplitudes, while the phase angles have 

opposite sign. Based on Friedel’s law, equivalent intensities of I (h k l) and 𝐼(ℎ̅ �̅� 𝑙)̅ are observed. 

As a result, all reciprocal lattices possess a center of symmetry at the origin, and there is no 

presumption that this symmetry is present in crystals. Additional symmetry in the diffraction 

pattern can be observed if the crystal has symmetry elements, such as rotation axis. For example, 

for a crystal with a 2-fold axis along y axis, F(h k l) = 𝐅(ℎ̅ 𝑘 𝑙)̅, which thus have the same 

intensities for both reflections. Both the reciprocal lattice and the real lattice show the same 2-fold 

axis along y axis. In addition, the presence of screw axis can be distinguished from the rotation 

axis by judging the systematic absence in the diffraction pattern. Specifically, certain reflections 

along the corresponding screw axis have zero intensity. 

B2.8 Electron density as a fourier series  

To determine protein structures by X-ray crystallography, we need to obtain information 

of electron density distribution of the molecules from the diffraction pattern. The structure factor 

F(h k l) is shown as the sum of scattering contributions from each atom in the unit cell. 

Alternatively, F(h k l) can be written as a function of integration of contributions from all 

electrons. 

𝐅(ℎ 𝑘 𝑙) = 𝑉 ∫ ∫ ∫ ρ(𝑥 𝑦 𝑧)exp[2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) ]

1

𝑧=0

1

𝑦=0

1

𝑥=0

𝑑𝑥 𝑑𝑦 𝑑𝑧 
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where ρ(x y z) is the electron density at position (x, y, z) in the unit cell and V is the volume of the 

unit cell.  

Here F(h k l) is called the Fourier transform of ρ(x y z). As Fourier transform is reversible, ρ(x y 

z) is in turn the transform of F(h k l). Therefore,  

ρ(𝑥 𝑦 𝑧) =
1

𝑉
∑ ∑ ∑ 𝐅(ℎ 𝑘 𝑙)exp[−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) ]

𝑙𝑙ℎ

 

ρ(x y z) is represented by a Fourier series with the structure factors F(h k l) as a Fourier 

coefficient (Fourier term). However, each F(h k l) is also a Fourier series with atomic scattering 

factor as the Fourier term. F(h k l) is a periodic function with amplitude |F(h k l)| and the phase 

α(h k l), and can be described as 𝐅(ℎ 𝑘 𝑙) = |𝐅(ℎ 𝑘 𝑙)| exp [i𝛼(ℎ 𝑘 𝑙)]. Then  

ρ(𝑥 𝑦 𝑧) =
1

𝑉
∑ ∑ ∑ |𝐅(ℎ 𝑘 𝑙)|exp[−2𝜋𝑖(ℎ𝑥 + 𝑘𝑦 + 𝑙𝑧) + 𝑖𝛼(ℎ 𝑘 𝑙) ]

𝑙𝑙ℎ

 

The electron density ρ(x y z) at position (x, y, z) in the unit cell is expressed as a function of 

amplitude |F(h k l)| and the phase α(h k l). However, while | F(h k l)| can be derived as the square 

root of intensity 𝐼(ℎ 𝑘 𝑙) during data collection, the phase angle α(h k l) for each reflection cannot 

be measured directly.  

 

B3. Obtaining phases 

The electron density distribution ρ(x y z) for a unit cell can be approximated by a Fourier 

series of the structure factors F(h k l), which each structure factor F(h k l) is also described as a 

complex vector composed of an amplitude and phase. While the amplitude for each reflection (h k 

l) can be recorded, its phase information is lost during diffraction experiment. There are several 
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ways to solve the phase problem in X-ray crystallography, including isomorphous replacement, 

anomalous scattering and molecular replacement. Both isomorphous replacement and anomalous 

scattering methods utilizes heavy atom derivatives of protein crystals. The heavy atom sub-

structure can be solved by difference Patterson function, and then the phase angle for each 

reflection in the native protein can be derived. On the other hand, the molecular replacement 

method utilizes the phase information from identical or similar structures to determine phases by 

Patterson synthesis. Details of these phasing method will be discussed in this chapter. 

