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The mechanisms involved in the virulence of Yersinia pestis, the plague pathogen, are not fully understood. In previous research,
we found that a Y. pestis mutant lacking the HicB3 (YPO3369) putative orphan antitoxin was attenuated for virulence in a mu-

rine model of bubonic plague. Toxin-antitoxin systems (TASs) are widespread in prokaryotes. Most bacterial species possess
many TASs of several types. In type II TASs, the toxin protein is bound and neutralized by its cognate antitoxin protein in the
cytoplasm. Here we identify the hicA3 gene encoding the toxin neutralized by HicB3 and show that HicA3-HicB3 constitutes a
new functional type I TAS in Y. pestis. Using biochemical and mutagenesis-based approaches, we demonstrate that the HicA3
toxin is an RNase with a catalytic histidine residue. HicB3 has two functions: it sequesters and neutralizes HicA3 by blocking its
active site, and it represses transcription of the hicA3B3 operon. Gel shift assays and reporter fusion experiments indicate that
the HicB3 antitoxin binds to two operators in the hicA3B3 promoter region. We solved the X-ray structures of HicB3 and the
HicA3-HicB3 complex; thus, we present the first crystal structure of a TA complex from the HicAB family. HicB3 forms a te-
tramer that can bind two HicA3 toxin molecules. HicA3 is monomeric and folds as a double-stranded-RNA-binding domain.
The HicB3 N-terminal domain occludes the HicA3 active site, whereas its C-terminal domain folds as a ribbon-helix-helix DNA-

binding motif.

he Gram-negative enterobacterium Yersinia pestis is the causal

agent of plague, a disease that is usually transmitted via a flea
bite or (more rarely) via the inhalation of aerosols (1). Flea-borne
plague leads to bubonic plague or (to a lesser extent) primary
septicemic plague, whereas aerosol transmission produces pneu-
monia (2). To better understand the mechanisms responsible for
disease production, we previously screened a library of Y. pestis
deletion mutants for attenuated virulence in a rat model of bu-
bonic plague (3). Each mutant in the library lacked one or more of
the genes determined by comparative transcriptome analysis to be
upregulated in vivo (4). One of the virulence-attenuated mutants
lacked the uncharacterized ypo3369 gene (3). Although it had been
suggested that ypo3369 (also referred to as hicB3) encoded an an-
titoxin from a toxin-antitoxin system (TAS) (5), the associated
toxin gene had yet to be identified.

Toxin-antitoxin systems were originally defined as two-com-
ponent modules encoded by bicistronic operons in a wide range of
bacteria (6), with one gene encoding a toxic protein and the other
encoding a specific antitoxin. Although most toxins are RNases
(7), some can target membranes (8), DNA gyrase (9), or ribo-
somes (10) or can phosphorylate proteins (11, 12). Overall, the
activities of the toxin interfere with replication or translation and
thus lead to growth arrest or even cell death (13). The toxin gene
may be located upstream or downstream of the antitoxin gene.
Three different classes of TASs have been defined according to the
biochemical nature of the antitoxin. In type I TASs, the antitoxin
is a noncoding RNA that is able to hybridize with the toxin mRNA
and block its translation or target it for degradation (14). In type II
TASs, the antitoxin is a small protein that binds to and neutralizes
a toxic protein (i.e., through protein-protein interactions). The
type II antitoxin is usually also a DNA-binding protein that can
block the promoter region of the TA operon (15). In type III TASs,
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the antitoxin is an RNA that directly binds to and neutralizes the
toxin protein (16, 17). Most recently, three-component modules
have been described and included in the list of type IT TASs (18,
19). The third component in these systems is a repressor that
regulates the transcription of the operon.

In Y. pestis, a total of 10 putative type II TAS loci have been
identified on the chromosome of the virulent CO92 strain (5,
20, 21). Five of these systems belong to the HigBA family, two
others to the HicAB family, and one each to the MqsRA, Phd-
Doc, and RelBE families (5). However, Goulard et al. showed
that only three toxin candidates (HicA1, HigB2, and RelE) were
indeed toxic when overexpressed in Y. pestis (5). Two orphan
antitoxin genes (hicB3 and relB2) had also been identified in the
CO92 genome (5).

