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Abstract

Plasmids maintain themselves in their bacterial host through several different mechanisms, one of which involves the synthesis of plas-
mid-encoded toxin and antitoxin proteins. When the plasmid is present, the antitoxin binds to and neutralizes the toxin. If a plasmid-free
daughter cell arises, however, the labile antitoxin is degraded (and not replenished) and the toxin kills the cell from within. These toxin—
antitoxin (TA) systems thereby function as postsegregational killing systems, and the disruption of the TA interaction represents an
intriguing antibacterial strategy. It was recently discovered that the genes for one particular TA system, MazEF, are ubiquitous on plas-
mids isolated from clinical vancomycin-resistant enterococci (VRE) strains. Thus, it appears that small molecule disruptors of the Maz-
EF interaction have potential as antibacterial agents. The MazF toxin protein is known to be a ribonuclease. Unfortunately, traditional
methods for the assessment of MazF activity rely on the use of radiolabeled substrates followed by analysis with polyacrylamide gel elec-
trophoresis. This article describes a simple and convenient continuous assay for the assessment of MazF activity. The assay uses an oli-
gonucleotide with a fluorophore on the 5’ end and a quencher on the 3’ end, and processing of this substrate by MazF results in a large
increase in the fluorescence signal. Through this assay, we have for the first time determined Ky; and V.5 values for this enzyme and
have also found that MazF is not inhibited by standard ribonuclease inhibitors. This assay will be useful to those interested in the

biochemistry of the MazF family of toxins and the disruption of MazE/MazF.

© 2007 Elsevier Inc. All rights reserved.
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Once regarded as a microbiological curiosity, it is now
apparent that toxin-antitoxin (TA)' systems play impor-
tant roles in bacterial stress response and resistance to anti-
biotics [1-3]. Most proteic TA systems are characterized by
two small proteins (8-15 kDa), a stable toxin and a labile
antitoxin, and genes encoding these proteins have been
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identified on a wide range of bacterial chromosomes and
plasmids [4,5]. If both proteins are actively being produced
by the bacterial cell, the antitoxin binds the toxin and
inhibits its toxic activity. However, if the cellular levels of
the antitoxin drop, the toxic protein will be unleashed to
halt growth and/or kill the cell.

When encoded by plasmids, TA systems serve as a
postsegregational killing system [6] that allows the plasmid
to maintain itself in the bacterial population in the absence
of selective pressure. If a plasmid-free daughter cell arises
during cell division, the labile antitoxin is quickly degraded
(and is not replenished due to the absence of plasmid), free-
ing the toxin to Kkill the cell [1]. Such TA systems sometimes
are referred to as “plasmid addiction” modules [7,8]. The
precise role of TA systems encoded by bacterial chromo-
somes is less clear, but there is evidence that they may serve
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as stress response elements given that toxin-induced cell
death is observed under conditions that include high
temperature, DNA damage, oxidative stress [9], thymine
starvation [10], and antibiotic treatment [11]. In addition,
the transcription of genes from chromosomally encoded
TA loci is upregulated during amino acid starvation
[12,13].

Given that a large percentage of genes that mediate
resistance to antibiotics are found on extrachromosomal
DNA such as plasmids [14,15], coupled with the ability
of TA systems to stabilize plasmids, it has been speculated
that pharmacological disruption of the TA protein—protein
interaction could unleash the toxin and be a novel antibac-
terial strategy [2,5,16,17]. It was not until recently, how-
ever, that it was discovered that TA systems are indeed
ubiquitous on plasmids that reside in a common bacterial
pathogen that is refractory to most antibiotics, namely,
vancomycin-resistant enterococci (VRE) [5]. In that study,
the genes encoding the mazEF, relBE, and axe-txe TA sys-
tems were found to be quite prevalent on plasmids isolated
from clinical VRE isolates. In particular, the mazEF genes
were found on plasmids in 100% (75/75) of the VRE iso-
lates [5].

MazEF originally was discovered on the Escherichia
coli chromosome [18,19] and has since been characterized
extensively. Much is known about the TA protein com-
plex given that the crystal structure of the toxin, MazF,
in complex with the antitoxin, MazE, has been solved
[20]. The MazEF complex has a heterohexamer structure,
with two MazF homodimers flanking a single MazE
homodimer. The C terminus of each MazE monomer
wraps around the interface of each MazF homodimer
to neutralize MazF toxicity. It was only recently,
however, that the toxic effect of MazF was tied conclu-
sively to its ribonuclease activity [21,22]. MazF is known
to have a specificity for ACA sequences in single-
stranded RNA, typically cleaving after the first A,
although cleavage before the first A has also been
observed [23,24].