B3.1 Patterson function 

Patterson function is an integral of weighted distribution in a space. It is written as  

𝑃(𝐮) = ∫ 𝜌(𝐫1)  ×  𝜌(𝐫1 + 𝐮)𝑑𝑣

𝑟1

 

with the vector u in the real unit cell. The Patterson function therefore can be described as the 

integral of the product of the electron density at position r1 and the electron density at position 

r1+u in the real unit cell. Patterson function is a contour map of interatomic vectors that P(u) has 

a significant peak at a position u when the vector between two atoms corresponds to u. 

Considering a unit cell with N atoms, the corresponding Patterson map will have a large peak at 

its origin with a total of N peaks, which resulting from self vectors from each atom, and N(N-1) 

off origin peaks. The space where these peaks are located, the Patterson cell, is identical to the 

real unit cell.  

Alternatively, the Patterson function can be expressed as a Fourier series of structure 

factors. 
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𝑃(𝑢 𝑣 𝑤) =
1

𝑉
∑ |𝐅(ℎ 𝑘 𝑙)|2cos [2𝜋(ℎ𝑢 + 𝑘𝑣 + 𝑙𝑤)]

ℎ𝑘𝑙

 

where u, v, and w are coordinates in the Patterson cell. 

As can be seen, the Patterson function can be calculated by a Fourier series with the measured 

reflection intensities as the Fourier coefficient without using phases α(h k l). The resulting 

Patterson map is centrosymmetric. Based on the Patterson map, the atomic positions in the real 

unit cell can be constructed. However, for a unit cell of protein crystals, which contains a large 

number (N) of atoms, the resulting Patterson map, with a total number of N2 peaks, is 

uninterpretable. In addition, protein crystals usually do not diffract well enough to resolve 

individual atoms, and therefore clear Patterson peaks cannot be obtained. 

Although Patterson maps are too complicated to be used to determine protein structures, 

the position of heavy atoms can be located in the difference Patterson map. Protein structure 

determination can be performed by utilizing information from strong scattering atoms. This is 

classically performed by isomorphous replacement using heavy atom derivatized protein crystals. 

In the case, the difference Patterson function is 

Δ𝑃(𝑢 𝑣 𝑤) =
1

𝑉
∑ Δ|𝐅(ℎ 𝑘 𝑙)|2cos [2𝜋(ℎ𝑢 + 𝑘𝑣 + 𝑙𝑤)]

ℎ𝑘𝑙

 

where Δ|𝐅(ℎ 𝑘 𝑙)|2 is the difference of amplitudes between the structure factor of native protein 

(|FP|) and the structure factor of its heavy atom derivative (|FHP|). That is, Δ|𝐅(ℎ 𝑘 𝑙)|2 =

(|𝐅HP| − |𝐅P|)2, and the net effect is the contribution of heavy atom alone to the diffraction 

pattern. The difference Patterson map therefore contains only heavy atom vectors, which the 

heavy atom position can be resolved. Because of crystallographic symmetry, the vectors between 
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symmetry-related atoms are found in specific planes of the Patterson map, which planes are 

known as Harker sections. Heavy atom peaks (the distance vectors (u, v, w)) located on the 

Harker sections thus can be use to derive the heavy atom coordinates (x, y, z) in the unit cell. For 

example, for the space group P2, sets of equivalent atoms lie at the Harker section at v = 0, which 

the corresponding distance vector (u, 0, w) = (2x, 0, 2z). Once the coordinates of the heavy atoms 

are determined by difference Patterson maps, implying that the marker atom phases are known, 

the heavy atom scattering vector FH can be calculated. Considering the relationship of FHP = FH + 

FP in the complex plane, the phase angle of FP can be solved (Figure 32A). 

B3.2 Isomorphous replacement method 

Isomorphous replacement methods utilize the intensity differences between a native 

protein crystal and a derivative crystal to locate marker atoms by difference Patterson function. 

