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Abstract

MazF is an mRNA interferase that cleaves mMRNAs at a specific RNA sequence. MazF from £.
coli (MazF-ec) cleaves RNA at A*CA. To date, a large number of MazF homologues that cleave
RNA at specific three- to seven-base sequences have been identified from bacteria to archaea.
MazF-ec forms a dimer, in which the interface between the two subunits is known to be the RNA
substrate-binding site. Here, we investigated the role of the two loops in MazF-ec, which are
closely associated with the interface of the MazF-ec dimer. We examined whether exchanging the
loop regions of MazF-ec with those from other MazF homologues, such as MazF from
Myxococcus xanthus (MazF-mx) and MazF from Mycobacterium tuberculosis (MazF-mt3),
affects RNA cleavage specificity. We found that exchanging loop 2 of MazF-ec with loop 2
regions from either MazF-mx or MazF-mt3 created a new cleavage sequence at (A/U)(A/U)AANC
in addition to the original cleavage site, A*CA, while exchanging loop 1 did not alter cleavage
specificity. Intriguingly, exchange of loop 2 with 8 or 12 consecutive Gly residues also resulted in
a new RNA cleavage site at (A/U)(A/U)AANC. The present study suggests a method for
expanding the RNA cleavage repertoire of mRNA interferases, which is crucial for potential use in
the regulation of specific gene expression and for biotechnological applications.
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Introduction

The toxin-antitoxin (TA) systems were originally discovered in low copy humber plasmids
and stably maintain the plasmid by selectively killing daughter cells which have lost the
plasmid . In type Il TA systems, toxin genes are co-expressed with their cognate antitoxin
genes present in the same operons. Toxins and their cognate antitoxins form stable TA
complexes in cells under normal growth conditions. Since antitoxins are labile proteins that
are readily degraded by stress-induced proteases, the balance between toxin and antitoxin is
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altered under stress conditions to release free toxins in the cells from the TA complexes.
This results in growth arrest and eventual death 2-4.

MRNA interferases are sequence-specific endoribonucleases encoded as toxins in a number
of TA systems 6, The MazF-ec in Escherichia coliwas the first identified mRNA
interferase consisting of 111 residues and forms a stable dimer that cleaves RNA specifically
at AMCA (~ indicates cleavage site) /. To date, a large number of MazF homologues have
been identified from various bacteria and some species of archaea 8. Staphylococcus aureus
contains one MazF homologue, MazF-sa, which has been shown to cleave mRNA at
UMACAU sequences °. A MazF homologue from Bacillus subtilis (MazF-bs) has 18.3%
identity and 40.5% homology to MazF-ec and also cleaves RNA at UNACAU 10. In
addition, the MazF homologue, MazF-hw, was recently identified from a halophilic
archaeon, Haloguadratum walsbyi, found in the Sinai Peninsula as a seven-base cutter
cleaving RNA at UUNACUCA sequences 11,

The crystal structure of MazF-ec shows that it forms a stable dimer, and each dimer further
forms a heterohexamer complex with a dimer of MazE-ec, the cognate antitoxin for MazF-
ec 12, The heterohexamer, MazF,-MazE,-MazF», is maintained in normally growing cells.
However, under stress conditions, stress-induced proteases preferentially eliminate MazE-ec
dimers, inducing MazF mRNA interferase activity. This results in cell growth arrest and
eventual cell death 3. Each MazF-ec monomer forms a single globular domain consisting of
a seven-stranded B-sheet with three a-helices 12, while each MazE-ec molecule contains a
long unstructured C-terminal extension, which binds to the RNA substrate binding site
created at the interface between two MazF-ec molecules in a MazF-ec dimer 12,

The MazF-ec homodimer has two identical sites for nucleotide substrate binding, to which
the C-terminal tail of MazE-ec binds. NMR spectroscopy analysis with the MazF-ec mutant
E24A [MazF-ec(E24A)] demonstrated that the nucleotide binding sites on the MazF-ec
dimer completely overlaps with MazE-ec binding sites 14. Notably, there are minor
differences between the NMR-derived secondary structure of MazF-ec(E24A) 14 and the
crystal structure of MazF-ec in the MazE-MazF complex 12: one at B-strand S1, which is
four residues longer, and the other at a-helix H3, which is two residues shorter in the NMR
structure of MazF-ec(E24A). Putative nucleotide-binding sites in the NMR structure were
proposed, as they were perturbed in the presence of an uncleavable substrate 14. Although
the nucleotide-binding surface largely overlaps with the MazE interacting regions, there
appears to be distinct differences between them. For example, H28 and Y58 are perturbed
more strongly with substrate present than with the MazE C-terminal peptide present 14.

