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Intramolecular Regulation of the Sequence-Specific mRNA Interferase
Activity of MazF Fused to a MazE Fragment with a Linker Cleavable

by Specific Proteases

Jung-Ho Park, Yoshihiro Yamaguchi, and Masayori Inouye

Center for Advance Biotechnology and Medicine, Department of Biochemistry, Robert Wood Johnson Medical School, Piscataway, New Jersey, USA

The genomes of human immunodeficiency virus type 1 (HIV-1) and hepatitis C virus (HCV) consist of single-stranded RNA en-
coding polyproteins, which are processed to individual functional proteins by virus-encoded specific proteases. These proteases
have been used as targets for drug development. Here, instead of targeting these proteases to inhibit viral infection, we utilized
the protease activity to activate a toxic protein to prevent viral infection. We engineered the MazE-MazF antitoxin-toxin system
of Escherichia coli to fuse a C-terminal 41-residue fragment of antitoxin MazE to the N-terminal end of toxin MazF with a linker
having a specific protease cleavage site for either HIV PR (HIV-1 protease), NS3 protease (HCV protease), or factor Xa. These
fusion proteins formed a stable dimer (instead of the MazF,-MazE,-MazF, heterohexamer in nature) to inactivate the ACA (se-
quence)-specific mnRNA interferase activity of MazF. When the fusion proteins were incubated with the corresponding proteases,
the MazE fragment was cleaved from the fusion proteins, releasing active MazF, which then acted as an ACA-specific mRNA in-
terferase cleaving single-stranded MS2 phage RNA. The intramolecular regulation of MazF toxicity by proteases as demonstrated
may provide a novel approach for preventive and therapeutic treatments of infection by HIV-1, HCV, and other single-stranded

RNA viruses.

he proteases encoded by a number of RNA viruses, such as

human immunodeficiency virus (HIV-1) and hepatitis C virus
(HCV), play an essential role in viral infection, as they are required
for the processing of virus-encoded polyproteins (3, 9). Thus,
HIV-1and HCV proteases have been considered ideal drug targets
(7, 10, 16). However, the major problem in using these proteases
as drug targets is that viruses readily develop resistance to newly
developed drugs, resulting in vicious cycles for drug development
(2, 20). In the present report, to circumvent the problem of using
the protease as a drug target, we attempted to positively use the
activity of the viral proteases to activate a latent toxin (MazF) of
Escherichia coli from a toxin-antitoxin (MazF-MazE) fusion pro-
tein by cleaving off antitoxin MazE fragment. MazF thus released
functions as an ACA-specific mRNA interferase (25) to eliminate
almost all cellular mRNA as well as single-stranded viral RNA in
the virus-infected cells.

The HIV-1 genome, consisting of a single-stranded RNA of
9,749 bases, encodes two polyproteins (Pr55%%¢ and Pr1608*sPoh
which have to be processed by the HIV-1 protease, HIV PR (8).
One of the proteins derived from Pr160&¢°! polyprotein is HIV
PR, a small 99-residue aspartyl protease, that is essential for HIV-1
infection. Another RNA virus, HCV, causing chronic hepatitis
and serious liver diseases, also consists of a single-stranded RNA of
9,600 nucleotides (12, 19). It encodes a polyprotein of about 3,000
amino acid residues, which is processed to smaller functional pro-
teins by host and virus proteases such as NS3 protease (1).

Since these viral proteases cleave polyproteins at highly specific
amino acid sequences, these specific protease cleavage sites for
individual RNA viruses may be incorporated into the linker be-
tween MazE antitoxin and MazF toxin of the MazE-MazF fusion
proteins so that viral proteases induced upon infection cleave the
linker to activate MazF as an ACA-specific mRNA interferase.
MazF has been shown to be a potent toxin, effectively causing
apoptotic cell death in mammalian cells (22). In E. coli cells, two
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dimers of MazF form a stable heterohexamer complex with one
MazE dimer in the center (Fig. 1C) (11). In this report, we fused a
short 41-residue C-terminal fragment of MazE to the N-terminal
end of MazF with a polypeptide linker which contains a specific
cleavage site for HIV PR, HCV NS3 protease, or factor Xa (Fig. 1
and Table 1). We demonstrate that all of these fusion proteins can
be activated to exert the MazF mRNA interferase activity only
when treated with the corresponding specific proteases. We also
demonstrate that the MazE-MazF fusion proteins form a stable
dimer (Fig. 2B), in contrast to hexamer MazF,-MazE,-MazF,,
which is formed in the cells. The present results suggest a novel
preventive and therapeutic strategy against RNA viruses, such as
HIV-1, HCV, and other single-stranded RNA viruses.