The heavy atom derivatives can be prepared by soaking/cocrystallization with heavy atoms, and 

chemical modification of bound ligands. The heavy atom derivatives need to be isomorphous to 

the native crystal. That is, introduction of heavy atoms to proteins does not cause structural 

changes or affect crystal packing, and thus the measured intensity differences are contributed 

from the heavy atoms alone. The diffraction data of the heavy atom derivatives are collected in 

the same way as the native data.  

In previous section, we know that the marker atom substructure can be solved by 

difference Patterson maps to obtain the heavy atom structure factor FH. In addition, given the 

measured intensities of IHP and Ip, |FHP| and |FP| are known. With unknown phases, the head of the 

vectors FHP and FP is located somewhere on a circle with radius |FHP| and |FP|, respectively, on the 

complex plane. To obtain the phase angle of FP, the vector FH is first placed onto the complex 
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plane with the head of FH pointing to the origin (Figure 32B). A circle with radius |FHP| centered 

on the tail of the vector FH is plotted, and then the other circle with radius |FP| centered on the 

origin. The points where these two circles intersect satisfy the equation FHP = FH + FP, and thus 

the phase angles of the vector FP can be determined (Figure 32B). With single heavy atom 

derivative, there are two possible solutions for the protein phase (αp) for each reflection, while 

only one of which is the correct phase. This phase ambiguity can be resolved by a second heavy 

atom derivative. With the calculated vector FH2, the circle with the radius of |FH2P|can be drawn as 

described for FHP (Figure 32C). The intersection of these three circles indicates the correct phase 

angle for the reflections (h, k, l). The technique using single heavy atom derivative for phasing is 

called single isomorphous replacement (SIR), and that using two or more derivatives is multiple 

isomorphous replacement (MIR) method.  

B3.3 Anomalous diffraction 

B3.3.1 anomalous scattering 

All elements absorb X-ray, and heavier elements have increased absorption than lighter 

elements at a given wavelength. The absorption curves for heavy atoms as a function of X-ray 

wavelength exhibit sharp increase at specific wavelength, which is termed X-ray absorption 

edges. Each element has distinct absorption edge. When the wavelength (or energy) of incident 

X-ray is near the absorption edge of a specific atom, electron transitions occur, and the electron 

distribution around the nucleus is no longer centrosymmetric. As a result, the atomic scattering 

factor has an imaginary component at this wavelength, and is written as 

𝑓(𝜆) = 𝑓0 + 𝑓′(𝜆) + 𝑖𝑓"(𝜆) 

The atomic scattering factor now contains three components, including the wavelength 
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independent atomic scattering factor 𝑓0, and the wavelength dependent anomalous scattering 

factors 𝑓′(𝜆) and 𝑓"(𝜆). 𝑓′(𝜆) is a result of the absorbed photons re-emitted at a lower energy as 

fluorescence, and contributes to the real component of the change to the atomic scattering factor 

𝑓(𝜆). For 𝑓"(𝜆), it represents the imaginary component of 𝑓(𝜆), which has a phase change that the 

absorbed photons re-emitted at the same wavelength as the incoming X-ray but has a 90° phase 

delay.  

The value of the anomalous scattering components, 𝑓′(𝜆) and 𝑓"(𝜆), can be obtained by an 

X-ray absorption edge scan. This requires a tunable X-ray photon source, a synchrotron, that the 

intensity of the X-ray fluorescence signal across the absorption edge of a specific element is 

recorded as a function of X-ray wavelength. The imaginary scattering component 𝑓"(𝜆) is 

proportional to the measured atomic absorption coefficient μ(λ), and the real part  𝑓′(𝜆) can be 

derived by Kramers-Kronig transform. Atoms with absorption edges around the useable X-ray 

energy range for most synchrotrons can be used as sources of anomalous signal for phasing 

experiments. Some metalloenzymes, oxidase, or reductase contain transition metals such as Fe, 

Zn, and Cu, and heavy atom derivative crystals, such as selenomethionine labeled protein crystals 

can have anomalous signal for phasing.  