Here, we first propose a computational docking model of MazF-ec complexed with RNA.
This model shows that the loops between antiparallel B-strands in the MazF dimer are
important for mRNA cleavage specificity. Subsequently, we exchanged two loop regions of
MazF-ec with those from MazF-mx and MazF-mt3 as well as poly-glycine sequences to
investigate the importance of the two loops on RNA sequence recognition. These
approaches revealed that the loop region between the third and the fourth p-sheets of MazF-
ec (loop 2) is involved in the RNA recognition since RNA was cleaved at (A/U)(A/U)AANC
in addition to the original A*CA sequences minimally required for MazF-ec recognition.

Materials and Methods

Docking Model

To generate a docked complex of single stranded RNA and MazF-ec, the solution RNA
structure (PDB ID: 2K5Z) and the crystal structure of MazF-ec (PDB: 1UB4) were chosen
as templates. MazF-ec has missing coordinates for residues 20-26 in the flexible loop, and

Proteins. Author manuscript; available in PMC 2014 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Park et al.

Page 3

the loops were reconstituted using ModBase web server 15 to present full atomic coordinates
of MazF-ec. An 8-nt RNA fragment (C*UACAUUC!) from the 2K5Z molecule covering
the MazF-ec recognition sequence was used to perform rigid-body docking by

HADDOCK 16 to obtain the MazF-RNA complex structure. The nucleotides of the RNA
fragment C*UACAUUC!! were truncated to CJUACAUUCS in this present study. Chemical
shift perturbations reported in previous NMR studies of MazF-ec 14 were used as primary
information for docking restraints. The example docking procedure provided by
HADDOCK was adopted to generate 4000 and 1000 models in the first and second
iterations, respectively. We assumed that residues 20-26 missing in the crystal structure of
MazF (PDB ID: 1UB4) 12 are associated with RNA substrate binding so that the structure of
this region can be freely altered during the docking process. Two hundred lowest energy
models were further refined in the explicit water system. All water-refined structures are
clustered in a single group showing pairwise backbone RMSD constantly smaller than 2 A.
The interactions of RNA and MazF-ec of the 50 lowest energy structures were analyzed
using LigPlot 17 and PDBe PISA 18,

Strains and Plasmids

The E. coli DH5a., BW25113 (/acR rrBri4 AlacZyjie hsadR514 AaraBADpps3
ArhaBAD\ p7g) and BW25113 AmazEF strains 19 were used for recombinant mutant
protein production, for toxicity assay on plate and in liquid, and for /n vivo primer extension
to identify cleavage sites.

Construction of Mutants Plasmids

The six loop and four poly-glycine mutants were amplified by PCR using pBAD33mazF-ec
plasmid as template and primers shown in Table | and then cloned into the pPBAD33 vector
by using a modified overlap extension technique 29 together with the optimized Shine-
Dalgarno (SD) sequence (A"1*AGGAGA™8, +1 indicates translation start site).

Toxicity Assay of Loop and Poly-glycine MazF Mutants

E. coliBW25113 cells were used for transformation, and the transformants harboring
pBAD33mazF-ec plasmids with loop 1, loop 2, or loop 1+2 region from mazF-mt3, —-mx,
and poly-glycines were streaked onto M9 agar plates in the presence or absence of 0.2%
arabinose. Growth curves were measured using £. co/i BW25113 cells harboring
pBAD33mazF-ec containing loop exchanges at loop 1, loop 2, or loop 1+2 regions from
mazF-mt3or mazF-mx. The cells were grown in LB liquid medium at 37°C in the presence
or absence of 0.2% arabinose.

