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Toxin-antitoxin systems are ubiquitous in prokaryotic and
archaeal genomes and regulate growth in response to stress.
Escherichia coli contains at least 36 putative toxin-antitoxin
gene pairs, and some pathogens such as Mycobacterium
tuberculosis have over 90 toxin-antitoxin operons. E. coli
MazF cleaves free mRNA after encountering stress, and nine M.
tuberculosis MazF family members cleave mRNA, tRNA, or
rRNA. Moreover, M. tuberculosis MazF-mt6 cleaves 23S rRNA
Helix 70 to inhibit protein synthesis. The overall tertiary folds of
these MazFs are predicted to be similar, and therefore, it is
unclear how they recognize structurally distinct RNAs. Here we
report the 2.7-A X-ray crystal structure of MazF-mt6. MazF-
mt6 adopts a PemK-like fold but lacks an elongated (31-2
linker, a region that typically acts as a gate to direct RNA or
antitoxin binding. In the absence of an elongated 31-2 linker,
MazF-mt6 is unable to transition between open and closed
states, suggesting that the regulation of RNA or antitoxin selec-
tion may be distinct from other canonical MazFs. Additionally, a
shortened 31-B2 linker allows for the formation of a deep, sol-
vent-accessible, active-site pocket, which may allow recognition
of specific, structured RNAs like Helix 70. Structure-based
mutagenesis and bacterial growth assays demonstrate that
MazF-mt6 residues Asp-10, Arg-13, and Thr-36 are critical for
RNase activity and likely catalyze the proton-relay mechanism
for RNA cleavage. These results provide further critical insights
into how MazF secondary structural elements adapt to recog-
nize diverse RNA substrates.

Toxin-antitoxin complexes are two-component operons dis-
tributed widely among prokaryotic and archaeal genomes
where they have diverse roles in bacterial physiology. These
small gene pairs are critical for postsegregational killing, adapt-
ive responses to environmental stress, antibiotic tolerance, and
host-pathogen virulence responses (1, 2). Toxin-antitoxins are
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organized into six different classes based on how the antitoxin
component regulates toxin activity (3). In all classes, the toxin is
proteinaceous and inhibits an essential cellular function such as
replication, translation, or an assembly pathway including ribo-
some and membrane biogenesis in response to stress (2, 4). The
antitoxin is either RNA or protein that inhibits toxin activity by
direct binding (Types II, III, and VI), preventing toxin protein
expression (Types I and V), or competing with the toxin for
substrate binding (Type IV) (3).

Type II toxin-antitoxin complexes are the most abundant
and best characterized toxin-antitoxin systems (5). In this type,
the antitoxin protein neutralizes the toxin protein by direct
binding. Most Type II toxins are endoribonucleases and are
either ribosome-dependent or -independent. Ribosome-depen-
dent toxins such as Escherichia coli RelE, YoeB, and YafQ and
Proteus vulgaris HigB cleave mRNA but only when bound to
the ribosome (6—8). In contrast, E. coli and Bacillus subtilis
MazFs are endoribonucleases that degrade free mRNAs at
sequences containing 5-N|ACA-3’ and 5'-U|ACAU-3/,
respectively (arrow denoting cleavage) (9, 10). The Mycobacte-
rium tuberculosis genome contains more than 90 putative tox-
in-antitoxin operons with nine MazEF paralogues (annotated
as mtl-mt9) (5). Three of the nine MazF toxins (MazF-mt3,
MazF-mt6, and MazF-mt9) cause growth arrest when overex-
pressed in E. coli (11). Surprisingly, in addition to cleaving
mRNAs, M. tuberculosis MazF toxins cleave different RNAs
that are structurally distinct. For example, MazF-mt9 cleaves
tRNAs, MazF-mt6 cleaves 23S rRNA, and MazF-mt3 cleaves
both 16S and 23S rRNA, all resulting in the inhibition of protein
synthesis (12—14). Although the overall tertiary fold of these
MazFs are predicted to be similar (13), it is unclear how they
then recognize very structurally different RNAs.

MazF-mt6 toxin cleaves 23S rRNA at Helix 70 (H70)? of
the large 50S subunit at a consensus sequence of 5-'*UU|
CCU™3.3’ (13). H70 is at the interface between the 30S and
50S subunits and adopts a 10-nucleotide (nt) stem-loop with
the consensus sequence located in an internal bulged region.
Here, we solved the 2.7-A X-ray crystal structure of MtbMazF-
mt6 and show that MazF-mt6 adopts a plasmid emergency
maintenance K (PemK)-like fold, an architecture commonly