When anomalous scattering happens, the contribution of the wavelength dependent 𝑓′(𝜆) 

to the atomic scattering factor results in different intensities for the same reflection at different 

wavelength, which is called dispersive differences. Moreover, the phase change of the atomic 

scattering factor (the contributions of 𝑓"(𝜆)) results in the break down of the Friedel’s law (Figure 

33A). The feature of centrosymmetry in the diffraction pattern no longer holds. As a result, 

reflections of (h, k, l) and (ℎ̅, 𝑘,̅ 𝑙)̅ do not have the same intensity, which the intensity differences 
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between Friedel pairs are anomalous differences. Similar to the isomorphous replacement 

method, if protein crystals contain anomalous scatterers, the observed anomalous differences 

around absorption edges can be utilized to determine heavy atom substructures by anomalous 

difference Patterson map. Differences of the amplitudes between F(h, k, l) and 𝐅(ℎ̅, 𝑘,̅ 𝑙)̅, 

(|𝐅(ℎ, 𝑘, 𝑙)| − |𝐅(ℎ̅, 𝑘,̅ 𝑙)̅|)2, are used as coefficients for Patterson synthesis. With heavy atom 

positions located, the phase angle of reflections in native protein crystal can then be determined. 

This anomalous phasing method is called anomalous diffraction (or anomalous dispersion), 

including single-wavelength anomalous diffraction (SAD) and multi-wavelength anomalous 

diffraction (MAD). Details of these two techniques will be discussed in the following sections. 

B3.3.2 Multi-wavelength anomalous diffraction (MAD) 

For protein crystals containing anomalous scatterers, the multi-wavelength method can 

take advantage of both anomalous differences and dispersive differences for phase determination. 

Diffraction data are collected at three different wavelength (Figure 34), containing first, the peak 

data set (at wavelength λ2) that f” is at its maximum and the difference between Friedel’s pairs is 

largest, second, the inflection data set (at wavelength λ1) that f’ has its minimum, and third, high 

energy or low energy remote data set (at wavelength λ3) with X-ray energy about a hundred eV 

from the edge. Although f’ and f” are small, remote data set contain dispersive differences against 

the inflection data set. Processing of MAD data is similar to isomorphous replacement. The large 

dispersive difference between the remote and inflection data set, between f’λ3 and f’λ1, results in 

the change of the heavy atom structure factor, FA, and thus the amplitudes of FPA between two 

data sets become different (Figure 35A). The difference between |FPA (λ1)| and |FPA (λ3)| can be 

processed as that in isomorphous replacement. In addition, the anomalous difference between 
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Friedel pairs (|F+|-|F-|) in the same data set (Figure 35B), which the peak data set specifically has 

strong anomalous differences, can also be exploited for phasing as in isomorphous replacement. 

The intersection of all phasing circles from the combined information of dispersive and 

anomalous differences between and within the same data set collected at different wavelengths 

can define a unique phase solution. The advantage of MAD phasing technique is that all data sets 

are collected from a single protein crystal, thus minimizing some errors, such as crystal 

anisotropy, radiation damage, instrumental settings, which can result from using different 

crystals. Moreover, MAD data provide redundancy and stronger anomalous signal, and can work 

for low resolution phasing. In contrast, the disadvantage is the large amount of data collection at 

three different wavelengths that some crystals may not sustain as a result of radiation damage.  

B3.3.3 Single-wavelength anomalous diffraction (SAD) 

The principle of SAD is the same as MAD but using only one data set collected at peak 

wavelength, corresponding to a X-ray energy near the absorption edge, for a specific anomalous 

scatterer. Considering the anomalous contribution to the atomic scattering factor has a phase 

change, differences between the amplitudes of Friedel pairs, FPA+ and FPA-, are available in a 

SAD data set for determination of heavy atom substructure. The structure factor of the heavy 

atom derivative FPA can be expressed as summation of vectors as (FP + FA + F”A). FA is the 

contribution of the combined real component to the anomalous atomic scattering factor, F”A is the 

imaginary component, and FP is the native protein. With the heavy atom structure factor FA 

calculated, the anomalous phasing circles for FPA+ and FPA-, respectively, can be drawn to obtain 

the possible solutions for protein phase angle (Figure 33B). Similar to the SIR case, SAD phasing 

has phase ambiguity problem. Combination of SAD and SIR information when using the same 
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heavy atom, known as SIRAS phasing, can resolve phase ambiguity. In addition, the phase 

ambiguity of SAD and SIR can be solved by density modification. 

