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MostpathogenicProteus species are primarily associatedwith
urinary tract infections, especially in persons with indwelling
catheters or functional/anatomic abnormalities of the urinary
tract. Urinary tract infections caused by Proteus vulgaris typi-
cally form biofilms and are resistant to commonly used antibi-
otics. The Rts1 conjugative plasmid from a clinical isolate of P.
vulgaris carries over 300 predicted open reading frames, includ-
ing antibiotic resistance genes. The maintenance of the Rts1
plasmid is ensured in part by the HigBA toxin-antitoxin system.
We determined the precise mechanism of action of the HigB
toxin in vivo, which is distinct from other known toxins. We
demonstrate thatHigB is an endoribonucleasewhose enzymatic
activity is dependent on associationwith ribosomes through the
50 S subunit. Using primer extension analysis of several test
mRNAs, we showed that HigB cleaved extensively across the
entire length of coding regions only at specific recognition
sequences. HigB mediated cleavage of 100% of both in-frame
and out-of-frame AAA sequences. In addition, HigB cleaved
�20% of AA sequences in coding regions and occasionally cut
single As. Remarkably, the cleavage specificity of HigB coin-
cided with one of the most frequently used codons in the AT-
rich Proteus spp., AAA (lysine). Therefore, the HigB-mediated
plasmidmaintenance system for the Rts1 plasmid highlights the
intimate relationship between host cells and extrachromosomal
DNA that enables the dynamic acquisition of genes that impart
a spectrum of survival advantages, including those encoding
multidrug resistance and virulence factors.

Toxin-antitoxin (TA)3/addiction/suicide modules typically
include an autoregulated operon encoding a labile antitoxin
and a more stable toxic protein (1). TA toxins facilitate stress
survival (chromosomal) or plasmid maintenance and post-seg-
regational killing (extrachromosomal; reviewed in Refs. 1, 2).
Most chromosomal TA toxins inhibit cell growth by reversibly

targeting either protein translation or DNA replication; their
cognate antitoxins prevent toxin activity during periods of opti-
mal growth but enable finely tuned control of TA module tox-
icity during relatively short periods of environmental stress.
However, prolonged stress leads to a point of no return and cell
death (3–5).
There are six confirmed chromosomal TA loci in Escherichia

coli K12 cells: dinJ-yafQ, relBE, yefM-yoeB, mazEF, chpBI-BK,
and hipBA. The toxinsMazF and ChpBK are sequence-specific
endoribonucleases that cleave free mRNA (6–10). The RelE
toxin interacts with the ribosome and induces mRNA cleavage
with a preference for the UAG stop codon (11–13). The YafQ
toxin is a ribosome-associated endoribonuclease that cleaves
in-frame AAA codons that are followed by either an A or G in
the subsequent codon (14). The YoeB toxin inhibits translation
at the initiation step, apparently by destabilization of the initi-
ation complex (15). HipA toxin is a kinase whosemechanism of
action is not known (16, 17).
Although the mechanism of action of many E. coli chromo-

somal and plasmid-derived toxins has been determined, the
precise function of the HigB toxin has not been characterized.
The higBATAmodule is not present in E. coliK12; it resides on
the Rts1 plasmid that typically replicates in Proteus spp. and
imparts kanamycin resistance as well as temperature-sensitive
post-segregational killing at 42 °C (18, 19). Interestingly, one or
more chromosomal counterparts of higBA have been reported
for several pathogens, including Vibrio cholerae, Streptococcus
pneumoniae, E. coli CFT073, and E. coli O157:H7 (20). Some
characterization of the two V. cholerae HigBA modules has
been performed. First, one of the two higBA modules was
shown to possess the general characteristics of TA systems by
demonstration of toxin-antitoxin interaction, module organi-
zation/regulation, HigB toxicity, and rescue of toxicity with the
cognate HigA antitoxin (21). Overexpression of HigB derived
from two individual higBA modules encoded in V. cholerae or
from Rts1 leads to inhibition of protein synthesis through
translation-dependent mRNA cleavage in a manner similar to,
but distinct from, RelE (22).
HigB is amember of the RelE family of toxins, including RelE,

YafQ, and YoeB (20). In this study, we have identified the pre-
cisemode of action ofHigB fromRts1. HigB associatedwith the
50 S ribosomal subunit, and this HigB-ribosome complex
cleaved within mRNA coding regions at all AAA triplet
sequences, both in-frame and out-of-frame. HigB appeared to
be responsible for the mRNA cleavage activity of the HigB-
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ribosome complex because aHigBH92Qmutant lackedmRNA
cleavage activity but remained associated with the ribosome.
Finally, the cleavage specificity of HigB on plasmid Rts1 coin-
cided with the sequence (AAA, lysine) of either the most abun-
dant or the second most abundant codon in its Proteus host.