2 The abbreviations used are: H70, Helix 70; nt, nucleotide(s); r.m.s.d., root mean
square deviation; TF, trigger factor; BsMazF, B. subtilis MazF; SH3, Src homo-
logy 3; PemK, plasmid emergency maintenance K; EcMazF, E. coli MazF toxin.
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Figure 1. Location of 23S rRNA Helix 70 in the context of the ribosome.
A, overview of the 70S containing A-site, P-site, and E-site tRNAs (PDB code
4Y4R) (left panel). An expanded view of 23S rRNA Helix 69 (H69) and H70
and 16S rRNA helix 44 (h44) is shown in the right panel. H70 residues that
MazF-mt6 targets are shown in red. B) H70 (nucleotide positions 1933-
1967) indicating the location of the RT primer (blue), MazF-mt6 cleavage
site (red arrowhead), and RT stop at nucleotide 1935. C, RT assays demon-
strating MazF-mt6-induced 23S rRNA or H70 cleavage. The cleavage prod-
ucts were monitored by RT, and the reactions were run on an 8 m urea
polyacrylamide sequencing gel. The MazF-mt6 full-length RT stop (FL), the
major cleavage site (red arrowhead), and a minor cleavage site (black
arrowhead) are indicated.

adopted by several bacterial toxins including PemK and CcdB
(15). MazF-mt6 contains a significantly shorter S1-£2 linker,
the region predicted to interact with RNA (13). We found that
MazF-mt6 cleaves a 35-mer H70 RNA, strongly suggesting that
the entire 23S rRNA is not required for MazF-mt6 activity. We
further determined that MazF-mt6 residues Asp-10, Arg-13,
and Thr-36 are critical for activity and likely perform mRNA
cleavage via a proton relay mechanism. These data provide a
structural and functional framework for how MazF endoribo-
nucleases recognize diverse RNA substrates by the remodeling
of loops to mediate RNA recognition.

Results
MazF-mté6 cleaves both 23S rRNA and H70

MazF-mt6 inhibits protein synthesis by cleaving the 23S
rRNA at H70 (***°UU |, CCU"*3), an RNA sequence conserved
between M. tuberculosis and E. coli 70S (13). H70 forms inter-
actions with the A-site tRNA and ribosome recycling factor
during elongation and interacts directly with 16S rRNA decod-
ing helix 44 (Fig. 1A) (16, 17). To test for activity, we incubated
MazF-mt6 with purified E. coli 50S and monitored 23S rRNA
cleavage product formation using reverse transcription (RT)
from a complementary DNA oligo annealed to 23S rRNA nt
1959-1945 (Fig. 1B). We used a poisoned RT reaction that
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yields full-length and cleaved products of 19 and 25 nt, respec-
tively (18). The extension is halted by incorporating dideoxy-
CTP at position 1935, 6 nt after the cleavage site. Using this
experimental setup, we confirmed that MazF-mt6 primarily
cleaves between residues 1940 and 1941 (Fig. 1C and supple-
mental Fig. S1). We next tested whether MazF-mt6 required an
intact 50S by incubating MazF-mt6 with a 35-nt RNA contain-
ing the H70 sequence (nt 1933-1967) (Fig. 1B). The major RT
product is 11 nt, corresponding to cleavage between 1940 and
1941 (64% of the product formed), as demonstrated previously
(13). However, there are additional minor RT products corre-
sponding to cleavage after C1942 and U1943 in the same bulged
loop (8 and 23%, respectively; Fig. 1C). Although MazF-mt6
cleaves H70 almost to completion, MazF-mt6 only cleaves 23S
rRNA in the 50S to ~30% completion.

Structure determination of MazF-mt6

MazF-mt6 was overexpressed and purified fused to an N-ter-
minal hexahistidine (His,)-trigger factor (TF) as described pre-
viously (13). In addition to immobilized metal affinity chroma-
tography purification, the His,-TF-MazF-mt6 complex was
incubated with thrombin protease to release TF. MazF-mt6 was
further purified by immobilized metal affinity chromatography
and size exclusion chromatography (Superdex S200, GE Health-
care) and concentrated to 10 mg/ml. Crystals formed in the
P6,22 space group with two identical, symmetry-related MazF
monomers in the asymmetric unit. The X-ray crystal structure was
solved to 2.7-A resolution by molecular replacement using B. sub-
tilis MazF (BsMazF) as a search model in the Phaser program of
the PHENIX suite (Table 1 and Fig. 2; Protein Data Bank (PDB)
code 4MDX) (19, 20). The MazF-mt6 model was manually built in
the Crystallographic Object-Oriented Toolkit program (Coot),
and geometry and B-factor refinements in PHENIX and rebuild-
ing in Coot were iteratively performed (20, 21). The final model
contains residues 2—99 (of 103 total residues).