No detailed analysis of the kinetics of the MazF-medi-
ated cleavage of RNA is available, and such studies are
hampered by the lack of a convenient method for the
assessment of MazF activity. Until now, MazF activity
has been monitored with radiolabeled oligonucleotides/
gel electrophoresis or matrix-assisted laser desorption/ion-
ization (MALDI) mass spectrometry [23-25]. Although
these techniques have proved to be instrumental in the
characterization of MazF activity, such discontinuous
methods make the evaluation of multiple substrate
types and concentrations prohibitive. This article
describes a continuous fluorometric substrate for MazF
that enables real-time quantitation of MazF enzymatic
activity and full kinetic analysis of this enzyme. We show
that this new assay is also suitable for the quantitative eval-
uation of MazF inhibitors and could be used to screen for
disruptors of the MazEF complex in a high-throughput
manner.

Materials and methods
Materials

Primers, unlabeled oligonucleotides, oligonucleotides of
the sequence 5-AAGTCrGACATCAG-3' labeled with
6-carboxyfluorescein (6-FAM) on the 5 end and with
Black Hole Quencher 1 (BHQI1) on the 3’ end, and the
corresponding  oligonucleotide  cleavage fragments,
6-FAM-labeled 5'-AAGTCG-3’ and BHQI-labeled 5'-
ACATCAG-3', were purchased from Integrated DNA
Technologies (Coralville, IA, USA). Black, tissue culture-
treated 384-well plates were purchased from Matrix
Technologies (Hudson, NH, USA). Protein purification
buffers were modified from those described for protein
purification under native conditions by Qiagen (Valencia,
CA, USA). Binding buffer consisted of 50 mM Tris—Cl
(pH 8.0), 300 mM NacCl, and 10 mM imidazole; wash buf-
fer consisted of 50 mM Tris—Cl (pH 8.0), 300 mM NacCl,
and 20 mM imidazole; and elution buffer consisted of
50 mM Tris—CI (pH 8.0), 300 mM NaCl, and 250 mM
imidazole.

Cloning

The mazEF gene cassette was amplified by PCR (prim-
ers 5-CACCATGATCCACAGTAGCGTAAAGCGTT
GG-3' and 5-CTACCCAATCAGTACGTTAATTTTGG
C-3’) using plasmid DNA extracted from a clinical isolate
of VRE, namely, SL171RF [5]. Sequence analysis of these
mazEF loci showed them to be identical to the mazEF
sequence from the E. coli chromosome. Plasmid pKm6EF
was then constructed by cloning the amplified mazEF gene
cassette into the pET200 expression vector using the Cham-
pion pET Directional TOPO Expression Kit (Invitrogen,
Carlsbad, CA, USA). pPKm6EF encodes the MazEF pro-
tein complex with an N-terminal histidine-6 tag; thus, in
this system, the histidine tag is appended to the N terminus
of the MazE protein and the MazF protein is not tagged.
To create an expression vector that would result in an
untagged MazE and a C-terminally tagged MazF, site-
directed mutagenesis of pKm6EF was performed in two
rounds to install restriction sites on each end of the mazEF
gene cassette. The first round introduced an Ncol restric-
tion site on the 5’ end of the gene (primers 5-GATAA
GGATCATCCCTTCACCATGGTCCACAGTAGCGRA
AAGCG-3’ and 5-CGCTTTACGCTACTGTGGACCA
TG GTGAAGGGATGATCCTTATC-3’), and the second
round of mutagenesis introduced an Xhol cut site on the 3’
end of the maz EF insert and removed the stop codon to allow
translation of a 3’ histidine tag (primers 5'-GGATCGTTG
AGCTCGAGCTTCTTCCCAATCAGTACGTTAATTTT
GG-3 and 5'-CCAAAATTAACGTACTGATTGGGAAG
AAGCTCGAGCTCAACGATCC-3'). The maz EF gene was
excised from this mutated pKm6EF plasmid with Ncol and
Xhol, and digestion products were run on a 0.6% agarose
gel. The mazEF gene cassette was purified by gel extraction
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and cloned into the pET28a expression vector (Novagen, San
Diego, CA, USA) to construct plasmid pKmEF6.