Primer Extension Analysis in vivo

For primer extension analysis of mMRNA cleavage sites /n vivo, total RNA was extracted
from E. coliBW?25113 or BW25113 AmazEF cells containing pBAD33mazF-ec loop and
poly-glycine mutants at different time points: 165 min for loop 2 and loop 1+2, and 210 min
for loop 1 after 0.2% arabinose induction according to cell toxicity [Fig. 2(E,G)]. For control
reactions without the addition of 0.2% arabinose, cells were collected at 0 hr and at the same
time points as above (165 min for loop 2 and loop 1+2 and 210 min for loop 1). After
incubation with MazF mutants /n7 vivo, cleaved total RNA was extracted. Primer extension
was performed with reverse transcriptase using total cleaved RNA and [y-32P]ATP-labeled
ompA target primers (Table I). The reaction was stopped by the addition of 12 .l of
sequencing loading buffer (95% formaldehyde, 20 mM EDTA, 0.05% bromophenol blue,
and 0.05% xylene cyanol EF), heated at 95 °C for 5 min, and analyzed on a 6%
polyacrylamide-containing 8 M urea with a sequence ladder made with the same primer 21,

Proteins. Author manuscript; available in PMC 2014 May 01.



Park et al. Page 4

Results and Discussion

Computational Structural Model of the MazF-ec and RNA Complex

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

NMR spectroscopy shows that the MazF homodimer contains two identical RNA substrate
binding sites 14. It was predicted that one active site loses RNA binding activity when an
RNA substrate binds to the other active site in MazF-ec. These sites largely overlap the
binding sites for the C-terminal tail of MazE-ec 14. X-ray diffraction determined that the
structure of the MazE-MazF complex (PDB ID: 1UB4) does contain electron density at the
loop 1 region, presumably due to the loop’s flexibility. Since loop 1 (S1-S2 loop) is
suggested to be crucial for RNA binding and cleavage 4, we predicted a structure
containing a flexible loop 1 as generated by the ModBase web server 1° using 1UB4 as
template. This was used for all molecular docking and structural analyses. Here, we used
HADDOCK to construct a docking model for the MazF-ec complex with an 8-nt RNA
structure (PDB ID: 2K5Z) and to define the molecular interactions between RNA and MazF-
ec. HADDOCK 18 is an information-driven, flexible docking program that uses
experimental results, including point mutations, binding, and titration to generate structural
models of protein-DNA complexes. The use of HADDOCK has been reported for 47
protein-DNA complexes, and the success rate is higher than 94% 22. The 8-nt RNA
fragment contains not only the central cleavable AMCA sequence but also both residues at
the 5”- and 3”-ends of the A*CA sequence that interact with MazF-ec. Active and passive
residues of MazF-ec used in HADDOCK are obtained from chemical shift perturbations
observed in the NMR study of the MazF-ec and single stranded DNA complex 14. Notably,
HADDOCK has been successfully used to observe the RNA binding and interaction with
Kid, a MazF structural homolog 23. The structural model of the MazF-ec and RNA complex
using HADDOCK is shown in Figure 1(A,B). Detailed analysis of molecular interactions
between MazF-ec and RNA using LigPlot 17 is shown in Figure 1(C). There are three
hydrogen bonds and two hydrophobic contacts between MazF-ec and the 5” region (C1U?)
of the RNA substrate [Fig. 1(C)]. Interestingly, two hydrogen bonds form with Q54 and K56
[cyan in Figure 1(B)], both of which are in the loop 2 region. The other hydrogen bond
forms with T43’ [the prime () indicates amino acid residues from the second monomer;
white in Figure 1(B)]. In USUGS of the 8-mer substrate, six hydrogen bonds form with three
amino acid residues, K21, K21’, and G22. P19 has hydrophobic contact with the RNA
substrate. However, all of the interactions mentioned above may not be involved in specific
RNA-sequence recognition since these interactions are observed with extra bases of the
RNA substrate at both 5 (CU at 5") and 3" ends (UUG) but not with the A*CA sequence.
Differences in the absolute protein structures could not be predicted due to the flexibility of
loop regions. Nevertheless, along with ACA, these extra interactions appear to enhance
RNA binding in the concave region located in the interface between two MazF-ec
monomers.