MazF-mt6 adopts a PemK-like ribonuclease fold

MazF-mt6 is a small globular protein (10.8 kDa) consisting of
two B-sheets and three a-helices. One (-sheet adopts a five-
stranded, antiparallel SH3-like barrel fold (8718182
B31B61) linked by four small a-helices (a1, a2, @3, and a4),
whereas the second B-sheet is three-stranded and antiparallel
(B4{ B57) connected to a large C-terminal a-helix (a4) (22)
(Fig. 2A4). Although MazF-mt6 shares low amino acid sequence
identity with orthologous family members (15-28%) (supple-
mental Fig. S2), MazF-mt6 adopts a PemK-like fold as seen in
other bacterial toxins including E. coli CcdB, MazF, and PemK
(23-27). A DALI search (28) reveals that MazF-mt6 shares high
structural homology with Staphylococcus aureus MazF (PDB
code 4MZP; root mean square deviation (r.m.s.d.) = 1.4 A, Z =
15.7), BsMazF toxin (PDB code 4MDX; r.m.s.d. = 1.4 A,
Z = 15.5), E. coli MazF toxin (EcMazF; PDB code 5CR2;
rmsd. =194, 7= 12.6), Bacillus anthracis MoxT toxin (PDB
code 4HKE; r.m.s.d. = 1.4 A, Z = 15.3), E. coli CcdB toxin (PDB
code 2VUB; r.m.s.d. = 2.3 A, Z = 12.9), and E. coli Kid toxin
(PDB code 1IM1F; r.m.s.d. = 2.0 A, Z = 11.8). Dimerization of
MazF-mt6 is mediated by C-terminal a4-a4 interactions simi-
lar to BsMazF (19, 29) (Fig. 24). MazF-mt6 dimerization buries
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~2,000 A% of hydrophobic and electrostatic interactions
between 6 and a4 in comparison with other MazFs that have
an additional 500 A2 buried.

Sequence alignments of MazF-mt6 with BsMazF and
EcMazF (referred to as MazF hereafter) reveal RNA-binding
regions that differ in length (19). Comparison of the structure of
MazF-mt6 with MazFs that interact with mRNA reveals that
MazF-mt6 contains a significantly shorter 81-B2 linker, the
region that interacts with mRNA (19, 29) (Fig. 2B). The MazF
B1-B2 linker is 13 residues in length, whereas in MazF-mt6,
B1-B2 linker is only five residues. The MazF [1-82 linker
extends ~10 A from one monomer to the other monomer,
forming part of the dimer interface that packs against and cov-
ers a net positive charge where mRNA binds (19). Because there
is a shortened MazF-mt6 B1-B2 linker, this region does not
extend toward the dimer interface, leaving the positively
charged cleft exposed. An additional positive region is exposed
upon MazE antitoxin binding (19, 29). This second positively

Table 1
Data collection and refinement statistics
MazF-mt6
Data collection
Space group P 6,22
Wavelength (A) 0.97920

Cell dimensions

a,b,c(A) 105.2,105.2, 144.4

B y() 90, 90, 120
Resolution (A) 77.0-2.70
Ry, (%) 3.37 (53.1)
Ilal 12 (1.4)
Completeness (%) 95 (99)
Redundancy 6.3 (6.5)
CC1/2 (%) 99.8 (66.2)

Refinement

Reflections 13,309
Ry Rivee (%) 23.3/25.2
No. atoms

Macromolecule 1,540

Ligand/ion 20

Water 5
B-factors (A?)

Overall 84.9

Macromolecule 84.3

Ligand/ion 132
r.m.s.” deviations_

Bond lengths (A) 0.005

Bond angles (°) 1.12

“ Highest resolution shell is shown in parentheses.
® r.m.s., root mean square.

charged region is missing in MazF-mt6, and instead a negative
solvent-exposed patch is present.

MazF-mt6 residues Asp-10, Arg-13, and Thr-36 are important
for activity and inhibition of bacterial growth

The MazF-mt6 structure reveals that residues Asp-10, Lys-
11, Arg-13, Thr-36, Thr-37, and Thr-38 are adjacent to the
putative active site, which also contains a bound sulfate ion (Fig.
3A and supplemental Fig. S3). The negatively charged sulfate
ion can mimic the phosphate backbone of RNA and provides
further support that this location is likely the active site. To
identify which MazF-mt6 residues are important for toxin
activity, we used an established cell-based assay whereby over-
expression of wild-type (WT) MazF-mt6 inhibits growth (11,
30). MazF-mt6 variants that restore growth are interpreted as
disrupting canonical MazF-mt6 function. As demonstrated
previously, overexpression of WT MazF-mt6 inhibits cell
growth in E. coli, whereas uninduced or vector control only
exhibits normal growth (supplemental Fig. S4) (19). MazF res-
idues previously identified as important for activity include an
arginine that functions as both an acid and a base and either a
serine or threonine that stabilizes the transition state during
mRNA cleavage (19, 29, 31). MazF-mt6 residue Arg-13 is
located on the shortened 1-82 linker in a similar location as
catalytic residues EcMazF Arg-29 and BsMazF Arg-25. Expres-
sion of MazF-mt6 R13A variant allows for normal growth, dem-
onstrating that this residue is important for activity (Fig. 3B).
Proximal residues to the MazF-mt6 active site include Asp-10 and
Lys-11. Expression of the MazF-mt6 D10A and K11A variants
allow for growth, suggesting that these residues have a critical role
in activity (Fig. 3B). MazF-mt6 contains three threonine residues
adjacent to its active site, suggesting that each could potentially
stabilize the transition state. We found that the T38A variant has
no effect on MazF-mt6 inhibition of growth, whereas the T37A
variant has a modest growth effect (Fig. 3C). In contrast, the T36A
variant causes a reversal of growth inhibition, suggesting that
Thr-36 plays a critical role in MazF-mt6 activity.