EXPERIMENTAL PROCEDURES

Strains, Plasmids, and Reagents—The E. coli strains
BL21(DE3) (F� ompT hsdS�(r�-m�) dcm gal (DE3) tonA)
(Novagen) and BW25113 (lacIq rrnBT14 �lac-ZWJ16 hsdR514
�araBADAH33 �rhaBADLD78) were used for all protein expres-
sion and toxicity studies. E. coli K12 Mach1 T1
cells (�recA1398 endA1 tonA �80�lacM15 �lacX74
hsdR(rk�mk

�); Invitrogen) were used for all cloning experi-
ments. The higBAmodule was cloned from the Rts1 plasmid (a
generous gift from Dr. Roger Woodgate, National Institutes of
Health). The E. coli BW25113 strain with deleted chpBI-BK,
hipBA, mazEF, relBE, yefM-yoeB, and dinJ-yafQ modules

(BW25113 �6) was a generous gift
from Qian Tan and Yoshi Yamagu-
chi of the M. Inouye laboratory.
Plasmids used in this study include
pBAD24 (23), pET28a (Novagen),
and pBAD/Myc-HisA (Invitrogen).
The higBA operon was PCR-ampli-
fied from the Rts1 vector with 5�
BamHI/HindIII 3� ends and cloned
into the corresponding sites of
pET28a to create pET28a-higBA-
(His)6 with the His6 tag fused onto
higB. The higB ORF was PCR-am-
plified from the Rts1 vector with 5�
NdeI/Xho 3� ends and cloned into
the corresponding sites of pBAD24
to create pBAD24-higB. The relE
ORF was PCR-amplified from
BW25113 cells with 5� NdeI/Xho 3�
ends and cloned into the corre-
sponding sites of pBAD24 to create
pBAD24-relE. The higA ORF was
PCR-amplified from the Rts1 vector
with 5� BamHI/HindIII 3� ends and
cloned into the corresponding sites
of pET28a to create pET28a-higA-
(His)6. The higBORF was PCR-am-
plified from the Rts1 vector with 5�
Nco/HindIII 3� ends, and an addi-
tional GC on the 5� end to maintain
frame was cloned into the corre-
sponding sites of pBAD/Myc-HisA
to create pBAD/Myc-HisA-higB-
(His)6. The higBORF was PCR-am-
plified from the Rts1 vector with 5�
NdeI/Xho 3� ends and a mutated
H92Q amino acid and cloned into
the corresponding sites of pBAD24
to create pBAD24-higB(H92Q). All
bacterial liquid cultures were grown

inM9minimal media (M9) supplemented with either 0.2% glu-
cose or 0.21% glycerol at 37 °C, unless otherwise noted. The
working concentrations of ampicillin, kanamycin, and chlor-
amphenicol were 100, 40, and 34�g/ml, respectively. The accu-
racy of the DNA sequences of PCR products used for cloning
was confirmed by automated DNA sequence analysis. Poly-
clonal antibodies used for Western analysis were produced in
rabbits using the HigBA complex as antigen (Pocono Rabbit
Farm and Laboratory, Canadensis, PA).
DNA, RNA, and Protein Synthesis in Vivo—[35S]Methionine

(24), [methyl-3H]thymidine, and [methyl-3H]uracil (22) incor-
poration studies were carried out as described previously.
Analysis ofmRNALevels in E. coli—Total RNAwas extracted

using the hot phenol method as described previously (25). The
radiolabeled DNA fragments used for Northern analysis were
derived from PCR products, including open reading frames of
the E. coli genes lpp (major outer membrane lipoprotein),
ompA (outer membrane porin protein A), ompF (outer mem-