Five hydrogen bonds exist between the phosphate backbone (between A3 and C%) in the
RNA cleavage site and MazF-ec residues K79, R29 and K79’; the ribose in A3 forms
hydrophobic contacts with MazF-ec [Fig. 1(C)]. The C* and A bases do not have
hydrophobic interactions, while these bases form hydrogen interactions with R86", D18”,
and K79. These interactions from our model indicate that loop 1 interacts with the 3" region
downstream of the A*CA sequence in addition to its interaction with the A*CA sequence.
The location of the K79, K79” and R29 residues in MazF-ec correspond structurally to those
of catalytic triad residues, R73, D75, and H17 in Kid 23 (Fig. S1). Our model lacks a
negatively charged residue corresponding to D75 in Kid, which was predicted to act as the
catalytic base in MazF-ec 23. However, D18 and E24 are located close to the catalytic triad
region, and alanine substitution of either one of two residues eliminates the MazF-ec
toxicity 14. Our data also show that the RNA binding site of MazF-ec is located at the
interface between two monomers forming the concave region and that two loop regions,
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loops 1 and 2, are also involved in RNA binding as demonstrated previously 14. Our
computational docking model shows that MazF-ec residues, D18, R29 (loop 1), K56 (loop
2), and K79, K79’, R86” (S6) mediate the interaction between MazF-ec and A*CA of RNA
substrate. K56 is one of residues in the loop 2 region and hydrogen bonds with U2 and A3 in
RNA substrate. This UMACA site was reported as another cleavage site of MazF-ec in /n
vitro conditions 24. Both the Kid structure and this docking model suggest that S5-S6 region
might contain catalytic residues and/or mediate RNA-sequence recognition region 23,
However, K79 and R86 residues in this region are highly homologous among MazF
homologues 10, and thus, K79 and R86 are thought to be catalytic sites rather than RNA-
sequence recognition sites. Taken together, our data lead us to hypothesize that the flexible
loop regions control RNA-sequence recognition specificities for MazF mRNA interferases.

Exchanging of Loops 1 and 2 of MazF-ec with those from MazF-mx and MazF-mt3

The secondary and tertiary structures of MazF-sa 2°, MazF-bs 26 and Kid 23 are highly
similar to that of MazF-ec 1227 because RMSD values of MazF-bs and Kid to MazF-ec
(PDB ID: 1NES8, 2C06, and 1UB4, respectively) are high (1.90 and 1.84, respectively).
These RMSD values were calculated using PDBeFold 28. The NMR assignment of MazF-sa
structure was reported, but the final tertiary structure was not determined 2°. We analyzed
the chemical shifts of MazF-sa (BMRB accession code: 17288) 2° using TALOS+ 22, and
showed that the helix/strand regions of MazF-sa have high similarity to those of MazF-ec
(Fig. S2). Although, MazF homologues are not highly similar in terms of primary

structure 8, there are a few highly conserved amino acid residues among MazF homologues
[Fig. 2(A)]. These conserved residues are most likely involved in the common
characteristics of all MazF homologues, such as RNA hydrolysis and protein backbone
structure. On the other hand, highly diverse residues may serve for recognition of specific
RNA sequences.