MazF-mté6 residues Asp-10, Arg-13, and Thr-36 have the
largest impact on rRNA degradation

Bacterial growth assays suggested that MazF-mt6 residues
Asp-10, Arg-13, Thr-36, and possibly Lys-11 are important for
endoribonuclease activity (Fig. 3). To assess the quantitative

Figure 2. Structure of M. tuberculosis MazF-mt6. A, the MazF-mt6 is a homodimer consisting of seven B-strands and four a-helices. B, A 90° rotated view to
show the SH3-like antiparallel B-sheet and the proximity of the active-site residue location on the B1-B2 and 3-34 linkers.
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Figure 3. MazF-mt6 residues important for activity. A, MazF-mt6 putative active site highlighting the residues that were targeted for single variant analysis.
Band C, E. coliBW25113 growth monitored over 5 h postinduction of WT MazF-mt6 and active-site variants. Cells were grown in M9 medium supplemented
with 0.2% glycerol and 0.2% casamino acids, and induction was initiated by the addition of 0.2% arabinose after cells reached an optical density of 0.2
at 600 nm. Error bars represent standard error of means from three independent experiments.
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Figure 4. MazF-mt6 residues Asp-10, Arg-13, and Thr-36 are critical for
endonuclease activity. A, single-turnover experiments monitoring H70
cleavage by WT MazF-mt6 and MazF-mt6 variants. The products were ana-
lyzed on an 8 m urea polyacrylamide sequencing gel. The major cleavage
product is denoted with a red arrowhead at U1940, and other minor cleav-
age products are indicated at positions 1941-1943. B, the product pro-
gression plot of WT MazF-mt6 and MazF-mt6 variants as monitored over a
time course of 45 min. Error bars represent standard error of means from
two independent experiments.

impact each MazF-mt6 residue has on mRNA cleavage, we per-
formed single turnover assays where 5’->*P-labeled H70 RNA
was incubated with a 10-fold molar excess of MazF-mt6 over a
time course of 45 min (Fig. 4 and supplemental Fig. S5). The
cleavage of H70 by WT MazF-mt6 was monitored by the accu-
mulation of RNA products corresponding to 8-11 nt. The
major product for WT MazF-mt6 cleavage was an RNA prod-
uct corresponding to cleavage between U1940 and C1941
(3.7 X 10~ 357 1) (Table 2). MazF-mt6 variants R13A and T36A
had the most significant impact on activity with minimal RNA
cleavage products detected (Fig. 4A). In contrast, MazF-mt6 vari-
ants K11A, T37A, and T38A had minor effects on RNA cleavage as
compared with WT, suggesting that although these residues are
proximal to the active site they do not contribute substantially to
catalysis. Although the K11A variant appeared to have a large
effect on activity in the bacterial growth assays (Fig. 3B), the variant
has a minimal effect on activity in single turnover experiments.
These data suggest that the K11A variant either has impaired RNA
binding or lower protein solubility, which could reduce its expres-
sion in the cell-based assays. MazF-mt6 residue Asp-10 is adjacent
to critical residue Arg-13. The MazF-mt6 D10A variant decreased

SASBMB

Table 2

Effects MazF-mt6 variants have on RNA cleavage
MazF-mt6 variant K

Sfl

Wild type 35X107%*=2x10*
D10A 253X 107**2X10°°
K11A 83X 1074 +1.0xX107*
RI3A ND*
T36A ND*
T37A 29X107*+2x10°°
T38A 1.03 X102+ 1.0 x 10*

“ND, not determined due to low cleavage activity. See “Experimental procedures”.

the rate of RN A cleavage by 10-fold (4 X 10~ *s™ "), suggesting that
this residue is important for catalysis (Fig. 44).

In addition to the canonical 8-nt product produced by all
MazF-mt6 variants, RNA products of 9—11 nt were also seen
but at varying extents depending on the variant (Fig. 44). For
example, MazF-mt6 variants D10A, R13A, and T36A that had
large impacts on RNA degradation produced additional RNA
products in similar amounts as compared with the canonical
8-nt product. In contrast, MazF-mt6 variants T37A and T38A
that had a modest impact on overall activity produced products
at the canonical position to the largest extent (40 and 60%,
respectively, of overall product production), and 9-11-nt
RNAs were only seen at low levels (2-13%). The MazF-mt6 K11A
variant impacts cleavage to a minimal extent (Table 2; 3-fold);
however, the major RNA product was 11 nt, corresponding to
cleavage between U1943 and U1944. Thus, in addition to these
MazF variants altering activity at the major cleavage site, they also
seem to impact specificity. Another possibility is that in the
absence of the 50S subunit the MazF-mt6 dimer may be more
flexible in how it engages the bulged loop containing the consensus
sequence, thus resulting in nucleotide promiscuity.