Starting from the candidate virulence gene hicB3 (ypo3369), we
used genetic, biochemical, and structural approaches to discover
and characterize a new TAS in Y. pestis: HicA3-HicB3. We also
report the first crystal structure of a toxin-antitoxin complex from
the HicA-HicB family.
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MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. The strains and plas-
mids used in this study are listed in Table 1. Y. pestis strain KIM6™ was
used to analyze in vitro phenotypes, because it lacks the pCD1 virulence
plasmid present in strain CO92 (22). The sequence of the hicA3-hicB3
locus is exactly the same in CO92 and KIM6™. Strains were cultivated in
LB broth or on LB agar plates (at 37°C for Escherichia coli or 28°C for Y.
pestis). Antibiotics and other chemicals were used at the following final
concentrations: ampicillin (Ap), 200 pg ml™ Y kanamycin (Km), 25 pg
ml ™! trimethoprim (Tp), 25 wg ml ™~ '; isopropyl-B-p-thiogalactopyrano-
side (IPTG), 24 g ml™ Irgasan (Irg), 1 pg ml~!; sucrose, 5% (wt/vol);
5-bromo-4-chloro-3-indolyl-B-p-galactopyranoside (Xgal), 40 wg ml™".
Arabinose (Ara; 0.5 or 1 mM) or IPTG (1 mM) was added to the cultures
to induce Para or Plac, respectively.

Y. pestis mutant construction. Mutants were constructed using the
Red recombinase technique (23) and pEP1013 (3). Antibiotic-labeled
PCR products were generated using pEP1087 or pEP1216 templates.
Primers are listed in Table S1 in the supplemental material.

To delete chromosomal antibiotic resistance cassettes flanked by FLP
recombination target (FRT) sites, pFLP2 (24) was electroporated into
some constructs. Transformants were selected and were checked for loss
of the cassette. To generate Y. pestis KIM6™ lacZ reporter strains, the
suicide plasmids pSBT30, pSBT36, and pSBT172 were introduced into
YPEP430 and its AhicA3B3 or AhicB3 derivatives by conjugation.
Transconjugants were selected on LB-Km-Irg-Xgal plates. Correct inte-
gration of the transcriptional fusion at the chromosomal hicA3B3 locus
was assessed by PCR. For all Y. pestis mutants, the presence of the instable
chromosomal pgm locus was verified by streaking onto Congo red plates
(25). Conservation of the endogenous plasmids was checked using mul-
tiplex PCR with primer pairs Ymt1/Ymt2 and Plal/Pla2 for KIM6™" de-
rivatives and the additional YopH3/YopH4 primer pair for CO92 con-
structs.

Growth assays. E. coli MG1655 bearing both pSBT10 and pSBT41 was
grown overnight at 37°C in LB-Ap-Km medium and was used to inoculate
three cultures at an optical density at 600 nm (ODy,) of 0.05. In the first
culture, 0.5 mM Ara was added after 120 min of growth. In the second
culture, 0.5 mM Ara was added after 120 min of growth, and 0.5 mM IPTG
was added after 195 min. No inducer was added to the third culture.
0Dy, was measured every 30 min after induction.

Y. pestis KIM6 " (pSBT10) and KIM6 " (pBAD30) were grown over-
night at 28°C in LB-Ap medium and were used to inoculate cultures at an
ODg of 0.05. After 180 min of growth, 1 mM Ara was added to the
cultures. ODg,, was measured every hour after induction.

Site-directed mutagenesis. The megaprimer PCR method adapted
from reference 26 was used to replace the hicA3 His28 codon with an
alanine codon. Two 100-bp megaprimers were obtained by PCR amplifi-
cation of Y. pestis KIM6" genomic DNA using the forward external
primer 3369aNde or HicA3RI, the mutated internal reverse primer
HicA3H28A, and Pfu polymerase (Stratagene). In a second round of PCR,
purified megaprimers were used with the reverse external primer
3369aXho or HicA3Sal to amplify hicA3H28A from the hicA3B3-bearing
PCR product obtained with primer pair 3368F1/3369R1. The resulting
Ndel-Xhol and EcoRI-Sall fragments were further cloned into pET24a™
and pBAD30 to yield pSBT116 and pSBT237, respectively.