FIGURE 1. Expression of HigB leads to translation arrest. A, growth profile of HigB-induced (arabinose �) or
uninduced (arabinose �) BW25113 cells containing pBAD24-higB grown at 37 °C in M9 medium containing either
glucose (uninduced) or glycerol (induced). B and C, [35S]methionine incorporation of RelE- or HigB-induced versus
uninduced cells in vivo. Equivalent amounts of cell lysate, derived from equal culture volumes, were subjected to
SDS-PAGE, followed by autoradiography. D and E, quantification of [35S]methionine incorporation into RelE- or
HigB-induced (arabinose �) or uninduced (arabinose �) cells. Counts/min were the result of trichloroacetic acid-
precipitated counts taken from a single aliquot per time point. Time points correspond to those in B; cell samples for
experiments in D and E were derived from the growth-profile experiment shown in A.
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brane porin protein F), rpsA (ribosomal protein subunit A), or
tufA (EF-Tu). RNA levels were quantified with a phosphorim-
ager, and all sample values were normalized to their respective
control (i.e. the wild type uninduced values).
Ribosome Profile Analysis—Ribosomal extracts were pre-

pared as described previously (14); equivalent amounts of total
RNA from S30 extracts were layered onto each continuous
sucrose gradient.
Primer Extension—Primer extension analysis was carried out

as described previously (14). Primers used were as follows:
lpp, 5�-TTACTTGCGGTATTTAGTAGCC-3�; ompA3, 5�-
CCGCCAGCGAAGACCGGAGAAACGCCGG-3�; ompA5,
5�-TCAGAACCGATGCGGTCGGTGTAACCC-3�; ompF,

5�-AAACCAAGACGGGCATAGGTC-3�; rpsA, 5�-CGTCAA-
CTTCGTCACCTACC-3�; and tufA, 5�-GAGAAGTGT-
TGATGGTGATACC-3�.
RecombinantHigAandHigB—ThehigA(His)6-pET28aandhig-

B(His)6-pBAD/Myc-HisA constructs were transformed into
BL21(DE3) and BW25113 cells, respectively, and induced with 1
mM isopropyl 1-thio-�-D-galactopyranoside (higA(His)6-pET28a)
or 0.2% arabinose (higB(His)6-pBAD/Myc-HisA) for 6 h. Cells
were disrupted using a French press; the protein extracts were
applied to nickel-nitrilotriacetic acid resin (Qiagen), and theHis6-
tagged proteins were purified as recommended by Qiagen. The
protein content of each eluted fraction was visualized by 17.5%
SDS-PAGE followed by Coomassie staining.
DeterminationofHigB(His)6Activity inVitro—Prokaryotic cell-

free protein synthesis was carried out with the E. coli T7 S30
extract system for circular DNA (Promega); the HigA only, HigB
only, and HigB/HigA samples contained 2 �g of HigA(His)6, 0.5
�g ofHigB(His)6, or 2�g ofHigA(His)6 plus 0.5�g ofHigB(His)6,
respectively. The HigB/HigA samples were preincubated for 30
min at 4 °C prior to the addition of total RNA and the samples
incubated for an additional 30min at 37 °C.
Total cellular RNA was isolated from BW25113 cells as

described above. 10 �g of total RNA was added to a reaction
containing increasing amounts of pure recombinant HigB in 10
mM Tris, pH 7.8.

RESULTS

Expression of HigB Inhibits Translation—Although it has
been reported that HigB inhibits protein synthesis through

FIGURE 2. Expression of HigB decreases steady state levels of several
mRNAs in vivo. RNA was extracted from HigB-expressing cells followed by
Northern analysis. No visible degradation products were detected below the
full-length mRNA in any of the �HigB lanes.