Discussion

Bacterial toxins regulate growth in response to environmen-
tal stress including antibiotic treatment (32). In E. coli, there is a
single MazF toxin family member that cleaves free mRNA to
inhibit translation (31). The MazF family is expanded to nine
members in M. tuberculosis concurrent with the expansion of
different target RNAs including tRNAs and rRNAs (12-14).
This expansion suggests that M. tuberculosis MazFs may con-

J. Biol. Chem. (2017) 292(19) 7718-7726 7721

0202 ‘2T YdReIA Lo 11SO/0S/A0J e /610°0q [ mmmy/:dny woy pspeojumod


http://www.jbc.org/cgi/content/full/M117.779306/DC1
http://www.jbc.org/

Structure of M. tuberculosis MazF-mt6 toxin
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MazE-mt6

90 DLDTLAGHCARTALD]D 106

Figure 5. Comparison of MazFs. A, comparison of electrostatic interactions between the EcMazF 31-82 and 35-36 linkers with an adjacent EcMazF dimer (PDB code
5CR2) (left) with the absence of electrostatic interactions between MazF-mt6 dimers (right). Residues responsible for stabilizing the 31-32 linker in EcMazF are shown
as sticks with dotted lines highlighting ionic bonds. The equivalent residues to EcMazF are shown for MazF-mt6, but there are no interactions between these residues.
B, electrostatic surface potential of BsMazF with both the MazE C-terminal a-helix (magenta) and the mRNA (white) shown to emphasize regions where their binding
overlaps (PDB code 4ME7) (left). The electrostatic surface potential of MazF-mt6 with both the putative antitoxin-binding path (dashed magenta a-helix) and the
RNA-binding pocket (white circle) is shown. The putative antitoxin-binding path is negatively charged in contrast to BsMazF. C, homology model of MazE-mt6
C-terminal a-helix (blue) superimposed onto MazF-mt6. MazF-mt6 catalytic residue Arg-13 is predicted to be close to MazE-mt6 residues Asp-90, Asp-92, Asp-104, and
Asp-106, which could potentially disorder the MazF-mt6 active site. The MazE-mt6 peptide sequence is shown below.

tain different structural elements to recognize diverse RNA
substrates. In support of this, M. tuberculosis MazF sequence
alignments reveal truncations in specific loop regions known to
interact with RNA (11). The structure of MazF-mt6 reveals this
MazF family member adopts a nearly identical tertiary fold as
BsMazF and EcMazF (19, 29) (r.m.s.d. = 1.4 and 1.9 A, respec-
tively). Despite this similarity, MazF-mt6 contains a signifi-
cantly shorter B1-B2 linker, the region known to contact its
RNA substrate (19). MazF B1-B2 linkers typically contain 13
residues that surround the single-stranded mRNA substrate.
The MazF-mt6 B1-B2 linker is truncated to five residues, which
we predict would alter how it interacts with H70. H70 adopts a
stem-loop structure with an internal bulged loop region where
the MazF-mt6 cleavage site is located. Therefore, the length of
the B1-B2 linker may be a consequence of the rigidity of the
RNA it encounters. For example, MazFs that recognize flexible
RNAs such as single-stranded mRNAs may require the loop to
confine and orient the substrate. The H70 RNA likely requires
less remodeling by the B1-B2 linker, and therefore alteration of
this MazF-mt6 region may allow for different MazF homo-
logues to distinguish among diverse RNAs.

In addition to the B1-B2 linker interacting directly with RNA
substrates, this region also modulates an open to a closed MazF
state, effectively functioning as a gate to allow either RNA or its
cognate antitoxin MazE to bind (29). In the context of a MazF
dimer, which forms the closed state, the B1-82 linker extends
across the face of the monomer to interact with the adjacent
MazF monomer (19). These interactions are mediated by sym-

7722 ) Biol. Chem. (2017) 292(19) 7718-7726

metry-related electrostatic contacts between the distal end of
the B1-B2 linker (Glu-24) and B6/a3 of the other monomer
(Lys-79 and Arg-86) (Fig. 54). This B1-B2 linker extension
additionally establishes a positively charged RNA-binding
pocket and obscures an adjacent and slightly overlapping posi-
tively charged region where the antitoxin MazE binds (29).
Therefore, this closed state appears to direct mRNA binding
while preventing MazE binding. Antitoxin MazE binding
induces an open state by displacing the 81-82 linker and thus
disrupting interactions between the MazF monomers, causing
areorganization of MazF active-site residues (29). B1-B2 linker
residue Glu-24 is critical for MazF activity (29), suggesting that
maintenance of interactions between the monomers is impor-
tant for MazF homologues that recognize mRNA.

The structure of MazF-mt6 reveals a truncated 81-32 linker,
suggesting that it likely does not undergo conformational
changes to convert from a closed to an open state as seen in
other MazF homologues. The shortening of B1-32 allows for a
permanently accessible, positively charged channel where
RNA binds, whereas at the dimer interface, a negatively charged
rather than a positively charged surface forms (Fig. 5B). A
C-terminal MazE a-helix typically binds at the positively
charged MazF dimer interface (19). However, MazF-mt6 lacks
this positively charged surface (Fig. 5B). This suggests that
MazE-mt6 antitoxin binding required to neutralize MazF-mt6
may be distinct from other MazEs solved to date. Homology
modeling of MazE-mt6 predicts a C-terminal a-helix similar to
other structures of MazE and ParD (19, 29, 33, 34). Two posi-
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Figure 6. Comparison of MazF nucleotide specificities. A, BsMazF active-site residues Gly-22, Arg-24, and Thr-48 interact with its mRNA substrate (PDB code
4MDKX) (left panel). The BsMazF upstream and downstream RNA-binding regions with proposed key residues are indicated. B, the MazF-mt6 active-site residues
Asp-10, Arg-13, and Thr-36 with a modeled RNA bound (outline). The equivalent MazF-mt6 upstream and downstream RNA-binding regions with potentially

key residues are highlighted.

tively charged residues align on one side of the a-helix, which
could bind the negatively charged dimer interface (Fig. 5C). As
mentioned, MazE binding disrupts the MazF active site and in
particular the catalytic arginine (29). Modeling of the MazE-
mt6 C-terminal a-helix bound to MazF-mt6 indicates that
MazE-mt6 may be able to interact with catalytic Arg-13, sug-
gesting that active-site disruption could occur.