Each site-directed mutagenesis reaction was performed
in a final volume of 50 ul containing 1ng/pl template
DNA, 2.5 ng/pl each primer, 200 uM each deoxynucleoside
triphosphate, 2.5 U of PfuTurbo DNA polymerase (Strat-
agene, La Jolla, CA, USA), 10mM KCI, 10 mM
(NHy4),SO4, 20 mM Tris—HCI1 (pH 8.8), 2mM MgSO,,
0.1% Triton X-100, and 100 ng/pl bovine serum albumin
(BSA). Reactions were carried out in a PTC-200 DNA
thermal cycler (MJ Research, Cambridge, MA, USA) with
an initial denaturation step (95 °C, 30s) followed by 20
cycles of denaturation (95°C, 30s), annealing (55 °C,
1 min), and extension (68 °C, 7 min). Dnpl (20 U, New
England Biolabs, Ipswich, MA, USA) subsequently was
added to each reaction, and digests were allowed to incu-
bate at 37 °C for 1 h.

Protein expression and purification

(His)¢)MazE/MazF and MazE/MazF(His)s were
expressed using the same procedure. A 20-ml overnight cul-
ture of E. coli BL21(DE3) transformed with the appropri-
ate expression vector (either pKm6EF or pKmEF6) was
used to inoculate 2 L of LB media containing kanamycin
(50 pg/ml). The bacterial culture was grown at 37 °C to
ODygpp = 0.4, and protein expression was then induced by
the addition of isopropyl B-p-1-thiogalactopyranoside
(IPTG, Research Products International, Mount Prospect,
IL, USA) to a final concentration of 1.0 mM. The culture
was allowed to grow for an additional 4 h. Cells were then
harvested by centrifugation and stored in pellets (corre-
sponding to 1 L of culture) at —20 °C.

Protocols for protein purification were modified from
protocols reported by Zhang and coworkers [24]. To
purify MazF(His)s, a MazE/MazF(His)s expression
pellet was thawed at room temperature and resuspended
in 10ml of cold binding buffer (50 mM Tris—Cl,
300 mM NaCl, and 10 mM imidazole at pH 8.0). Cells
subsequently were lysed by sonication, and lysate was
centrifuged (35,000g for 30 min). Subsequent steps of
purification of MazEF from the supernatant were per-
formed at 4 °C. The protein complex was trapped on
nickel-nitrilotriacetate (Ni-NTA) resin by mixing 2 ml
of Qiagen NTA resin with the supernatant by inversion
for 1 h. Resin was then washed with 10 ml of binding
buffer containing 8 M urea to disrupt the MazE/MazF
interaction and remove MazE. This was followed by
seven washes of 10 ml urea/binding buffer, with the con-
centration of urea decreasing by 1 M each wash to slowly
refold the protein on the column. The resin was then
washed with 10 ml of binding buffer and 10 ml of wash
buffer (50 mM Tris—Cl, 300 mM NaCl, and 20 mM imid-
azole at pH 8.0). MazF(His)s was eluted with 5ml of
elution buffer (50 mM Tris—Cl, 300 mM NaCl, and
250 mM imidazole at pH 8.0), and the elution was col-
lected in five 1-ml fractions. (His)sMazE was purified in

a manner analogous to that described above for (His)s.
MazE/MazF expression pellets.

Protein concentration was determined by Bradford assay.
To enhance the accuracy of these concentration measure-
ments, calibration curves were constructed for each protein
by performing the Bradford assay on resolubilized lyophi-
lized protein of known mass. As these calibration curves
were used in future experiments to relate absorbance values
from the Bradford assay to protein concentration, the Brad-
ford assay was performed in exactly the same manner every
time. To perform this assay, 60 pl of water was added to 20 pl
of protein solution in a well of a 96-well plate. Then 20 pl of
Bradford assay dye (Bio-Rad Laboratories, Hercules, CA,
USA) was added to the well and mixed by pipetting. The
absorbance of the well at 595 nm was read exactly 10 min
after the addition of Bradford assay dye to the well. The cal-
ibration curves for MazE/MazF(His)e, (His)sMazE/MazF,
MazF(His)s, and (His)sMazE are shown in Supplementary
Fig. 1. Elution fractions for both proteins were stored on
ice for no more than 2 h before they were used in experiments
as a decrease in MazF(His)g activity was observed with
longer storage times.