FIGURE 3. HigB and RelE associate with ribosomes in vivo. A–C, ribosomes prepared and fractionated in 10 mM Mg2�; D–F, 1 mM Mg2�. Ribosome profiles of
wild type BW25113 cells (A and D), RelE (B and E), and HigB (C and F) are shown. Western blots (shown below fraction numbers tested) in B, C, E, and F were
performed using antibody directed against either RelE or HigB. All 10 mM Mg2� ribosome profiles were repeated three times.
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translation-dependent mRNA clea-
vage (22), we characterized the
enzymatic activity of HigB (92
amino acids, 10.7 kDa) from the
Rts1 plasmid in more detail and
compared its properties to family
member RelE. We first expressed
relE or higB in the arabinose-induc-
ible pBAD24 plasmid. We found
that the high toxicity of either RelE
or HigB precluded the isolation of a
stable strain containing either toxin
gene in pBAD24 under noninducing
conditions with glycerol as the car-
bon source. Therefore, in this study
we used glucose under noninducing
conditions and arabinose/glycerol
for induction to minimize leaky
toxin expression. As an additional
precaution, all experiments were
performed with strains that were
recently transformed with the rele-
vant toxin-expressing plasmid to
preclude the accumulation of
genomic suppressors of toxicity. To
test whether induction using this
unconventional method (glucose to
arabinose/glycerol) was effective,
we monitored growth after induc-
tion of higB or relE at mid-logarith-
mic phase. Expression of either higB
(Fig. 1A) or relE (data not shown)
resulted in growth arrest by 30 min.
Interestingly, although both toxins
arrested growth at approximately
the same time, striking differences
in [35S]methionine incorporation
were observed upon toxin induction
(Fig. 1, B–E). RelE expression led to
an extremely rapid shut down of
translation (to �5% of wild type
within 5min), whereas amore grad-
ual decrease in protein synthesis
was noted upon HigB expression;
only at the 22-min time point did
the effect of HigB remain constant
(where translation levels dropped to
20% of wild type levels). This and
previously published data (22) are
consistent with a model whereby
RelE and HigB cause growth arrest
by blocking translation. In fact, in
vivo incorporation of radiolabeled
precursors of DNAor RNA revealed
that expression of HigB did not lead
to significant defects in DNA repli-
cation or RNA transcription (sup-
plemental Fig. 1).
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Expression ofHigB Leads to Rapid and ExtensiveDegradation
of Several mRNAs in Vivo—HigB or RelE expression results in
degradation of lpp mRNA only when the start codon is intact
(11, 22). To determine whether HigB affects the stability of
several transcripts, we performed Northern analysis for five
E. coli mRNAs: lpp, ompA, ompF, rpsA, and tufA (Fig. 2).
Although no degradation was detectable immediately after (1
min) induction of HigB expression, degradation was extensive
after 15 min; after 60 min, degradation of all five transcripts
were complete or nearly complete. In comparison, the steady
state levels of the respective control mRNAs (cells harboring
the plasmid but not expressing HigB) were stable. No visible
degradation products were detected below the full-length
mRNA in any of the �HigB lanes.
To ensure that the mRNA degradation we observed upon

HigB induction was not due to activation of other TA toxins
resulting from the inherent stress of HigB expression, we
expressed HigB in an E. coli strain (“�6”) in which each of the
six known chromosomal TAmodules has been deleted (mazEF,
relBE, chpBI-BK, hipBA, yefM-yoeB, and dinJ-yafQ). The levels
of full-length lpp, ompA, and rpsA transcripts were compared
in �6 and BW25113 cells before and after induction of the
toxin. We found no difference in the steady state levels of each
of the three mRNAs in the two strains after HigB induction
(supplemental Fig. 2). The same experiments were also per-
formedwith RelE, and no difference was observed (supplemen-
tal Fig. 2). Therefore, HigB or RelE expression appears to lead to
global degradation of cellular mRNA in vivo, and this effect
does not enlist the action of other toxins.
HigB Associates with the Ribosome through the 50 S Riboso-

mal Subunit—Mutagenesis of the lppAUG start codon toAAG
prevents lpp mRNA degradation in vivo, revealing that the
action of HigB is translation-dependent (as is family member
RelE) (22). These data suggest that HigB acts through interac-
tion with the ribosome. Therefore, we analyzed ribosome pro-
files from cells overexpressingHigB for 60min (when cells were
completely growth-arrested and cellular mRNA degradation in
Fig. 2 was maximal) to assess whether toxin expression altered
the profile (Fig. 3, compare A and C). We also used Western
analysis of fractions spanning the sucrose gradient to determine
whetherwewere able to identify an association ofHigBwith the
ribosome (Fig. 3C). We did not observe additional peaks or
substantial changes in polysome, 70 S, 50 S, or 30 S sedimenta-
tion. However, HigB led to the increase in the relative abun-
dance the 70 S monosome because we reproducibly noted a
higher relative ratio of 70 S monosome compared with both
50 S/30 S ribosomal subunit peaks upon HigB induction (com-
pare Fig. 3, A and C). In extracts/gradients containing the
standard 10 mM Mg2�, HigB associated primarily with 70 S
monosomes, but it was also detected with the 50 S ribosomal