MATERIALS AND METHODS

Construction of MazE-MazF fusion proteins. Four kinds of lengths of
C-terminal fragments of Escherichia coli MazE (Fig. 1B and C) were fused to E.
coli MazF with protease cleavage sites and four extra residues (Gly-Gly and
Gly-Ser at the N-terminal and the C-terminal ends, respectively) (Fig. 1A).
For amplifying mazE fragments, the following primers were used: MazE(42)
(forward, TATACATATGTTAATTATTGAGCCA), MazE(61) (forward,
TATACATATGGACATCACGCCGGAA), MazE(65) (forward, TATAC
ATATGGAAAACCTCCACGAG), MazE(71) (forward, TATACATATGA
TCGACTGGGGAGAGCCG), MazE(FXa) (reverse, TATAGGATCCACG
ACCTTCAATACCTCCCCAGACTTCCTTATC), MazE(HCV) (reverse,
TATAGGATCCCACCCAGGTGCTGGTCACCACTTCCAGATCACCT
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FIG 1 Schematic presentation of the MazE-MazF fusion protein with a linker
containing a specific cleavage site for factor Xa, HIV PR, or HCV NS3 protease.
(A) Schematic presentation of the MazE-MazF fusion protein with a linker (in
green) containing a protease cleavage site and a His, tag at the C-terminal end.
(B) The amino acid sequence of MazE. The secondary structures, determined
by X-ray crystallography (11), are also indicated above the sequence. Note that
it contains a 22-residue-long unstructured C-terminal extension. 3-Strands
and a-helices are indicated with blue arrows and rectangular shapes, respec-
tively. Red arrows indicate the starting residues for the C-terminal segments
used in the present study. The residue number of the first residue of each
segment is also indicated. (C) Crystal structure of the MazE-MazF complex
(Protein Data Bank entry 1UB4). Black arrows and numbers indicate the sites
and the residue numbers of truncated MazE fragments. (D) Schematic presen-
tation of the activation of the MazE-MazF fusion protein having a protease
cleavage site in the linker. Blue and red molecules of the MazE-MazF fusion
protein form a dimer as shown, and the yellow box indicates the protease
cleavage site between the MazE fragment and MazF.
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CCCCAGACTTCCTTATC), and MazE(HIV) (reverse, TATAGGATCC
CGCTTCCGCCAGCACACGCGCACCTCCCCAGACTTCCTTATC).
Each PCR fragment was cloned into pET21c (Novagen) with a C-ter-
minal His, tag (24). pET21c-mazE(42)F-Fxa, pET21c-mazE(61)F-Fxa,
pET21c-mazE(65)F-Fxa, and pET21c-mazE(71)F-Fxa have a sequence
corresponding to a factor Xa cleavage site between mazE and mazF genes.

Suppression of MazF Toxicity by Fusing C-Terminal MazE

pET21c-mazEF-HIV and pET21c-mazEF-HCV include HIV PR and HCV
NS3 serine protease cleavage sites, respectively.

Toxicity of MazE(42)F-FXa in vivo. mazE(42)F-Fxa was cloned in
pBAD24 (23). pBAD24-mazF-ec (mazF from E. coli) and pBAD24-
mazF-bs (mazF from Bacillus subtilis [18]) were used for positive controls.
E. coliBW25113 cells were used for transformation, and the transformants
harboring mazF-ec, mazF-bs, and mazE(42)F-Fxa were streaked on M9
plates in the presence or absence of 0.2% arabinose.

Expression and purification of MazE-MazF with protease cleavage
sites. To purify MazE-MazF fusion proteins containing protease cleavage
sites, pET2lc-mazE(42)F-Fxa, pET21c-mazE(61)F-Fxa, pET2lc-
mazE(65)F-Fxa, pET21c-mazE(71)F-Fxa, pET21c-mazEF-HIV, and
pET21c-mazEF-HCV were introduced into E. coli BL21(DE3). The fusion
proteins were induced by the addition of 0.5 mM isopropyl-f3-p-1-thio-
galactoside (IPTG) for 4 h at 37°C and then purified with Ni-nitrilotri-
acetic acid (NTA) agarose (Qiagen) according to the manufacturer’s pro-
tocol. The HIV PR and HCV NS3 proteases were kind gifts from Edward
Arnold (Rutgers University) and Smita Patel (University of Medicine and
Dentistry of New Jersey), respectively.