Protein production and purification. E. coli BL21(DE3) transfor-
mants were grown at 37°C until the ODy, reached 0.5. Protein overex-
pression was induced by the addition of 0.5 mM IPTG. After 3 h, cells were
harvested, resuspended in buffer A (50 mM Tris [pH 8], 300 mM NacCl),
and lysed using a French press. His-tagged proteins were purified from
cleared lysates on a HisPur Ni-nitrilotriacetic acid (NTA) column
(Thermo Scientific). Proteins were eluted with 5 ml of buffer A~300 mM
imidazole. Further purification was carried out on a Superdex 75 size
exclusion column (GE Healthcare) equilibrated with buffer A. Fractions
of interest were pooled and were concentrated using an Amicon Ultra-4
centrifugal filter unit (molecular weight cutoff, 3,000 [3K] or 10K; Merck

November 2014 Volume 196 Number 21

Yersinia pestis HicA3-HicB3 System

Millipore). For circular dichroism (CD) measurements, buffer A was re-
placed with NaP buffer (150 mM NaH,PO,—Na,HPO, [pH 7.2]) by dial-
ysis.

For crystallization experiments, cells were disrupted by sonication,
and proteins were purified on a Ni-NTA agarose column (Qiagen) via
elution with 100 mM, 200 mM, and 300 mM imidazole in buffer A with 5
mM Tris-(2-carboxyethyl)phosphine (TCEP). Proteins were then in-
jected onto a HiTrap Heparin HP column (GE Healthcare) and were
eluted with an NaCl gradient. Fractions of interest were concentrated and
were injected onto a Superdex 75 column equilibrated with buffer A with
5 mM TCEP. These fractions were pooled and were concentrated using a
Vivaspin 20 centrifugal concentrator (molecular weight cutoff, 5K; GE
Healthcare). Selenomethionine (SeMet)-labeled HicB3 was prepared as
described in reference 27 and was purified in the same way as the native
protein.

HicA3 was purified from the HicA3-HicB3-6His complex via the fol-
lowing “water shock” procedure, which we found serendipitously. The
complex was purified as described above except that after the first concen-
tration step, fractions containing the HicA3-HicB3-6His complex were
injected onto a Superdex 75 column equilibrated with water. Proteins that
eluted as a single peak in the dead volume were then reconcentrated and
reinjected onto a Superdex 75 column equilibrated with buffer A plus 5
mM TCEP. The proteins then eluted as two peaks: the first corresponded
to a HicA3-depleted HicA3-HicB3-6His complex, and the second corre-
sponded to HicA3 alone. Analytical size exclusion chromatography (SEC)
revealed that (i) water-shocked purified HicA3 was dimeric and (ii)
HicA3-H28A-6His purified in buffer A was monomeric. The misfolded,
water-shocked protein was dialyzed against NaP buffer, denatured in 8 M
guanidium chloride, and then dialyzed stepwise against NaP buffer. Fi-
nally, HicA3 was purified on a Superdex 75 size exclusion column and was
concentrated using an Amicon Ultra-4 centrifugal filter unit (molecular
weight cutoff, 3K). The same denaturation/renaturation protocol was ap-
plied to HicA3-H28A—6His. The circular dichroism spectra of renatured
HicA3 and HicA3-H28A-6His were identical to that of native HicA3-
H28A-6His.

Protein concentrations were determined by absorbance at 280 nm
using a NanoVue Plus spectrophotometer (GE Healthcare) or a Bradford
assay (Bio-Rad). The secondary-structure contents of the proteins were
checked by CD, and the integrity of the protein sequences was checked
with mass spectrometry.