subunit and polysomes.However, HigBwas not associatedwith
the 30 S ribosomal subunit (Fig. 3C). In addition, buffer condi-
tions favoring dissociation of the 70 S ribosome to its compo-
nent subunits (1 mM Mg2�) confirmed that HigB associates
with only the 50 S ribosomal subunit and not the 30 S. Thus,
HigB associates with the ribosome through the 50 S ribosomal
subunit in vivo (Fig. 3F).
Other members of the RelE family, YafQ (14) and YoeB (15),

associate with ribosomes through the 50 S subunit. Therefore,
we analyzed the ribosome profile for RelE association with
these fractions just as we had for HigB to determine whether
this is a common property of RelE family members (Fig. 3,
compare A and B). The ribosome profile for RelE was similar
to that for HigB, with a higher relative ratio of 70 S to 50/30 S
peaks, and as with the other three RelE family members
tested, it interacted with the ribosome through the 50 S sub-
unit (Fig. 3, B and E).
HigB Facilitates Ribosome-dependent Cleavage of mRNA at

A-rich Sequences—Because HigB associated with the ribosome
and facilitated extensive mRNA cleavage, we determined the
sequence specificity and frame dependence of its cleavage
activity and recognition sequence. We isolated total RNA from
HigB induced and uninduced cells and performed primer
extension analysis on the five mRNAs (lpp, ompA, ompF, rpsA,
and tufA) that were degraded upon HigB expression in Fig. 2.
We initially used a primer�150 nucleotides downstreamof the
5� end of the translation start site for each mRNA and then
performed additional primer extension experiments to enable
nearly complete coverage of lpp (237 bp) and ompA (1041 bp;
Fig. 4, A–F). In total, we detected 55 HigB-specific cleavage
products among all mRNAs (Fig. 4G). Of these, 30 were major
sites representing relatively abundant cleavage products, and
25 were minor sites whose intensities were approximately
�25% that of the major sites. Note that HigB is a very potent
toxin; even though we used glucose prior to induction to min-
imize leaky expression of the toxin gene, some HigB-mediated
cleavage was detected even in the uninduced time points.
Therefore, we were careful to choose only those primer exten-
sion products that increased with induction time relative to the
uninduced control.
Analysis of the sequence and location of all cleavage sites

revealed several features of HigB-mediated cleavage as follows.
1) 5�-AAA-3� is the primary recognition consensus sequence
(highlighted in black and in gray in Fig. 4G). We found that
HigB cleaved 100% of the AAA sequences covered in our
primer extension analyses. The regions we tested contained 38
AAA sites, and we documented cut sites for all of them (23
major and 15 minor).

FIGURE 4. HigB-mediated sequence-specific, frame-independent mRNA cleavage. Primer extension analysis of the following: A, lpp; B, ompA-3; C, ompA-5;
D, ompF; E, rpsA; and F, tufA mRNAs extracted from cells expressing HigB. Exact cleavage positions of mRNAs identified near the top of the gel were determined
with closer primers (data not shown); FL, full-length products; wt, wild type. Labeled cut sites correspond to those reported in G. Note that some HigB-mediated
cleavage was detected even in the uninduced time points; only those products that increased with induction time relative to the uninduced control were
highlighted. G, summary of HigB cleavage sites (spacing denotes translational frame) as follows: in-frame AAAs (black rectangle); out-of frame AAAs (gray
rectangle); AA (open rectangle); and single A (open oval). The two unmarked sites for ompF correspond to putative RNase E sites. H, location of major and minor
cleavage products for the ompA mRNA. Cleavage sites in the region corresponding to the white box at 3� end could not be detected; this region was where the
terminal primer annealed. The drawing is to scale, with each black line demarcating 100 nucleotides.
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2) HigB targets both in-frame and out-of-frame AAA or
AAA-containing sequences for cleavage (compare black versus
gray highlighted sequences in Fig. 4G).
3) HigB also cleaved stretches of four or more A-rich

sequences; moreover, HigB cleaved within the first three AAAs
inA4 or A5 stretches in six of the seven examples we uncovered.
4) The location of the cleavage site in the AAA site (or the