B3.4 Phase improvement 

After the protein phases are determined by isomorphous replacement or anomalous 

diffraction, the electron density map can be constructed by Fourier transform of calculated 

structure factors. Considering phase ambiguity by SAD and measurement errors of phase angles, 

the quality and resolution of the initial electron density map can be improved by density 

modification. This method is based on prior knowledge of the physical properties of a protein 

molecule, and can be performed using methods such as solvent flattening, non-crystallographic 

symmetry (NCS) averaging, and histogram matching. Density modification exploits the feature 

that, first, a good electron density map has distinct globular regions of protein density separated 

by the disordered solvent region. Second, protein regions have continuous density of secondary 

structures, and should not have negative density, and third, when the chemical composition of a 

protein is known, the maximum density can be calculated. This knowledge can be used to 

improve phases.  

To perform solvent flattening, the program first builds a mask to define protein and 

solvent regions. The electron density of the solvent region is set to the solvent average. Then new 

structure factors are calculated by Fourier transform for the masked regions. The combined new 

phases with the original phases can generate a new map. This method can efficiently improve 

electron density maps if protein crystals have high solvent content. For NCS averaging, it takes 

advantage of the property that NCS related molecule in the asymmetric unit should have similar, 

but not identical, electron density distribution. Histogram matching is applied to the protein 
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region of the electron density map on the basis of similar distribution of electron density values at 

a given resolution for each protein structure. In short, density modification procedures can be 

performed in several cycles with adjusted parameters until convergence is achieved. The 

improved electron density map will be possible for subsequent model building and refinement. 

B3.5 Molecular replacement 

In addition to de novo phasing methods such as isomorphous replacement and anomalous 

diffraction, when homologous or identical structures are available, they can serve as a model for 

initial phase calculation. This method is molecular replacement that a model of a known protein is 

placed into the target unit cell of the unknown protein structure through rotation and translation. 

The best fit between the observed diffraction data and the calculated data from the positioned 

search model will be the phase solution. Positioning of the search model requires determination 

of six parameters, three rotational and three translational vectors. Specifically, the orientation 

between two molecules can be defined by an angle of rotation about an axis, which is described 

by polar angles, χ, ψ, and ϕ, and the translation between two molecules is defined by three vectors 

x, y, z. In principle, positioning of the search model can be performed by a six-dimensional 

search. However, this requires large computation to go through all possible combination of 

rotational and translational vectors. A more efficient approach is to do rotation-translation 

searches, which is divided into a three-dimensional rotation search and a subsequent three-

dimensional translation search. 

By applying Patterson method, a three-dimensional rotation search can first determine the 

proper orientation of the search model, and then a three-dimensional translation search can help 

find its location in the target unit cell. A Patterson map of the search model is calculated, which is 
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a map of interatomic vectors, and is rotated for comparison with the Patterson map of target 

molecule. The correct orientation (or rotation angles) can be determined based on the overlap of 

intramolecular Patterson vectors between two Patterson maps. This Patterson cross-rotation 

search can be calculated by fast or direct rotation function. Similarly, Patterson self-rotation 

search can identify NCS copies in the asymmetric unit, which is performed by rotation the 

Patterson map onto itself. When the orientation of the search model is determined, Patterson 

translation searches are performed to find the actual location of the model in the unit cell. The 

match of intermolecular Patterson vectors between the model and the target is calculated by fast 

translation functions. Once the search model is properly placed, an electron density map can be 

generated for subsequent model building. Molecular replacement takes advantage of the structural 

similarity between the search model and the target protein for phasing. Generally, a proper model 

is selected if it has >30% sequence identity to the target molecule, implying that the rmsd 

between the model and target is <1.5 Å . Due to the increasing number of protein structures being 

determined, molecular replacement is largely used for phasing. However, as the resulting electron 

density map is constructed based on the atomic positions in the search model, it is biased toward 

the model. The use of maximum likelihood based functions for map reconstruction and model 

refinement can help reduce model bias. 