As shown in Figures 1 and 2, the loop regions of MazF homologues appear to be important
and are highly diverse in their amino acid sequences. Thus, to investigate whether these
loops are involved in RNA recognition, we examined the roles of the long loop regions,
particularly loop 1 and loop 2 [Fig. 1(A, B)] in MazF. For this purpose, the loop 1 and loop
2 regions of MazF-ec (A"CA specific) were exchanged with the respective loop regions
from MazF-mt3 in Mycobacterium tuberculosis [(U/C)UNCCU specific] or from MazF-mx
in Myxococcus xanthus [GUMNUGC specific]. Sequence similarities between MazF-ec with
MazF-mt3 and MazF-mx are 29.8% and 38.1%, respectively. However, the RNA cleavage
sequences for the three MazFs are completely distinct. As depicted in Figure 2(B, C), six
loop mutations were created, and these chimeric proteins were expressed using the pPBAD33
vector in E. coli. The pPBAD33 vector has an arabinose responsive promoter; thus, synthesis
of the mutant MazF protein was controlled by arabinose, and thus the amount of mutant
MazF protein can be manipulated with the amount of arabinose. When BW25113 was used
as the host cell, growth on M9 plates with 0.2% arabinose continued to cause toxicity in the
individual MazF-ec/loopl and /loop 2 exchange mutants , while the MazF-ec/loop 1+2
mutants showed less toxicity compared to individual loop mutants [Fig. 2(D, F)]. In a liquid
culture, the growth of the cells harboring these mutants was not significantly inhibited after
addition of 0.2% arabinose in LB medium, whereas the growth of the cells harboring MazF-
ec was strongly inhibited as expected [Fig. 2(E, G)]. All MazF-ec/loopl mutants [shown as
circles in Figure 2(E,G)] showed growth inhibition only after one generation. Inhibition of
cell growth by /loop2 (triangles) and /loop1+2 mutants (squares) was found to beless than
those of /loopl mutants [Fig. 2(E, G)]. These results indicate that MazF continues to be
active when loop 1 of MazF-ec is exchanged with those from other MazF homologues,
while the exchange of loop 2 or both loop 1 and loop 2 severely reduces the
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endoribonuclease activity. This is likely due to the change in RNA recognition specificities,
RNA cleavage activity, and/or reduced expression of MazF mutant proteins.

Determination of Cleavage Sites of Loop MazF mutants by in vivo Primer Extension

Next, in vivo primer extension analysis (/n vitro primer extension using mRNA purified /n
vivo) was carried out to identify RNA cleavage sites recognized by the MazF mutants. The
MazF-ec/loopl-mt3 mutant cleaved ompA mRNA at the identical sites (A*CA) that wild
type MazF-ec cleaved [Fig. 3(A, B) and Table I1]. Interestingly, the MazF-ec/loop2-mt3
mutant also cleaved at new sites, AAAA"C, UUAA"C and UAAANC, differing from those
of MazF-ec (A*CA) and MazF-mt3 (UUACCU or CUMCCU) [Fig. 3(A, B) and Table I1].
We found those cleavages at additional sites were detected when the new cleavage
sequences (AAAANC, UUAANC and UAAANC) were followed by any nucleotide, not only
A [Fig. 3(A, B), Table (I1, S1, and S2)]. We were unable to detect any cleavage site in the
RNA when we used MazF-ec/loop1+2-mt3 [Fig. 3(A, B) and Table I1]. We found that this
protein was highly insoluble, making it impossible to detect activity (Fig. S3). We also
identified the cleavage sequences recognized by MazF-ec/loop-mx mutants /n vivo. Like
MazF-ec/loopl-mt3, MazF-ec/loopl-mxcleaved ompA mRNA at AMCA. Surprisingly,
exchanging loop 2 for that of MazF-mx produced the same result as MazF-ec/loop2-mt3,
that is cleavage of RNA at (A/U)(A/U)AA"C [Fig. 3(C) and Table (1, S1, and S2)].

When /n vivo primer extension was carried out in an /mazEF deletion strain, BW25113
AmazEF, MazF-ec/loopl-mt3 and MazF-ec/loopl-mx mutants did not show any cleavage
activity [Fig. 3(B) and Table I1], indicating that the cleavage of RNA at A*CA in BW25113
wild-type resulted from endogenous MazF activity. This endogenous MazF is most likely
released from the MazE-MazF complex as MazF-ec/loopl-mt3 or —-mx mutant proteins
competitively bind to MazE in the endogenous MazE-MazF complex, resulting in the
release of free MazF.

Blocking the Function of Loop Regions in MazF-ec by replacement with Poly-glycine

To further investigate how the amino acid residues of loop regions play a role in RNA
sequence recognition and MazF catalytic activity, four new loop mutants were constructed
in which loop 1 and loop 2 were replaced with poly-Gly sequences. The humber of Gly
residues in each loop was set to be identical to that in each loop of either MazF-ec or MazF-
mt3 [Fig. 4(A)], so that the loop 1 mutant contains 12 Gly residues, while loop 2 mutants
were constructed with two different lengths of 8 or 11 Gly residues.