HPLC analysis of oligonucleotide cleavage products

A 250-pl solution of 11.5pM MazF(His)g (or 3 pM
MazE/MazF(His)s) and 24 uM chimeric oligonucleotide of
the sequence 5'-AAGTCrGACATCAG-3’ in elution buffer
was allowed to incubate for 5 h at room temperature. The
reaction mixture subsequently was flash frozen in liquid
nitrogen. A 100-pl portion of each thawed reaction mixture
was analyzed by high-performance liquid chromatography
(HPLC) using a BioCad SPRINT liquid chromatograph
(260-nm  detector). An Xterra MS CI18 column
(10 x 50 mm, 2.5 pum, Waters, Milford, MA, USA) was used
to separate intact oligonucleotide from cleavage fragments
with a linear gradient from 0.1 M tricthylammonium acetate
(TEAA) (pH 7.0) to 0.085 M TEAA/15% acetonitrile (pH
7.0) over 20 min. Fractions with 4,4, values greater than
0.01 were collected and lyophilized. Lyophilized oligonu-
cleotide was resuspended in 100 pul of RNase-free water
and analyzed by MALDI mass spectrometry.

Fluorescence plate reader settings

Fluorescence was measured on a Criterion Analyst AD
(Molecular Devices, Sunnyvale, CA, USA) using a
485 + 15-nm excitation filter, a 530 + 15-nm emission fil-
ter, and a 505-nm cutoff dichroic mirror. The fluorophore
was excited with a 1000-W continuous lamp with 10 reads
per well.

Oligonucleotide cleavage assay
Wells of a black 384-well plate were filled with 5 pl

of the 6-FAM and BHQ1 dually labeled fluorescent oligo-
nucleotide in TE buffer and 10 ul of cold elution buffer.
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Fluorescence of the filled wells was measured every 20 s for
20 min, at which point 15 pl of either cold elution buffer or
MazF was added. Fluorescence subsequently was mea-
sured every 20 s for 33.3 min.

Construction of calibration plot

Solutions containing a 1:1 (mol/mol) mixture of the
labeled 5’ and 3’ cleavage fragments at concentrations of
0.3,0.6, 1.5, 3.0, 6.0, and 9.0 uM were prepared by dilution
with TE buffer. Wells of a black 384-well plate were filled
with 5 pl of each solution and 10 pl of cold elution buffer.
Fluorescence of the filled wells was measured as described
above. A 15-ul portion of cold elution buffer was added to
each well after a 20-min read. Fluorescence values at the
20-min time point (20 min after the addition of the second
elution buffer) were used to construct a calibration plot of
relative fluorescence units (RFU) against oligonucleotide
fragment concentration. This experiment was repeated,
and a calibration plot was constructed for each plate read.

Kinetic analysis

Slopes derived from the MazF processing of the labeled
substrate were compared with controls in which no enzyme
was added. Data obtained for these controls (in which just
elution buffer was added) were subtracted from data
obtained for the addition of MazF, and the difference was
converted from RFU to picomoles oligonucleotide cleaved
using the slope obtained from the calibration plot. Microsoft
Excel was used to perform linear regression analysis on these
data to obtain initial velocities for reactions involving MazF
and a range of fluorescent oligonucleotides (0.05-50 pM).
The initial velocities were plotted against substrate concen-
tration and, using KaleidaGraph software (Synergy Soft-
ware, Reading, PA, USA), the Michaelis—Menten equation
was fit to the data for oligonucleotide concentrations less
than 0.3 uM and greater than 20 pM.

MazE inhibition studies

Experiments were performed as described for the oligo-
nucleotide cleavage assay for 20 uM fluorescent oligonu-
cleotide substrate; however, in addition to preparing a
reaction by adding MazF(His)e alone to the elution buf-
fer/oligonucleotide solution, another reaction was pre-
pared by adding a mixture of separately purified
(His)iMazE and MazF(His)s to final concentrations of
1.5 and 3.0 uM, respectively. The MazE/MazF mixture
was allowed to incubate on ice for 10 min before the addi-
tion to the well. Data obtained were background sub-
tracted as described above.

Ribonuclease inhibitor protein inhibition studies

Experiments were performed as described for
MazE inhibition studies; however, a 2:1 (v/v) mixture of

MazF(His)s and Protector RNase Inhibitor (Roche, Nut-
ley, NJ, USA) was added to the oligonucleotide/elution
buffer solution to a final concentration of 3 uM and
6.7 U/ul, respectively. The reaction involving MazF(His)s
alone was prepared in such a way that a 2:1 (v/v) mixture
of MazF(His)s and ribonuclease inhibitor storage buffer
(50 mM Hepes [pH 7.6], 20 mM potassium chloride, 8 mM
dithiothreitol[DTT], and 50% glycerol) was added to account
for the effect of DTT and glycerol on reaction velocity.