first three As in A4 or A5 sequences) was not fixed but instead
exhibited a preference for cleavage after the second A, i.e.
5�-AA2A-3�. More specifically, 45% were 5�-AA2A-3�, 29%
5�-A2AA-3�, 13% 5�2AAA-3�, and 13% 5�-AAA2-3�.
5) HigB cleaves throughout the length of the mRNA (see

illustration for ompA, Fig. 4H) with no apparent pattern for
major and minor site distribution.
6) HigB also recognized AA sequences with much lower effi-

ciency (20% of the 55 cut sites; open rectangles in Fig. 4G) and
occasionally cut at single A sequences (4/55, 7%; open ovals,
Fig. 4G).
7) Two of the 55 HigB-specific cleavage sites (both in ompF)

did not cut at an A residue. Instead, the sequences
5�-AAUAUU2CUUGC-3� (F1) and 5�-GCAU2UAUU-
UUU-3� (F7) have similarity to RNase E consensus sites (26, 27).
RNase E is a single strand-specific endoribonuclease required
for rapid mRNA decay and accurate RNA processing in E. coli.
Therefore, HigB cleavage of ompF and other mRNAs may be
assisted by RNase E and the degradasome (28).
8) We did not detect cleavage sites in the 5�-untranslated

regions upstream of the five mRNAs, corroborating our data
demonstrating HigB ribosome association and earlier studies
demonstrating that lpp mRNA must have an intact start Met
codon for HigB-mediated degradation (11).
HigB Does Not Cleave RNA in Vitro—To better characterize

themechanism ofHigB-mediatedmRNA cleavage, we assessed
whetherHigB possessed endoribonuclease activity in vitro. As a
first step, we purified recombinant HigB toxin and confirmed
that it was active using a coupled in vitro transcription/transla-
tion assay with or without the addition of HigB toxin or with
both HigB toxin/HigA antitoxin. Recombinant HigB inhibited
in vitro translation, and the effects of HigB were reversed by
addition of the antitoxin HigA (Fig. 5A). Therefore, these
recombinant proteins were active after purification.
We next tested if the same HigB preparation was able to

cleave total RNA purified from E. coli K12. No cleavage was
detected in either mRNA or rRNA after a 30-min incubation of
total RNA with increasing concentrations of HigB. There was
also no effect on the RNA when the HigA antitoxin was added
to the HigB (Fig. 5B and data not shown).When the incubation
time was increased to 6 h, we also did not detect RNA cleavage.
These results suggest that the HigB-mediated in vivo cleavage
activity is dependent upon interaction with the ribosome.
HigB(H92Q) Abolishes Toxicity andmRNACleavage but Not

Ribosome Binding—X-ray crystal structures of RelE, YoeB, and
accompanying mutagenesis studies (29, 30) implicated a highly
conservedhistidine near their carboxyl termini as important for
their toxicity. However, subsequent studies on YoeB demon-
strated thatmutagenesis of this conserved histidine (H83Q) did
not lead to a loss in toxicity or a reduction in its primary func-
tion as an inhibitor of translation initiation (15). In contrast,

mutagenesis of the corresponding residue in YafQ (31) (H87Q)
abolished YafQ toxicity and endoribonuclease activity in vivo
(14).
Because HigB is in the RelE family, we aligned all family

members and noted thatHigB from the Rts1 plasmid andE. coli
CFT073 also contained a highly conserved histidine (His-92 for
Rts1 and His-90 for E. coli CFT073) at the carboxyl-terminal
end of their primary sequences. Because active HigB did not
exhibit detectable ribonuclease activity in vitro, it may mediate
mRNA cleavage only upon association with the ribosome in
vivo. Alternatively, as suggested for RelE (13), there was a for-
mal possibility that the HigB mRNA cleavage activity we docu-
mented in vivo was because of an enhancement of the intrinsic
mRNA cleavage activity of the ribosome (32). Therefore, to dif-
ferentiate between these possible modes of action, we created
anH92Qmutant in Rts1 HigB and examined the growth rate of
the mutant strain upon induction of HigB(H92Q). Unlike wild
type HigB, induction of HigB(H92Q) no longer resulted in
growth arrest (Fig. 6A), indicating that His-92 is essential for
HigB-mediated toxicity. We then determined the effect of
HigB(H92Q) expression on the steady state levels of ompA and
lpp transcripts and found no difference comparedwith the wild
type control (cells harboring the plasmid but not expressing
HigB(H92Q)) (Fig. 6B), i.e. mRNA was no longer degraded in
cells expressing the HigB(H92Q) mutant. Finally, ribosome
profile analysis revealed that the mutant HigB(H92Q) toxin
retained its ability to associate with the ribosome (Fig. 6, C and
D). Therefore, the endoribonuclease activity of the HigB-ribo-