To measure the toxicity of the mutants, BW25113 cells harboring four poly-Gly mutants
were grown at 37°C. As shown in Figure 4(B), all mutants except mazF-ec/loopl-
G12+loop2-G8 showed toxicity on M9 plates in the presence of 0.2% arabinose at 37°C.
Next, to determine RNA cleavage sites, /7 vivo primer extension analysis was carried out in
BW25113 AmazEFto eliminate endogenous MazF-ec. Surprisingly, although loop regions
in MazF were replaced with poly-Gly sequences, all cleavage sites of MazF-ec/loop1-G12,
MazF-ec/loop2-G8, MazF-ec/loop2-G11, and MazF-ec/loopl-G12+loop2-G8 were identical
to those of the loop mutants described above (Table I1). MazF-ec/loop1-G12 did not show
any cleavage activity, while MazF-ec/loop2-G8 and MazF-ec/loop2-G11 cleaved RNA at
AAAANC, UUAANC or UAAANC [(AJU)(A/U)AANC; Fig. 4(C)]. This consensus sequence
is identical to the consensus sequence of the loop 2 exchange mutants of MazF-ec with
MazF-mt3 and MazF-mx, indicating that the loop 2 sequence of MazF-ec is unique for
recognition and cleavage of the A*CA site.
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Conclusion

To date, NMR structural studies have been carried out to determine the interaction of mMRNA
interferases with RNA substrates using Kid 20 and MazF-ec 1423, In the RNA-Kid complex,
the hydrogen bonds and hydrophobic contacts between Kid and RNA have been
characterized, and D75, R73, and H17 residues were proposed to be part of the catalytic
residues of Kid 23. For MazF-ec, the K for substrate binding was estimated to be in the sub-
1M range3C. In the present paper, we constructed a computational structural model based on
two previously proposed models 14:23 and we hypothesized that two loop regions, loop 1
(residue 16-28) and loop 2 (residues 53-59), in MazF-ec play important roles in RNA
recognition and in catalytic activity. In this model, loop 1 binds to and the downstream of
the ACA sequence and is involved in catalytic activity in a similar manner to the loop 1
region of Kid 23, In our model, loop 2 alsointeracts with the 5" upstream region of the ACA
sequence. Therefore, RNA recognition specificities may be altered by exchanging these loop
regions with those of other MazF homologues. Our results reveal that exchange of loop 1 to
either loop 1 of MazF-mt3 or MazF-mx resulted in complete loss of the activity of MazF-ec
(Fig. 2). On the other hand, exchanging loop 2 resulted in a new cleavage site recognized by
MazF, AAAANC, UUAANC or UAAANC in addition to the original AMCA, regardless of the
MazF homologue (MazF-mt3 or MazF-mx) used for the exchange. These new cleavage
sequences do not reflect the cleavage sites of wild-type MazF-mt3 and MazF-mx, which
cleave RNA at UUMCCU or CUMCCU and GUMNUGC, respectively. To our surprise, the
exchange of the loop 2 of MazF-ec with poly-Gly (either Gly8 or Gly11) resulted in
identical RNA cleavage specificity to that of the loop 2 exchange mutants with MazF-mt3
and MazF-mx, indicating that RNA cleavage specificity is not directly associated with the
amino acid sequence of the loop 2 region. At present, it is not known how the loop 2
sequence of MazF-ec specifically recognizes the ACA sequence.