MazF endoribonucleases cleave RNA substrates via a pro-
ton-charge relay mechanism whereby an arginine functions as
both a general acid and base and a threonine or serine stabilizes
the transition state (29, 35) (Fig. 6A). In the absence of MazE
and therefore containing a longer 81-£2 linker in a closed state,
the catalytic arginine of MazF forms a hydrogen bond with the
backbone (Gly-22), which is located at the distal end of the
B1-B2 linker (Fig. 6A), a region missing in MazF-mt6. Instead,
the shorter MazF-mt6 B1-B2 linker forms an electrostatic
interaction with Arg-13 using the negatively charged carboxyl
group of Asp-10 (Fig. 64). In MazF, a threonine is located adja-
cent to the scissile phosphate and is predicted to stabilize the
transition state, and in MazF-mt6, Thr-36 is in an equivalent
location. We show that both Asp-10 and Thr-36 are critical for
MazF-mt6 activity by either stabilizing the catalytic Arg-13
or the RNA, respectively. Other nearby MazF-mt6 residues
including Lys-11, Thr-37, and to a lesser extent Thr-38 poten-
tially contribute to RNA substrate stabilization by the forma-
tion of electrostatic interactions with the phosphate backbone
or ribose as these residues are close to Arg-13 and Thr-36 (Fig.
2B). Although Thr-38 is adjacent to the active site, our data
suggest that this residue has no significant role in RNA cataly-
sis. Therefore, despite the significantly shorter S1-82 linker,
MazF-mt6 active-site residues form functionally equivalent
interactions seen in other MazF orthologues.

SASBMB

MazFs cleave single-stranded mRNA at a consensus
sequence of 5'-ACA-3" with BsMazF requiring at least one uri-
dine flanking the 5’- and 3'-ends of the consensus (27, 31).
MazF-mt6 differs by requiring an additional uridine upstream
of the consensus 5’-UU |, CCU-3’ sequence of the cleavage site
(13). Structurally aligning the MazF-RNA complex to MazF-
mt6 suggests several potential residues that could contribute to
H70 RNA specificity. For upstream specificity, MazF-mt6
Arg-75 (located on B7) is located in a similar position as
BsMazF Phe-10 and Asp-91, which recognize the —2 uridine
position (Fig. 6B). A conserved BsMazF serine (Ser-73) is
located in a pocket formed by the B4-35 linker and interacts
with the Watson-Crick face of the —1 uridine. MazF-mt6
Ser-58 likely fulfils an analogous role (Fig. 6B). In previously
solved structures of MazF, the B1-82, B3-B4, and B5-6 linker
residues recognize the downstream nucleotides ACAU (19).
Because MazF-mt6 has a significantly shorter S1-82 linker, the
B5-B6 and 33-34 regions are likely the only linkers responsible
for base-specific recognition. The +1 position is recognized by
the elongated B1-B2 linker, butin the case of MazF-mt6, the +1
cytidine may be recognized by B5-86 linker residue Gln-66
because it is located in an equivalent position (Fig. 6B). MazF-
mt6 residues Asp-63 and Asn-64 align with the MazF residues
Glu-78 and GIn-79, suggesting that these residues play similar
roles in base-specific nucleotide interactions of the +2 and +3
regions. Lastly, by containing a truncated 1-82 linker, the
RNA-binding path is deeper, potentially allowing a structured
RNA like the bulged loop region containing the H70 consensus
sequence to better fit on the surface of MazF-mt6.

MazF homologues are part of the PemK-like endonuclease
family that cleave single-stranded mRNA transcripts (27). The
one exception is the E. coli F-plasmid CcdB toxin that inhibits
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Figure 7. Structural comparison of MazF-mt6 and CcdB toxin. A, E. coli CcdB toxin similarly forms a homodimer toxin (one monomer shown in green with
the other shown in gray) with important secondary structural regions labeled (PDB code 1X75). B, two homodimers of MazF-mt6 are shown (one monomer
shown in light gray with the other shown in dark gray) with the putative RNA-binding regions colored in red. C, a 90° rotated view of A of CcdB bound to GyrA
(cyan) illustrating how CcdB a4 from both monomers engages its substrate, which is located on the opposite side of the RNA-binding domain of MazF-mt6. To
bind GyrA, CcdB bends 12° (shown in dark gray). CcdB toxin in the absence of GyrA is shown for comparison (white).