Adenosine 3',5'-diphosphate inhibition studies

Experiments were performed as described for MazE
inhibition studies. A solution of MazF(His)s and adenosine
3',5'-diphosphate (pAp) were added to the oligonucleotide/
elution buffer solution to a final concentration of 3 pM and
1 mM, respectively.

High-throughput screen simulation

A 25-ul solution of 0.9 uM MazE/MazF(His)s was
delivered to all wells of a black 384-well plate, excluding
wells in column 24 and wells M3, J7, G13, and CI8.
Column 24 was reserved for control reactions (25 pul of
elution buffer in A, B, and C; 25 pul of 0.9 pM MazE/
MazF(His)s in wells D, E, and F; 25 ul of 3.6 uM (His)g
in wells G, H, and I), and 25 ul of 3.6 uM MazF(His)g
was pipetted into each of the four remaining wells (M3,
J7, G13, and C18). Compounds from an in-house com-
pound collection [26] were delivered to the first 23 col-
umns of the plate via a pin transfer device, and 5 ul of
fluorescent oligonucleotide substrate was added to each
well to a final concentration of 12.5nM. Immediately
after the addition of substrate (z=0), the fluorescence
of each well was measured (excitation =485 nm, emis-
sion = 530 nm). The plate was then allowed to incubate
in the dark at room temperature for 2.5 h. The fluores-
cence of the wells was then measured again, and the fluo-
rescence values for the 1 =0 read were subtracted from
those obtained after 2.5 h.

Results
Substrate design

Fluorogenic substrates have been used to analyze ribo-
nuclease kinetics, substrate specificity [27], and inhibition
[28-30]. These substrates often are chimeric, as they are
composed of a single RNA base flanked by short (1-4
bases) sequences of DNA bases, and they are labeled on
one end with a fluorophore and on the other end with a
quencher. In an intact oligonucleotide, the fluorophore is
in close proximity to the quencher and a low amount of
fluorescence is observed. However, on cleavage of the oli-
gonucleotide, the distance between the fluorophore and
the quencher increases, resulting in an increase in observed
fluorescence.
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Short (7-15 bases) chimeric oligonucleotides have been
designed to report on MazF activity, and cleavage of the
32p_labeled versions of these oligonucleotides by MazF
has been demonstrated [23]. We used one such oligonucleo-
tide of the sequence 5'-AAGTCrGACATCAG-3' to design
a fluorogenic MazF substrate by appending 6-FAM to the
5" end and BHQI1 to the 3’ end (Fig. 1). Cleavage of this
oligonucleotide by MazF is indicated by an increase in
fluorescent emission of 6-FAM at 530 nm and was assessed
as described in the sections below.

Construction of a calibration curve

A calibration curve relating fluorescence emission at
530 nm to the extent of oligonucleotide substrate cleavage
is shown in Fig. 2. Oligonucleotides of identical sequence
and labeling to the fluorescent oligonucleotide substrate
cleavage products (5'-6-FAM-AAGTCG-3’ and 5'-ACAT-
CAG-BHQ1-3') were purchased. For ease of synthesis, the
RNA base of the 5’ cleavage fragment was replaced with
the corresponding DNA base; however, this replacement
is not expected to change the fluorescent properties of the
cleavage fragment. The two oligonucleotide fragments were
mixed in 1:1 molar ratios for various oligonucleotide con-
centrations to mimic cleavage reactions at various stages
of completion, and the fluorescence of the solutions was
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quantified by excitation at 485nm and emission at
530 nm. The calibration curve was linear up to concentra-
tions of 60 pmol (2 uM) cleaved oligonucleotide and was
constructed in parallel to each kinetic experiment.