  

B4. Structure refinement 

The initial model building on the calculated electron density map usually has errors, such 

as small stereochemical and conformational errors. Structure refinement is carried out that the 

parameter of the model, such as atom positions, B factor, and occupancy, are adjusted to find the 
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best fit with experimental observations. The aim of structure refinement is to minimize the target 

functions that a agreement between observed structure factor amplitudes (|Fobs|) and calculated 

amplitudes (|Fcalc|) can be achieved. The maximum likelihood target function is the most accurate 

because it incorporates model incompleteness and model errors. The data to parameter ratio is 

important for solving target functions that for a system with n parameters, the number of data 

should be at least equal to n. For protein structure refinement, the data to parameter ratio can be 

increased by increasing the number of data or decreasing the number of parameters. Additional 

restrains on bond length, bond angles, and dihedral angles can be added to the model to increase 

the number of data. These restraints for protein model are based on the information from small 

molecule crystal structures, which protein structures share the same features. On the other hand, 

using constraints, such as fixing all atom occupancies to 1, can decrease the number of 

parameters. Convergence can be achieved with multiple cycles of model building and refinement. 

The quality of the model can be judged by the residual index (the R-factor), which is expressed 

as 𝑅 =
∑ ||𝐹𝑜𝑏𝑠|−|𝐹𝑐𝑎𝑙𝑐||

∑ |𝐹𝑜𝑏𝑠|
. For a good initial model, R-factor is around 40-50 %, and for final model, 

the R-factor can drop to 20 %. R-factor can be manipulated that its value can go down if more 

parameters are added to the structure model. To avoid overfitting during model building, the 

cross-validation R-value from a free R data set, termed free R-factor, serves as an unbiased 

judgment for the quality of the model. The free R data set is a small fraction (5-10 %) of the data 

that is excluded from any subsequent refinement. By using the free R data set, the free R-factor is 

calculated in the same way as the R factor, which the R factor from the working data set is called 

R-work. Ideally the free R-factor should be within 5 % difference with respect to R-work for the 

final model. Other indicators can also be used to monitor the quality of the model, such as the 
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rms-deviation of the bond lengths and angles of the model from the accepted values. 

Ramachandran plots can be used to check the backbone torsion angles, and side chain torsion 

angles can be examined by steric clashes or unfavorable rotamers. During structure refinement, 

all these parameters can help us assess the quality of the model. 
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Figure 28: Representation of one unit cell. 

Its dimension is defined by the three edge vectors, a, b, and c, and three angles, α, β, γ. 
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Table 5: List of seven crystal systems and Bravais lattice 

Crystal system Characteristic 

symmetry 

Unit cell parameters Bravais lattice 

Triclinic 1x 1-fold a ≠ b ≠ c, α ≠ β ≠ γ ≠ 90° P 

Monoclinic 1x 2-fold a ≠ b ≠ c, α = γ = 90°, β 

≠ 90° 

P, C 

Orthorhombic  3x 2-fold a ≠ b ≠ c, α = β = γ = 90° P, C, I, F 

Tetragonal  1x 4-fold a = b ≠ c, α = β = γ = 90° P, I 

Trigonal  1x 3-fold a = b ≠ c, α = β = 90°, γ 

= 120° 

R/P 

Hexagonal  1x 6-fold a = b ≠ c, α = β = 90°, γ 

= 120° 

P 

Cubic  4x 3-fold a = b = c, α = β = γ = 90° P, I, F 

 

Table 6: Seven types of lattice centering 

Centering type Symbol  

Primitive – no centering P 

A-face centered A 

B-face centered B 

C-face centered C 

All-face centered F 

Body centered I 

Rhombohedrally centered R 
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Figure 29: Scattering of X-rays by a two-electron system. 

P1 and P2 are two electrons. s0 and s1 are unit vectors defining the incident and scattered X-rays, 

with |𝑠0| = |𝑠1| = 1 𝜆⁄ . The angle between the incident and scattered X-ray is 2θ. The path 

difference between scattered X-rays from P1 and P2 equals to P1B-AP2, where P1B = 𝐫 ∙ 𝑠1, and 

AP2 = 𝐫 ∙ 𝑠0. 
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Figure 30: A visual picture of X-ray scattering from Miller planes. 