bacterial growth by binding to DNA gyrase to prevent replica-
tion (36). Despite having different functions and targeting dif-
ferent types of molecules, CcdB toxins are almost identical to
MazFs (37) (Fig. 7). However, one key difference is the surface
each uses to engage their different substrates. For example,
B1-B2, B3-B4, and B5-B6 linkers of MazF interact with RNA,
whereas the a4 dimer interface of CcdB binds GyrA, a region on
the opposite side of MazF (Fig. 7) (38). Additionally, to bind GyrA,
CcdB toxin bends 12° at the a4-a4 dimer interface, a movement
that disorders the 81-B2 linker (Fig. 7C) (37). Ccd A antitoxin bind-
ing orders the CcdB 1-B2 linker but prevents the a4-a4 confor-
mational rearrangement required to bind GyrA. Therefore, the
ordering/disordering transition is opposite between MazFs and
CcdB (19, 29, 38) as has been suggested previously (37). The lack of
apparent 31-£2 linker regulation in MazF-mt6 indicates that how
it is regulated has diverged from other MazFs.

Experimental procedures
M. tuberculosis MazF-mt6 and MazF-mt6 variant purifications

Overnight cultures of E. coli C41(DE3) cells (Lucigen) trans-
formed with pCold-His,-TF-MazF-mt6 (a kind gift from the
Woychik laboratory) (13) were diluted 1:100 in lysogeny broth
medium supplemented with 100 ug/ml ampicillin. Cultures
were grown to an Ay, of 1.0 at 37 °C and transferred to 15 °C
for 30 min, and protein expression was induced with 0.5 mm
isopropyl B-p-thiogalactopyranoside and grown for 24 h at
15 °C. Cells were harvested and resuspended in lysis buffer (40
mMm Tris-Cl, pH 8.0, 500 mm NaCl, 10% (w/v) glycerol, 0.1%
(w/w) Triton X-100, 5 mMm 3-mercaptoethanol, 20 mm imidaz-
ole, 0.1 mm benzamidine, and 0.1 mm phenylmethanesulfonyl
fluoride) and lysed using an Emulsiflex C5 (Avastin). Cell debris
was clarified by centrifugation at 35,000 X g for 50 min, and the
cell lysate was applied to a 5-ml Ni** -nitrilotriacetic acid affin-
ity column (GE Healthcare) at 10 °C. The His,-TF-MazF-mt6
fusion protein was eluted with a linear gradient of lysis buffer
without Triton X-100 or protease inhibitors but containing 500
mM imidazole. The sample was dialyzed overnight into throm-
bin cleavage buffer (20 mm Tris-Cl, pH 8.0, 150 mm NaCl, and
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2.5 mm CaCl,), 1 unit of thrombin/200 ug of protein was added
at room temperature for 3 h, and the sample was further incu-
bated overnight at 10 °C. The cleaved His,-TF-MazF was reap-
plied to the Ni*"-nitrilotriacetic acid affinity column, and
MazF-mt6 was collected from the flow-through fraction. MazF-
mt6 was further purified and buffer-exchanged on a size-exclusion
Superdex 200 column (GE Healthcare) into 20 mm Tris-Cl, pH 7.5,
250 mm KCl, 10% (w/v) glycerol, and 5 mm B-mercaptoethanol.
MazF-mt6 was determined to be 95% pure by 15% SDS-PAGE,
flash frozen in liquid nitrogen, and stored at —80 °C.

MazF-mt6 variants were constructed using site-directed
mutagenesis, and sequences were verified by DNA sequencing
(oligos listed in supplemental Table S1). MazF-mt6 variant
purifications were performed similarly to wild type. Each vari-
ant eluted as a single, symmetrical peak at the expected volume
during the gel-filtration step as wild type, suggesting that the
variants are properly folded.

MazF-mt6 crystallization, data collection, and structure
determination

MazF-mt6 (10 mg/ml) crystallized by hanging-drop vapor
diffusion in 50 mMm sodium cacodylate, pH 6.0, 10 mm MgCl,,
and 1.05 m LiSO, at 20 °C in 3 weeks to dimensions of ~100
wm?, The crystals were cryoprotected in 50% (w/v) lithium sul-
fate, 30% glycerol, and 150 mM ammonium tartrate for ~60 s
and flash frozen in liquid nitrogen. Native X-ray diffraction data
sets were collected at the Northeastern Collaborative Access
Team 24-IDC beamline at the Advanced Photon Source. The
data sets were collected under cryogenic conditions (100 K)
using 0.979-A radiation. The data were integrated and scaled to
2.9 A using the X-ray Detector Software (XDS) package (39).
The BsMazF-mRNA complex (PDB code 4MDX) was used as a
search model (with the mRNA removed), and all MazF residues
were changed to alanine during molecular replacement using
AutoMR from the PHENIX software suite (20). Multiple rounds
of positional, B-factor, and energy minimization refinement in
PHENIX were followed by manual model rebuilding in Coot per-
formed with R, and Ry, converging to 23.9/27.1% (21). The
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final MazF-mt6 model consisted of residues 1-99 of 103 total. The
model quality was determined using MolProbity of the PHENIX
validation suite, and figures were generated using PyMOL (40).