FIGURE 5. HigB inhibits translation but does not degrade mRNA in vitro.
A, recombinant HigB inhibits coupled in vitro transcription/translation (3rd
lane); HigA can rescue the inhibition and reconstitute translation (4th lane) to
normal levels (as shown in 1st lane); the product of the chloramphenicol
acetyltransferase (CAT) fusion template (39 kDa) includes one of the two
major reaction products, and the other �-lactamase (28 kDa) product is pres-
ent at high levels in T7 S30 extracts because of transcription from the T7
promoter upstream of the chloramphenicol acetyltransferase fusion that
reads through into the ampicillin resistance gene. B, HigB does not cleave
rRNA or mRNA in vitro. 1st lane, 10 �g of total RNA; 2nd, 3rd, and 4th lanes,
increasing amounts of purified HigB(His)6 were added to 10 �g of total RNA.
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some complex appears to be conferred by HigB, and this activ-
ity requires His-92.

DISCUSSION

The HigBA TA system is essential for plasmid maintenance
of the kanamycin-resistant Rts1 plasmid (19). Notably,
although the E. coli K12 chromosome contains only a higA
homolog, its pathogenic relatives E. coli CFT073 and E. coli
O157:H7 appear to possess one or more copies of the entire
module (20). In fact, the chromosomes of many pathogenic
bacteria contain one or more higBA modules; this is also true
for many bacteria with slow growth rates or characteristi-
cally long dormant periods (20). Toward a better under-
standing of how this toxin imparts mRNA degradation, a
concomitant block in protein synthesis, and growth arrest
(21, 22), we determined that the ribosome-HigB complex
targets actively translated mRNA for cleavage at A-rich
sequences. HigB cuts 100% of in-frame and out-of-frame
AAA sequences in the coding regions of mRNAs (including
the first three AAAs of stretches of 4 or more As). HigB also
cuts AA sequences but with much lower efficiency (20%),
and only occasionally cuts at single As.
The conjugative Rts1 plasmid was obtained from a clinical

isolate of Proteus vulgaris (33). Analysis of the available codon
usage data for P. vulgaris (323 coding regions, the majority
comprising genes of the Rts1 plasmid) revealed that HigB
cleaves at a target sequence that corresponds to the most com-
mon codon, AAA (lysine 41.0/1000 codons). The second most
common codon, GAA (glutamic acid 38.3/1000 codons), also
contains an AA HigB cleavage site.
However, Rts1 can also replicate in Proteus mirabilis (34),

which causes the majority of Proteus urinary tract infections.
Analysis of the codon usage data for the complete genome of P.
mirabilis revealed that HigB cleaves at a target sequence that
corresponds to the second most common codon, AAA, encod-
ing lysine (46.5/1000 codons) for the P. mirabilis genome
(leucine is themost used codon at 48.6/1000 codons). Although

leucine is also the most common
codon in E. coli K12 (52.82/1000
codons), AAA is represented at
lower frequency (33.62/1000
codons) than in P. mirabilis.
Although the complete genome

sequence of P. vulgaris has not been
reported, it is AT-rich (61%) (35) as
is the genome of P. mirabilis (also
61% AT) (36). For comparison, the
E. coli K12 genome has a lower AT
content (49%) (37). Curiously, the
sequenced P. mirabilis strain con-
tains a plasmid distinct from Rts1
that is designated pHI4320. Not
only is AAA lysine the most com-
mon codon in this plasmid, it is
almost twice as abundant compared
with its host genome (76.3/1000
codons). Perhaps Rts1 has adapted
to have a selective advantage when a