Kinetics of MazF-mediated cleavage of fluorescently labeled
chimeric substrate

The sensitivity of the fluorogenic substrate allowed us to
study the reaction kinetics of oligonucleotide cleavage by
MazF. Solutions of oligonucleotide (at final concentrations
ranging from 0.1 to 50 uM) were prepared and distributed
in the wells of a 384-well plate. MazF(His)s was added to a
final concentration of 3 uM, and the reaction progress was
monitored by observing the fluorescence emission at
530 nm after excitation at 485 nm. On the addition of elu-
tion buffer to oligonucleotide substrate, an initial increase
in fluorescence was observed (see Supplementary
Fig. 2A). This increase is not due to oligonucleotide cleav-
age given that the same effect was observed on the addition
of elution buffer to 6-FAM alone (see Supplementary
Fig. 2B). This increase leveled off after 15 min; therefore,
each data set was analyzed after this 15-min time period
elapsed, as shown in Fig. 3A. Data for the addition of elu-
tion buffer alone were then subtracted from data for the
addition of MazF to obtain reaction progress curves from
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Fig. 1. Substrate design. A chimeric DNA/RNA oligonucleotide (5'-AAGTCrGACATCAG-3’) previously shown to be cleaved by MazF was labeled
with 6-FAM on the 5’ end and with BHQI on the 3’ end. When the oligonucleotide is intact, BHQ1 quenches the fluorescence of 6-FAM; however,
cleavage of the oligonucleotide at the RNA base by MazF releases 6-FAM from BHQI, thereby increasing the fluorescence of 6-FAM.
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Fig. 2. Construction of a calibration curve. Labeled oligonucleotides corresponding to products formed by cleavage of the fluorescently labeled
oligonucleotide substrate by MazF were mixed at 1:1 molar ratios for various concentrations. Fluorescence values for these 1:1 mixtures in elution buffer
were measured on excitation at 485 nm and emission at 530 nm, allowing the construction of a calibration curve that relates fluorescence to the amount of
oligonucleotide cleaved. Calibration curves were linear up to 60 pmol (2 uM) of each cleavage fragment. A calibration curve was constructed in parallel

with every experiment.

which reaction velocities could be calculated. Reaction
velocity increases with increasing substrate concentration,
as shown in Fig. 3B.

Reaction velocities were measured in this manner for
three separate batches of purified MazF(His)g (see
Supplementary Fig. 3 for raw data from each of these
three trials), and the average velocities were plotted
against oligonucleotide substrate concentration
(Fig. 3C). The shape of the plotted data indicates that
the cleavage reaction follows Michaelis—Menten kinetics;
however, because 3 UM MazF(His)s was used in each
reaction, there are several reactions for which the oligo-
nucleotide substrate concentration is less than or equal
to the enzyme concentration. Thus, standard kinetic
analysis of enzymatic reactions dictate that the Michae-
lis-Menten equation could not be fit to the entire data
set [31]. An equation similar to the Michaelis—Menten
equation,

V max [ Substrate]
p = xR

K, + [Substrate]’
where Ky is the dissociation constant for the enzyme/sub-
strate complex, can be fit to data where the enzyme concen-
tration is at least 10-fold greater than the substrate
concentration [31]; therefore, this equation can be used to
describe the MazF(His)s reactions with oligonucleotide
substrate of 0.3 uM or less. It has been shown that for
enzymatic reactions with a low turnover number (ky),
Ky is approximately equal to Kg [32]; in this case, the
above equation is equivalent to the Michaelis-Menten
equation. Analysis of the plotted data in Fig. 3C indicated
that the k¢, for oligonucleotide cleavage by MazF was low
given that a large concentration (3 pM) of MazF was re-
quired to achieve moderate values for V... Thus, the
Michaelis—Menten equation was fit to data for oligonucleo-
tide concentrations of 0.3 uM or lower and 20 uM or high-

er. From the curve fit, V. = 0.37 £ 0.02 pmol/min and
Ky=6.9+ 1.9 uM.

Analysis of MazF cleavage of chimeric substrate by liquid
chromatography and mass spectrometry