Dimer formation of the MazE-MazF fusion proteins. Gel filtration
chromatography was performed on an AKTA purifier system (GE Health-
care) with a Superdex 75 column (GE Healthcare). Five hundred micro-
grams of MazE(42)F-Fxa protein was applied to the column and equili-
brated with a buffer containing 10 mM Tris-HCI (pH 7.0) and 100 mM
NaCl. Protein markers were separated under the same conditions and
detected by the UV light detector (280 nm) of the AKTA purifier.

Activation of the MazE-MazF fusion proteins. To measure the activ-
ity of MazF from the MazE-MazF fusion proteins, purified fusion proteins
were incubated with protease in a reaction buffer (10 mM Tris-HCI, pH
7.0, and 1 mM dithiothreitol [DTT]) at 37°C for 1 h. As a control, only
protease or only MazE-MazF fusion proteins were incubated under the
same conditions. The reaction mixture containing 0.1 g MazE-MazF
fusion proteins was mixed with MS2 phage RNA (Roche) for 1, 2, 5, and
10 min in the same buffer at 37°C. The reaction was stopped by the addi-
tion of 2X RNA dye containing 6 M urea, 2X TBE (178 mM Tris, 178 mM
boric acid, and 4 mM EDTA), bromophenol blue, and xylene cyanol. The
samples were incubated at 65°C for 2 min and then analyzed in 1.2%
agarose gel in 1X TBE buffer.

RESULTS

In the 82-residue MazE, the N-terminal 47 residues are involved in
dimer formation with an intertwined -barrel, from which two
35-residue C-terminal segments are extended like wings covering
one of the interfaces of a MazF dimer (11). In this MazE C-termi-
nal segment there is one helical structure (residues 55 to 59; a-he-
lix H2), and this helix, together with a short segment of residues 51
to 54, is considered to play a crucial role in the trajectory of MazE
interacting with MazF (in Fig. 1B and C, a-helix H2 locates on top
of a MazF dimer, from which the unstructured C-terminal seg-
ment is extended downward). The C-terminal fragment of MazE

TABLE 1 Activation of various MazE-MazF fusion proteins by factor Xa, HIV-1 PR, and HCV NS3 protease

Name MazE region” (aa) Protease cleavage site Expression” Toxicity*
MazEF-FXa 42to 82 Factor Xa +++ -
MazE(61)F-FXa 61to 82 Factor Xa + +
MazE(65)F-FXa 65 to 82 Factor Xa — +++
MazE(71)F-FXa 71 to 82 Factor Xa — +++
MazEF-HIV 42 to 82 HIV-1 PR +++ -
MazEF-HCV 42 to 82 HCV NS3 protease +++ -

“ The residue numbers from the N-terminal end of MazE are shown (11).

b A plus sign indicates expression, and three plus signs indicate very high expression of the fusion proteins. A minus indicates no expression.
¢ A minus indicates that the fusion protein is not toxic even in the presence of IPTG. A plus sign indicates that it is toxic only in the presence of IPTG. Three plus signs indicate that

it is toxic even in the absence of IPTG.
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FIG 2 Characterization of MazE-MazF fusion protein. (A) Toxicity of MazE(42)F-FXain E. coli. The transformants harboring pPBAD24 vector (1 and 8), mazF-ec
(2 and 7), mazF-bs (4 and 5), and mazE(42)F-FXa (3 and 6) were streaked on M9 plates with or without 0.2% arabinose and incubated at three different
temperatures, 24, 37, and 42°C. (B) Gel filtration of MazE(42)F-FXa. The linear trend line is used for calculating the molecular mass for the MazE-MazF fusion
protein. The purification of MazE(42)F-FXa (C), MazEF-HIV (D), and MazEF-HCV (E) are also shown. Lane 1, molecular mass markers; lane 2, the whole-cell
lysate without induction; lane 3, the whole-cell lysate after incubation for 4 h at 37°C; lane 4, the cell pellet; lane 5, flowthrough fraction; lane 6, wash fraction; and
lanes 7 to 15, elution fractions. Arrows indicate the positions of monomers of the fusion proteins, and arrowheads indicate the positions of their dimers.

interacts with a MazF dimer through many van der Waals inter-
actions, polar interaction, and salt bridges. The C-terminal (resi-
dues 55 to 77) domain of MazE contains a total of six negatively
charged residues that directly interact with the MazF homodimer.
The side chain of Trp73 in MazE composes the major interaction
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with the loop region (S1-S2) of MazF (11). Besides these interac-
tions, Ile71, Glu69, and His68 play important roles in interacting
with the MazF dimer, adopting an extended strand-like structure.