Proteus strain contains both Rts1 and pHI4320 plasmids such
that any free HigB would selectively degrademRNA of its com-
petitor plasmid.More specifically, if only Rts1 is cured, not only
would the remaining stable HigB toxin degrade host mRNA, it
should also degrade the competitor plasmid even more effi-
ciently, ensuring an advantage for retention of Rts1 over
pHI4320. In summary, these data suggest that the HigB cleav-
age site exploits the Achilles’ heel of its host (i.e. A-rich
sequences both in-frame or out-of-frame) to maximize its
potencywhen conditions lead to plasmid loss andwarrant post-
segregational killing.
Studies inE. coliK12have also linked the presence of anAAA

codon at �2 to high translation initiation efficiency (38, 39).
AAA is also the most common codon at �2, represented in
�10% of all E. coli K12 mRNAs containing AUG or GUG start
codons (39). Purine-rich sequences, especially adenine-rich
ones, are correlated with single strand regions in 16 S rRNA
(40). Thus the higher translational efficiency when A-rich
sequences are found 3� of the translation start sitemay be due to
the absence of mRNA secondary structure. The high AT con-
tent of the P. vulgaris and P. mirabilis genomes suggests that
these strains may also contain a higher than average number of
AAA codons early in the mRNA. In fact, we surveyed 100 ran-
dom open reading frames from the P. mirabilis genome and
found an even higher percentage (17%) of AAAs at �2 than
E. coli K12. Therefore, HigB acts on multiple levels of its char-
acteristically AT-rich host cells. First, it targets one of the most
abundant codons (AAA) of its host cell for cleavage. Second, it
also cleaves all AAA-containing sequences independent of
frame. Third, it cleaves specific AAs (�20% of the total) and
occasionally cleaves specific single As. Fourth, targeting highly
expressed mRNAs containing AAA at �2 may enhance the
potency of HigB. In concert, this multitiered mechanism
ensures rapid and efficient post-segregational killing of hosts
that lose the Rts1 plasmid.
The analysis of the molecular mechanism of HigB completes

the characterization of all four representative members of the

FIGURE 6. HigB(H92Q) expression results in loss of toxicity (A) and mRNA cleavage (B) but not ribosome
binding (C and D).
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RelE family as follows: RelE, YafQ, and YoeB from E. coli K12
and HigB from plasmid Rts1. All four family members act
through the association with the 50 S ribosomal subunit of the
70 S ribosome. However, each imparts toxicity through distinct
mechanisms. YafQ possesses ribonuclease activity in vitro and
in vivo but acquires its frame-dependent, sequence-specific
activity only upon association with the ribosome in vivo (14).
HigB only acquires ribonuclease activity upon association with
the ribosome and cleaves its recognition sequences on translat-
ingmRNAs both in- and out-of-frame. In contrast, neither RelE
nor YoeB alone exhibits endoribonuclease activity in vitro (13,
15), and mRNA cleavage is only secondary for YoeB-mediated
inhibition of translation initiation in vivo (15). The in vivo
mRNAcleavage activity associatedwith RelE has been linked to
the endonucleolytic activity of the ribosome (32).
Wepropose the followingmodel ofHigB-mediated post-seg-

regational killing (Fig. 7). Because we documented HigB-medi-
ated cleavage throughout the length of mRNAs (see Fig. 4H),
HigB appears to associate with actively translating 70 S ribo-
somes through the 50 S ribosomal subunit. HigBmay also asso-
ciate with the 50 S ribosomal subunit as it assembles into a 70 S
monosome based on the following. 1) It can cleave mRNA very
early, at the second codon of lpp (Fig. 4G); and 2) it was also
detected in the 50 S fraction in 10 mM Mg2� profiles (Fig. 3C).
The interaction of HigB with ribosomes appears to cause an
allosteric change in HigB that activates its site-specific endori-
bonuclease activity. HigB then travels with the translating ribo-
some and cleaves the mRNA when it reaches the first major or
minor A-rich consensus sequence; however, our data do not

enable us to distinguish if HigB cleaves at the first consensus
site it reaches or subsequent ones. This extensive cleavage
results in rapid mRNA degradation and inhibition of transla-
tion elongation. As a consequence, the tmRNA system for res-
cuing stalled ribosomes is overwhelmed, resulting in slower
ribosome recycling evidenced by the reproducibly higher 70 S
peak (that we propose represents stalled ribosomes) as well as
the presence of HigB in the disome fraction in Fig. 3C (because
ribosomes without bound HigB will not be able to continue
translating past the stalled ribosome at the HigB cut site). The
high AT content of the Proteus host genomes are remarkably
complementary to the overall mechanism of HigB action and
may portend the existence of a similar adaptation for chromo-
somal HigB counterparts.
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