To verify that the fluorescence increase observed on
incubation of MazF with oligonucleotide substrate is
indeed due to cleavage by MazF, reaction products
were analyzed by HPLC. A 24-uM solution of unla-
beled oligonucleotide  (5-AAGTCrGACATCAG-3)
was incubated for 5h with either 11.5 uM MazF(His)g
or 575uM MazE plus 11.5uM MazF(His)s as a 2:4
complex. As shown in Fig. 4, the HPLC trace of the
oligonucleotide reaction with MazE/MazF(His)s con-
tained a single peak at a retention time of 14.3 min,
whereas the trace for the reaction with MazF(His)g
contained two peaks at lower retention times. Analysis
of the elution fractions corresponding to each peak by
MALDI mass spectrometry revealed that the peak at
the longer retention time corresponded to m/z
3983.82, the mass of intact unlabeled oligonucleotide
(see Supplementary Fig. 4A for mass spectrum). The
peaks produced in the presence of MazF(His)s corre-
spond to m/z 1890.6 and 2088.7, the masses of the oli-
gonucleotide fragments produced by MazF cleavage of
the unlabeled oligonucleotide (see Supplementary
Fig. 4B and C for mass spectra). The unlabeled oligo-
nucleotide substrate is cleaved at the RNA base by
MazF(His)s in the absence, but not in the presence,
of MazE (see Supplementary Fig. 4D for mass spec-
trum). Thus, we conclude that MazF cleaves labeled
oligonucleotide substrate in a similar manner and that
the increase in fluorescence observed in the presence
of MazF is indeed a direct result of this cleavage
event.
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Fig. 3. Determination of kinetic parameters for substrate cleavage by MazF. MazF (final concentration of 3 pM) was added to various concentrations of
oligonucleotide substrate, and fluorescence was monitored on excitation at 485 nm and emission at 530 nm. (A) Data analysis began 15 min after the
addition of MazF or elution buffer. The change in 6-FAM emission with reaction progress is shown for the addition of MazF (red circles) and elution
buffer (black squares) to a solution of 20 pM of the fluorescently labeled chimeric substrate. Data for the addition of elution buffer were then subtracted
from data for the addition of MazF, and the resulting data were used to construct the plots shown in panel B. (B) Linear regression analysis was performed
on the background-subtracted data set for each oligonucleotide substrate concentration. Shown are data sets for substrate at 40 pM (filled yellow
diamonds), 10 uM (filled green squares), 5 uM (filled blue triangles), 1 uM (filled red circles), and 0.3 pM (empty purple diamonds). (C) The slopes from
the data sets shown in panel B were plotted against oligonucleotide substrate concentration. Reaction velocities were determined for three separate batches
of purified MazF, and average velocities are plotted. Error bars represent the standard deviation from the mean. The Michaelis-Menten equation was fit
to the data for substrate concentrations <0.3 uM and >20 uM. From the curve fit, V. = 0.37 & 0.02 pmol/min and Ky = 6.9 + 1.9 uM. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. Verification of substrate cleavage by HPLC. Products from a 5-h incubation of 24 uM unlabeled chimeric oligonucleotide (5'-AAGTCrGA
CATCAG-3') with 11.5 uM MazF(His)g in the presence (black) and absence (red) of 5.75 uM MazE were observed by HPLC analysis. Peak fractions were
analyzed by MALDI mass spectrometry. The peak at longest retention time corresponds to intact oligonucleotide (calculated molecular weight
[MW]=3983.6). The peaks at shorter retention times correspond to 5" and 3’ fragments generated from MazF cleavage (calculated MWs = 1894.2 and
2088.4, respectively). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

Use of fluorescent substrate to assess inhibitors of MazF

The assay was also used to investigate the effect of var-
ious ribonuclease inhibitors on MazF activity. The only
reported inhibitor of MazF to date is MazE; thus, the effect
of MazE on MazF cleavage of the fluorescent oligonucleo-
tide substrate was investigated. As expected, the addition
of 1.5uM MazE abolishes the activity of 3.0 uM MazF
against 20 pM oligonucleotide substrate (Fig. SA). Thus,
the fluorescent oligonucleotide substrate can be used to
detect MazF inhibition.

The products of oligonucleotide cleavage by MazF, most
notably a 2’,3’-cyclic phosphodiester on the 3’ end of the 5’
fragment (Fig. 1), have been shown to be similar to those
observed on oligonucleotide cleavage by RNase A. There-
fore, it has been suggested that MazF and RNase A cleave
RNA via a similar mechanism [23]. If this were true, one
might expect that certain RNase A inhibitors would also
inhibit MazF. To test this, we incubated MazF with fluores-
cent oligonucleotide substrate in the presence of two RNase
A inhibitors: ribonuclease inhibitor protein (RI, 200 U) and
adenosine 3’,5'-diphosphate (pAp, 1 mM) [33,34]. Neither
RNase A inhibitor resulted in a decrease in velocity of the
MazF/oligonucleotide substrate reaction (Fig. 5B and C);
thus, neither inhibitor inhibits MazF to any appreciable
extent at the concentrations evaluated.