On the basis of these specific interactions, we used fused the
41-resdue C-terminal fragment of MazE to the N-terminal end of
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MazF (Fig. 1). Gly-Gly and Gly-Ser were added at the N- and
C-terminal ends of the factor Xa cleavage site, respectively, for the
flexibility of the molecule. The mazE(42)F-Fxa fusion construct
was cloned in plasmid pBAD24 and transformed in E. coli
BW25113. All constructs, including the mazE(42)F-Fxa fusion
protein, were able to form colonies in the presence of 0.2% arabi-
nose (Fig. 2A), indicating that the MazE-MazF fusion protein is
not toxic to the cells. Notably, MazF from the pBAD24-mazF plas-
mid showed high toxicity, as colonies were not formed even in the
presence of 0.025% arabinose on plates (data not shown). We also
constructed other MazE-MazF fusion proteins containing 22-,
18-, and 12-residue C-terminal fragments of MazE, termed
mazE(61)F-Fxa, mazE(65)F-Fxa, and mazE(71)F-Fxa, respec-
tively (Fig. 1B and C). Among the MazE-MazF fusion proteins,
MazE(42)F-FXa was expressed at a very high yield when induced
(Fig. 2C, lane 8), while the others were found to be poorly ex-
pressed. Although MazE(61)F-FXa containing the 18-residue
MazE C-terminal fragment was expressed, this fusion protein
showed toxicity in the toxicity assay without treatment with factor
Xa. On the other hand, when the MazE C-terminal fragment was
extended to 41 residues, the resulting MazE-MazF fusion protein,
MazE(42)F-FXa, was no longer toxic without treatment with fac-
tor Xa (Table 1). Thus, MazE(42)F-FXa was subsequently purified
with the use of a Ni-NTA agarose column. The apparent molecu-
lar mass of MazE(42)F-FXa calculated from the gel filtration was
45 kDa (Fig. 2B), which agrees well with the size of a dimer of
MazE(42)F-FXa, indicating that MazE(42)F-FXa also forms a
dimer like MazF-ec (11).

As shown in Table 1, the two other fusion proteins were con-
structed by the same strategy as that for MazE(42)F-FXa, in which
the linkers contained a cleavage site for either HIV PR or HCV
NS3 protease. For the HIV PR cleavage site, RVL" AEA (p24/p2)
was used (6, 13, 14). For the HCV NS3 protease cleavage site, the
minimal substrate length has to be 10 residues (15), so EDV-
VCC"SMSY (5A/5B) was used. These fusion proteins were desig-
nated MazEF-HIV and MazEF-HCV, respectively. As shown in
Table 1, these fusion proteins also were not toxic to E. coli cells,
even if their expression was induced, indicating that these MazE-
MazF fusion proteins are resistant to proteases from E. coli.
MazEF-HIV and MazEF-HCV were also well expressed without
showing toxicity (Fig. 2D and E, respectively).

To evaluate the activation of MazEF-HIV by HIV PR, the var-
ious molar ratios of HIV PR to MazEF-HIV were examined (Fig.
3A). MazEF-HIV was indeed cleaved by HIV PR (Fig. 3A, lanes 10
to 15) and induced its endoribonuclease activity, even at a ratio of
100 to 1 (data not shown). The incubation of only MazEF-HIV
without HIV PR did not generate active MazF (Fig. 3A, lane 4).
The bands of MazEF-HIV and HIV PR are seen at 19 and 10.1 kDa,
respectively (Fig. 3A, first and third arrows, respectively). After
MazEF-HIV was treated with HIV PR, the size of MazF was re-
duced to 13.6 kDa (Fig. 3A, second arrow). As shown in Fig. 3B,
when the MazE(42)F-FXa fusion protein was treated with factor
Xa, its endoribonuclease activity was effectively activated to cleave
MS2 phage RNA (3.5 kb). This factor Xa activation was highly
efficient, as the full-size MS2 phage RNA completely disappeared
within 1 min and the RNA digestion appeared to be almost com-
pleted in 5 min, indicating that the linker is fully susceptible to
protease digestion.

To examine the MazF activation of both MazEF-HIV and
MazEF-HCV by HIV PR and NS3 protease, respectively, mRNA
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interferase activity was analyzed with the use of MS2 phage RNA.
The full-size 3.5-kb MS2 phage RNA was digested only when
MazEF-HIV and MazEF-HCV were treated with individual pro-
teases (Fig. 3C and D, lanes 7). Notably, these proteases did not
show endoribonuclease activity. This result clearly demonstrates
that MazE-MazF fusion proteins are specifically cleaved and acti-
vated by viral proteases only when their specific cleavage sites exist
in the linker between MazE and MazF.