23S rRNA cleavage and reverse transcription

E. coli MRE600 70S was purified as described previously (41).
The 50S subunit was purified by dialyzing the 70S ribosome in
low magnesium (2.5 mm) and separated by sucrose gradient.
The 23S rRNA H70 residues 1933—-1967 were chemically syn-
thesized (Integrated DNA Technologies; 5'-'"**GCGAAA-
UUCCUUGUCGGGUAAGUUCCGACCUGC'**7-3"). E. coli
50S or H70 RNA was incubated at 37 °C for 45 min with a
10-fold molar excess of wild-type MazF-mt6 in 5 mm HEPES,
pH7.5,50 mm KCl, and 10 mm NH,Cl. Reactions were halted by
the addition of either phenol:chloroform (5:1) or phenol:chlo-
roform:isoamyl alcohol (25:24:1) for H70 RNA or 508, respec-
tively. Both RNAs were next chloroform-extracted once, pre-
cipitated overnight at —20 °C by the addition of 0.3 M sodium
acetate, pH 5.2, and 3 volumes of ice-cold 100% ethanol, and
resuspended in Milli-Q water.

The reverse transcription primer (Integrated DNA Technol-
ogies; 5'-GTCGGAACTTACCCGAC-3') was 5'-*?P-labeled
using T4 polynucleotide kinase (New England Biolabs), and 4
pmol of the primer was annealed to 4 (50S) or 7 (H70) pmols of
RNA in 50 mm Tris-Cl, pH 8.0, and 50 mm NaCl to 90 °C or
65 °C, respectively. These reactions were slowly cooled to 42 °C by
removing the heat block and placing on the benchtop at room
temperature. The reverse transcription reactions were initiated
with the addition of 1 um dATP, 1 um dGTP, and 1 um dTTP,
limiting amounts of 0.1 um ddCTP and Protoscript Il reverse tran-
scriptase (New England Biolabs) as described previously (18).
Reactions were incubated at 42 °C for 1 h, then halted with the
addition of 1 volume of formamide dye (100% (v/v) deionized
formamide, 0.01% (w/v) bromphenol blue, and 0.01% (w/v) xylene
cyanol), and heated to 90 °C for 2 min. Dideoxy sequencing reac-
tions were performed as described previously (18). Samples were
run on a preheated 50% urea and 20% polyacrylamide gel at 37 mA
(limiting) for 90 min. The gel was fixed in 20% (v/v) methanol, 20%
(v/v) acetic acid, and 3% glycerol (v/v) for 60 min; dried for 1 h, and
exposed to a phosphor screen for 1 hr. Exposure was visualized
using a Typhoon FLA 7000 gel imager (GE Healthcare), with the
band density determined by ImageQuant (GE Healthcare).

RNA cleavage assays

H70 was 5’-*’P-labeled as described above and incubated
(0.2 uwm RNA) with 2 um wild-type MazF-mt6 or MazF-mt6
variants for 45 min at 37 °C. Aliquots of the reactions were
halted at 1-, 3-, 5-, 10-, 25-, and 45-min time points with the
addition of 1 volume of formamide gel loading buffer and
heated to 70 °C for 2 min. Samples were run on a 50% urea and
20% polyacrylamide gel at 37 mA (limiting) for 2 h. The gel was
fixed in 40% ethanol, 20% acetic acid, and 3% glycerol for 1 h;
dried for 90 min; then exposed to a GE Healthcare phosphor
screen for 30 min. Exposure was visualized using a Typhoon
FLA 7000 gel imager (GE Healthcare), with the band density
determined by ImageQuant (GE Healthcare). Background den-
sity was subtracted using default settings. The amount of cleav-
age product was determined by determining the amount of full-
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length RNA in each lane. The amount of full-length RNA was
divided by the total lane density for each sample, and the recipro-
cal of the resulting reaction was recorded as the amount of RNA
cleaved. The amount of cleaved product against time were fit by
GraphPad Prism 5 using the following single-exponential
equation.

Product = P,,(1 — e ) (Eq. 1)

where P, is the RNA cleavage product plateau (pmol of
mRNA cleaved), kis the observed rate constant (min '), and tis
the time the reaction progressed (min). The rates of both MazF-
mt6 R13A and T36A were too low to fit the data points to the
single-turnover equation with an R*> >80%.

Homology modeling of MazE-mt6

The homology model of MazE-mt6 was generated by the
HHpred homology model workflow and MODELLER using the
optimal multiple template function (42, 43). The structural
templates used in MODELLER to generate the MazE-mt6 ho-
mology model were E. coli ParD (from the ParD-ParE complex;
PDB code 3KXE, chain C (33); 20% sequence identity to MazE-
mt6), Mesorhizobium opportunistum ParD3 (from the ParD3-
ParE3 complex; PDB code 5CEG, chain A (34); 12% sequence
identity), Homo sapiens calmodulin (PDB code 2K61, chain A
(44); 7.8% sequence identity), E. coli NikR (from NikR-DNA
operator complex; PDB code 2HZA, chain A (45); 9.3%
sequence identity), and Streptococcus agalactiae CopG (PDB
code 2CPG, chain A (46); 16.3% sequence identity).
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