It is interesting to note that in the loop 2 exchange mutants, RNA recognition specificity is
altered in the 5" region of the RNA substrate. This result is consistent with our model in
which Q54 and K56 in loop 2 of MazF-ec form three hydrogen bonds and two hydrophaobic
contacts at the 5" region (C1U?) of the RNA substrate [Fig. 1(C)]. Apparently, loop 2
mutants do not directly affect the catalytic activity of MazF-ec, as all loop 2 mutants
retained the ACA cleavage activity (the original cleavage site of MazF-ec) in both the wild-
type and AmazEFBW?25113 cells in addition to the new (A/U)(A/U)AANC cleavage
specificity (Figs. 3 and 4). In this new cleavage site, the cleavage specificity of MazF-ec
shifted from the 5 side to the 3" side of the RNA substrate. In summary, we propose that
the loop 1 region of MazF-ec participates in the catalytic activity of MazF-ec, while the loop
2 region is involved in RNA recognition at the 5” region of RNA substrates as well as the
specificity of RNA recognition. Therefore, both loops 1 and 2 play crucial but separate roles
at the MazF-ec mRNA interferase. This paper reports the generation of new RNA
recognition sequences and RNA cleavage sites for mRNA interferases for the first time.
Since there are a number of MazF homologues with different RNA cleavage specificities 31,
the exchange of loop 2 or other regions of these MazF homologues with those of other
homologues is also likely to generate many new RNA recognition sequences. This approach
not only leads to deciphering the exact roles of loop 2 in MazF mRNA interferases but also
opens a new avenue for generating a large amount of homogeneous RNA of a certain size
for other biological applications. In particular, by using sequence-specific mMRNA
interferases, both the 5" and 3" ends of homogeneous RNA can be uniformly produced,
which has not been previously achieved. The approaches described in the present paper may
be useful for expansion of RNA cleavage repertoire for mRNA interferases, which is crucial
for their potential use for the regulation of specific gene expression in cells and for
biotechnological applications, such as high production of homogeneous RNA of a specific
sequence.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. A structural model of the MazF-ec and RNA complex

(A) A ribbon view of the complex of homodimeric MazF-ec with an RNA fragment. In this
complex, two monomeric subunits of MazF-ec are colored in cyan and gray ribbons, and the
8-nt RNA fragment (5"-CLUACAUUGS) is presented as a yellow stick. Two important
flexible loops, loop 1 (residue 16-28) and loop 2 (residues 53-59) in each subunit involved
in RNA binding are colored in purple and blue, respectively. (B) A surface view further
displays that the RNA fragment is tightly inserted into the cavity of the dimeric interface,
interacting with the two flexible loops. The structure images were prepared using PyMOL.
(C) The interactions between RNA and MazF-ec of each model were analyzed using
LigPlot 17,
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Figure 2. Construction and toxicity of MazF loop mutants

(A) Sequence alignments of MazF homologues from Escherichia coli (MazF-ec),
Mycobacterium tuberculosis (MazF-mt3), and Myxococcus xanthus (MazF-mx). (B and C)
Amino acid sequence comparison of loop mutants MazF-ec and MazF-mt3 (B), and MazF-
ec and MazF-mx (C). Black shadowed sequences indicate the residues from MazF-mt3 (B)
or from MazF-mx (C). White and black boxes indicate p-sheets (S) and a-helices (H),
respectively, on the basis of the secondary structure of MazF-ec (PDB ID: 1UB4). (D and F)
The transformants harboring pBAD33, mazF-ec, /loopl-mt3, /loop2-mt3, /loopl+2-mt3
plasmids (D), and pBAD33, mazF-ec, /loopl-mx, /loop2-mx, and /loopl+2-mx plasmids (F)
were streaked onto M9 plates in the presence or absence of 0.2% arabinose and then
incubated at 37°C. (E and G) Growth curves of £. coli BW25113 cells harboring pBAD33
vector (diamond), mazF-ec (rectangle), /loopl-mt3 (circle), /loop2-mt3 (triangle), /loopl+2-
mt3 (small rectangle) (E), pBAD33 vector (diamond), mazF-ec (rectangle), /loopl-mx
(circle), loop2-mx (triangle), and /loop1+2-mx (small rectangle) (G). Cells were grown in
M9-glucose liquid medium at 37°C in the presence (closed) or absence (open) of 0.2%
arabinose.
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Figure 3. Primer extension analyses of the ompA mRNA from the loop mutants