The incident and reflected X-rays make an angle θ with the reflecting planes, which is a set of 

parallel planes with indices (h, k, l) with interplanar distance d. As BC = AB sin 𝜃 = 𝑑 sin 𝜃, the 

path difference between scattered X-ray is 2𝑑 sin 𝜃. Constructive interference occurs when 

diffracted X-rays are coherent, which equals to an integer number of the wavelength λ. Thus, 

Bragg’s law states this relationship that 2𝑑 sin 𝜃 =  𝑛𝜆.   
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Figure 31: Reflections in reciprocal space. 
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(A) The Ewald sphere can be used to describe reflections (h,k,l) in space. The sphere has has 

radius 1/λ with a crystal in its center C. s0 and s1 are unit vectors defining the incident and 

scattered X-rays, with |𝑠0| = |𝑠1| = 1 𝜆⁄ . S is the scattering vector for the scattered beam, which 

S(h, k, l) = OP and is perpendicular to the Miller plane (h, k, l). |𝐒(ℎ, 𝑘, 𝑙)| = 2 sin 𝜃 𝜆⁄ = 1 𝑑⁄ . 

(B) The origin of the reciprocal lattice is O, and the point P is the reciprocal lattice point that is in 

reflection condition because Bragg’s law is fulfilled. The lattice point P’ that does not intersect 

with the Ewald sphere are not in reflection condition. (C) Rotation of the reciprocal lattice around 

O can make P’ intersect with the Ewald sphere, and therefore bring it to reflection position.  
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Figure 32: Experimental phasing by isomorphous replacement method. 

(A) The phase triangle describes the relationship that the structure factor FHP for the heavy atom 

derivative is the sum of the structure factors of FP (from native protein crystal) and FH (the heavy 

atom). (B) The solution of the phase angle αp for each reflection in the native protein structure by 

single isomorphous replacement (SIR). Only one of the two phase angles, α1p and α2p, is the 

correct phase. The phase ambiguity can be resolved by multiple isomorphous replacement (MIR) 

as shown in (C). (C) The structure factor for the second heavy atom is FH2. By using MIR, three 

circles intersect at one point, indicated by the number 1, and the correct phase for the native 

protein structure is α1p. 
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Figure 33: Anomalous scattering. 

(A) Break down of the Friedel’s law. The real and imaginary components of the anomalous 

scattering factor are (f0+f’) and f”, respectively. The contribution of f” shows a phase change by 

+90° and is perpendicular to the real part (f0+f’). Due to anomalous scattering, the intensity 

between Friedel pair (F+
PA and F-

PA) becomes different. (B) SAD phasing equations. As the heavy 

atom position is located by anomalous difference Patterson map, the structure factor FA+ (or FA-) 

is known. A circle with radius |FPA+| centered at the tail of F”A+ was drawn. With the enantiomer 

FA+, F”A- was inverted for drawing the phasing circle of FPA-. The scattering vector Fp (native 

protein) is unknown but is shown for clarity. Two possible solutions for the protein phase angle 

are found by SAD.  
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Figure 34: The curve of the anomalous scattering factors, f’ and f” for selenium as a 

function of X-ray energy. 

The wavelength corresponding to the minimum of f’ is λ1 (inflection). The maximum of f” is at 

wavelength λ2 (peak). At the wavelength λ3 (remote) both f’ and f” are small. 
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Figure 35: MAD phasing can be processed as isomorphous replacement. 

FB is the structure factor by light atoms, and FA is the contribution of the real component of 

anomalous scatterers. f' is shown as positive for easier presentation. (A) The heavy atom 

contribution of dispersive differences, f’, between MAD data sets was shown, which resulting in 

different structure factor FPA at three different wavelengths. The dispersive difference is 

maximized between data sets collected at inflection (λ1) and remote (λ3) wavelengths. The phase 

triangle ABC can be processed as in isomorphous replacement. (B) The anomalous difference 

between |F+| and |F-| due to the contribution of f”. The difference is largest at peak wavelength 

(λ2). 
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