DISCUSSION

Here, we demonstrated that the fusion of a C-terminal 41-residue
fragment of antitoxin MazE to the N-terminal end of toxin MazF,
with a linker having a specific viral protease cleavage site, resulted
in the formation of a stable dimer which could be activated only
when the fusion protein was treated with the corresponding viral
protease, such as HIV PR (HIV-1 protease) and NS3 protease
(HCV protease). Factor Xa also could be used as a protease. When
MazF and MazE are separately produced, they form a heterohex-
amer consisting of one MazE dimer and two MazF dimers in
which a MazE dimer is sandwiched by two MazF dimers. There-
fore, to release enzymatically active MazF dimers from the MazF,-
MazE,-MazF, hexamer, the central MazE dimer has to be de-
stroyed. In E. coli, MazE dimers are much more unstable than
MazF dimers when they exist by themselves, since MazE contains
an unstructured long C-terminal segment, which is extended
from a MazE dimer (11). In the MazE-MazF complex, this MazE
C-terminal segment binds to the cleft formed between two MazF
molecules in a MazF dimer, where the MazF active center also
exists. In the present study, this C-terminal fragment is fused to
the N-terminal end of MazF so that the MazF enzymatic activity is
fully suppressed, which can, however, be activated by cleaving the
MazE fragment off at the linker between MazE and MazF mole-
cules. Importantly, this linker was found to be resistant to endog-
enous proteases in E. coli cells, while it is sensitive to specific pro-
teases from RNA viruses if the linker contains a specific cleavage
site for the proteases, which are thus able to activate the ACA-
specific endoribonuclease activity of MazF.

Using the MazE-MazF fusion protein, we are now able to reg-
ulate MazF activity intramolecularly by a highly sequence-specific
protease. This opens a few interesting approaches which were pre-
viously inaccessible. First, as we can completely suppress MazF
toxicity in the cells, the MazE-MazF fusion protein can be pro-
duced in large amounts, and after the purification of the fusion
protein active MazF can be generated by protease treatment. No-
tably, the yield of this processing is very high and the final MazF is
highly purified, as His, tag purification is carried out in two steps,
the first step for the fusion protein and the second step for cleaved
MazF (the Hisg tag is added at the C-terminal end of the MazE-
MazF fusion protein). In addition, the fusion protein may be used
asa tool for the preventive as well as therapeutic treatment of RNA
virus infection, as cells carrying the fusion protein with a linker
cleavable with a specific RNA viral protease may attain resistance
to RNA viral infection.

We have previously shown that CD4™ cells can be engineered
to be resistant to HIV-1 infection by transfecting CD4 ™" cells with
the mazF gene under the control of the HIV-1 long terminal repeat
(4). More recently, the in vivo safety of this strategy and the per-
sistence of the transfected CD4 ™ cells has been tested using mon-
keys (5). MazF induction in mammalian cells has been shown to
lead to BAK-dependent apoptotic cell death (22). These results
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FIG 3 Activation of MazF from MazE(42)F-FXa, MazEF-HIV, and MazEF-HCV proteins. (A) Cleavage of MazEF-HIV. Black arrows indicate, from top to
bottom, MazE-MazF fusion protein, MazF, and HIV PR. Lane 1, molecular mass markers; lane 2, HIV PR; lane 3, MazE-MazF fusion protein; lane 4, HIV PR by
itself incubated for 30 min; lane 5, MazE-MazF fusion protein by itself incubated for 30 min. For lanes 6 to 15, the concentration of HIV PR was increased five
times for each lane with a constant amount of the MazE-MazF fusion protein (280 uM). Thus, the molar ratios between HIV PR and MazE-MazF fusion protein
changed from 3 X 1071 (lane 6) to 1.6:1 (lane 15). The activation of MazF from the MazE-MazF fusion protein by factor Xa, HIV PR, and HCV NS3 protease
is shown in panels B, C, and D, respectively. The MazF activity was measured with MS2 phage RNA as described previously (17).

suggest that the strategy presented in this paper is applicable to
many other single-stranded RNA viruses, such as poliovirus, in-
fluenza virus, and measles virus, for the prevention and treatment
of their infection. The effect of the MazEF fusion protein with an
HIV-1 PR cleavage site in eukaryotic cells is under investigation.
After the submission of the present paper, Shapira et al. published
a paper (21) on the MazE-MazF fusion protein in which the 35-
residue C-terminal fragment of MazE was fused to the N-terminal
end of MazF with the linker containing the HCV P10-P10" NS3
cleavage sequence.
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