Use of fluorescent substrate as a reporter of MazEF
disruption in a high-throughput screen

The expression of MazF without MazE has been shown
to reduce cell viability [35]; thus, it has been speculated that
small molecule disruptors of the MazE/MazF complex
could function as novel antibiotics [5]. The identification
of such a small molecule disruptor could potentially be dis-

covered via high-throughput screening of a large library of
compounds. The fluorescent oligonucleotide substrate
reported in this article could be an integral component of
such a screen given that the disruption of the MazE/MazF
complex would release active MazF to cleave the substrate,
resulting in an increase in fluorescence. To assess the utility
of our fluorescent oligonucleotide substrate in this capac-
ity, all but four wells of the first 23 columns of a black
384-well plate were filled with 25 pl of a MazE/MazF(His)e
solution. MazE and MazF form a 2:4 complex; thus, the
final concentrations in these solutions are 1.5 uM MazE
and 3.0 pM MazF. The remaining four wells were filled
with 25 pul of MazF(His)s to a final concentration of
3.0 uM. Compounds from an in-house collection [26] were
delivered to the plate via a pin transfer device, and 5 pul of
substrate was then pipetted into all wells to a final concen-
tration of 12.5 nM. Column 24 of the plate was reserved for
controls. Three wells of this column were filled with 25 pl of
elution buffer, three wells were filled with 25 pul of the
MazE/MazF(His)g solution, and another three wells were
filled with 25 pl of the MazF(His)g solution. A 5-ul solution
of the substrate was added to all wells of the 384-well plate,
and after 2.5 h incubation at room temperature the fluores-
cence (excitation = 485 nm, emission = 530 nm) of all wells
was analyzed. Wells containing MazF were easily distin-
guishable from those containing MazE/MazF(His)g, indi-
cating that a small molecule disruptor of the MazE/
MazF complex would indeed be detectable using this sub-
strate (Fig. 6). It should be noted that very low concentra-
tions (12.5nM) of the substrate can be used in these
experiments, making it practical on the large scale required
for screening thousands of compounds.

This article has described a simple and convenient
method for the detailed assessment of MazF activity, and
we used this assay to determine Ky; and V., values for
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Fig. 5. Assessment of MazF activity in the presence of ribonuclease inhibitors. Various ribonuclease inhibitors were added to MazF and elution buffer
prior to their addition to oligonucleotide substrate. The effects of inhibitors on reaction velocity were monitored by fluorescence quantification by
excitation at 485 nm and emission at 530 nm. (A) A mixture of MazF and MazE was added to oligonucleotide substrate to final concentrations of 3.0 pM
MazF and 1.5 pM MazE. Inhibition of MazF by MazE is indicated by the static fluorescence observed after the addition of MazF/MazE (black squares) in
comparison with the increase in fluorescence observed after the addition of MazF alone (red circles). (B) A MazF/ribonuclease inhibitor (RI) solution was
added to oligonucleotide substrate to final concentrations of 3 pM MazF and 200 U RI. No inhibition of MazF by RI is observed given that the
fluorescence change of the oligonucleotide/MazF solution is the same in the presence and absence of RI. (C) An experiment similar to that described in
panel B was repeated for the RNase A inhibitor pAp. Again, no inhibition of MazF by pAp is observed given that the fluorescence change of the reaction
solution is the same in the presence and absence of 1 mM pAp. (For interpretation of the references to color in this figure legend, the reader is referred to

the Web version of this article.)

MazF. The assay can be performed easily in 384-well plates
and can be run with commercially available materials.
Interestingly, two common ribonuclease inhibitors, RI

and pAp, do not inhibit the M

azF-catalyzed reaction.

Because MazEF appears to be part of a larger family of
TA systems [36], this assay should be useful in studying
the entire family of MazEF-like proteins. Through use of
this assay, unresolved questions about the substrate
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Fig. 6. High-throughput screen simulation. A 12.5-nM solution of the fluorescently labeled oligonucleotide substrate was incubated in wells of a 384-well
plate filled with either MazE/MazF(His)s (1.5:3.0 uM) or MazF(His)s (3 uM). Control wells were prepared in column 24, where oligonucleotide was
incubated in the absence of compound with elution buffer (dark gray), MazE/MazF(His)e (1.5:3.0 uM, light gray), and MazF(His)s (red). After a 2.5-h
incubation, wells containing MazF(His)s (M3, J7, G13, and C18) are easily distinguished from those containing MazE/MazF(His)s. These results
demonstrate that the fluorescent oligonucleotide substrate could be used to detect MazEF complex disruptors in a high-throughput screen. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

specificity of MazF can now be answered in a facile man-
ner, and the novel substrate reported here should also facil-
itate high-throughput screens aimed at the identification of
MazF inhibitors or MazE/MazF disruptors.
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