(A and B) /n vivo primer extension analyses of the loop mutants of MazF-ec and MazF-mt3
in BW25113 AmazEF (A) and in BW25113 cells (B). (C) /n vivo primer extension analyses
of the loop mutants of MazF-ec and MazF-mx in wild-type BW25113 cells. A*CA cleavage
sites (MazF-ec) are shown as arrows and asterisks to indicate new cleavage sites in loop 2

mutants and as circles in loop 1 mutants.
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Figure 4. Poly-glycine mutants of M azF-ec

(A) Amino acid sequences of poly-glycine mutants. White and black boxes indicate p-sheets
(S) and a-helices (H), respectively, on the basis of the secondary structure of MazF-ec (PDB
ID: 1UB4). (B) Toxicity of the poly-glycine mutants of MazF-ec. Transformants harboring
pBAD33 vector, mazF-ec, lloopl-G12, /Loop2-G8, /Loop2-G11, and /loopl-G12+loop2-G8
plasmids were streaked onto M9 plates in the presence or the absence of 0.2% arabinose and
then incubated at 37°C. (C) /n vivo primer extension analyses of the ompA mRNA from
BW25113 AmazEF. A*CA cleavage sites (MazF-ec) are indicated by arrows, and asterisks
indicate new cleavage sites in the loop 2 poly-glycine mutants.
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TABLE |

Primers used in this study

Name
Loopl-mt3 Fw
Loopl-mt3 Rv
Loop2-mt3 Fw
Loop2-mt3 Rv
Loopl-mx Fw
Loopl-mx Rv
Loop2-mx Fw
Loop2-mx Rv
Loopl-F1G12 Rv
Loopl-F2G12 Fw
Loop2-F2G8 Rv
Loop2-F2G12 Rv
Loop2-F3 Fw

R3

Primer sequences (5” to 3)
gitgatttaggceegecaagtggtagecagecagctaaacgtegtecaagtgttgtectg
acctgctgcaaatcgaccgaccgatggtgaaccgeccggatttagtigggtttagtctag
tgtacaacgtcaaacacagcattagcggccatgccaggaaatgtigttttatceggtcag
ttgttgtaaaggaccgtaccggegattacgacacaaactgcaacatgttcettgtgt
tgatcctgacgattcaggteecgtgecatettactctegtceaagtgtigtectg
cetgctcteattctaccgtgecctggagaacttageagtectagttgggtttagtetag
tgtacaacgtcaaacttacategtgcgtecgagggaaatgtigttttatceggtcaggaa
ttttgttgtaaagggagectgegtgctacaticaaactgcaacatgttectigtgt
tectectecacctceaccaccacctceacctecaccatcaacccaaateag
tggaggtggaggaggacgtecagetgttgte
acctccaccaccacctecteetcecgttgtacaaggaac
acctccaccaccaccteetectceacctecaceegtigtacaaggaac
aggtggtggtggaggtgttgttttatceggt

gitittaccataaacgttgg

Purpose
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning
Cloning

Primer extension
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TABLE Il

Cleavage sites of MazF-ec loop mutants in ompA mRNA

M azF-ec loop mutants
MazF-ec/loopl-mt3
MazF-ec/loop2-mt3
MazF-ec/loop1+2-mt3
MazF-ec/loopl-mt3
MazF-ec/loop2-mt3
MazF-ec/loop1+2-mt3
MazF-ec/loop1-mx
MazF-ec/loop2-mx
MazF-ec/loop1+2-mx
MazF-ec/loopl1-G12
MazF-ec/loop2-G8
MazF-ec/loop2-G11

MazF-ec/loop1-G12+loop2-G8

Cleavage site

ANCA

(AJU)(AJU)AANC, AMCA
n/a

nla

(AJU)(AJU)AANC, ANCA
n/a

ANCA

(AJU)(AJU)AANC, ANCA
n/a

nla

(AJU)(AJU)AANC, ANCA
(AJU)(AJU)AARC, ANCA

n/a

Strains

BW25113
BW25113
BW25113
BW25113 AmazEF
BW25113 AmazEF
BW25113 AmazEF
BW25113
BW25113
BW25113
BW25113 AmazEF
BW25113 AmazEF
BW25113 AmazEF
BW25113 AmazEF

A
indicates the cleavage site.

n/a indicates no cleavage
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