5" RACE. The hicA3 and hicB3 transcription start sites (TSSs) were
mapped using rapid amplification of 5’ cDNA ends (5" RACE) according
to the method described in reference 28. Briefly, total RNA was extracted
from a 2-ml Y. pestis culture at an ODy, of 1 by using an RNeasy minikit
(Qiagen). The RNA concentration was measured with a NanoVue Plus
spectrophotometer. A 100-p.l reaction volume containing RNA (6 pg), 20
U RNaseOUT (Invitrogen), and 10 U of tobacco acid pyrophosphatase
(TAP; Epicentre) in TAP buffer was incubated for 30 min at 37°C. Control
RNA (with no TAP treatment) was incubated under the same conditions.
The 38-nucleotide (nt) RACE RNA adapter (500 pmol) was added to the
tubes prior to phenol-chloroform extraction and ethanol precipitation.
Pellets were dissolved in 13 pl water, denatured at 90°C for 5 min, and
then quick-chilled on ice. The RACE adapter was ligated overnight at 17°C
in a 20-pl reaction volume containing 10 U T4 RNA ligase (Epicentre), 5
.M ATP, 10% dimethyl sulfoxide (DMSO), and 0.4 U RNaseOUT in T4
RNA ligase buffer. Primer RlacZ (2 pmol) was added to RNA prior to
phenol-chloroform extraction and ethanol precipitation. Pellets were dis-
solved in 20 pl of water, and 10 pl was used for reverse transcription with
SuperScript III reverse transcriptase (Invitrogen). The cDNA was then
amplified by PCR with primers specific for the RNA adapter (B6) and the
target mRNA (3369aR1 or 3369R2). PCR products were purified from
a 2% agarose gel, cloned into pCRII (Invitrogen), and sequenced. The
absence of DNA contamination in the RNA preparation was assessed
by PCR.
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TABLE 1 Strains and plasmids

Strain or plasmid

Relevant property”

Source or reference

Strains
E. coli
BL21(DE3)
CC118 Npir

DH5a
MG1655
$17-1 Apir
Y. pestis
CO92
CO92 AhicA3B3:Tp
KIM6™"
YPEP430
YSBT26
YSBT34
YSBT54
YSBT55
YSBT59
YSBT61
YSBT62
YSBT151
YSBT152
YSBT157
YSBT170
YSBT172

YSBT173
YSBT175

Plasmids
pAK-Not
pAKK-Not
pBAD30
pCRII
pEP1013
pEP1087
pEP1164
pEP1165
pEP1216
pEP1319
pEP1320
pEP1336
pEP1339
pEP1350
pEP1352
pET24a+
pFLP2
pSBT7

pSBT10
pSBT13
pSBT18
pSBT30
pSBT36
pSBT41
pSBT71
pSBT73
pSBT74
pSBT113
pSBT116

lon ompT; used for protein production

AlacX74 recAl; used for construction of reporter plasmids bearing pir-dependent R6K replication
origin

recAl endAI A(argF-lac)U169 $80dlacZAM15; used for cloning

K-12 WT strain

Donor strain in conjugation

Virulent strain

hicA3B3 deleted and replaced with the FRT-Tp"-FRT cassette from pEP1087

Lacks the pYV (also called pCD) virulence plasmid; attenuated strain

KIM6™" AlacZ

KIM6* AhicB3::Tp; Tp®

KIM6* AhicA3B3::Tp; Tp"

KIM6* AlacZ AhicB3::Tp; derived from YPEP430; Tp”

KIM6™ AlacZ AhicA3B3::Tp; derived from YPEP430; Tp"

KIM6* AlacZ PhicA3::lacZ; chromosomal insertion of pSBT30 into YPEP430; Km"

KIM6* AlacZ PhicA3::lacZ AhicA3B3::Tp; chromosomal insertion of pSBT30 into YSBT55; Km" Tp*

KIM6* AlacZ hicB3::lacZ; chromosomal insertion of pSBT36 into YPEP430; Km*

KIM6* AlacZ hicB3::lacZ; chromosomal insertion of pSBT172 into YPEP430; Km"

KIM6* AlacZ hicB3::lacZ AhicB3::Tp; chromosomal insertion of pSBT172 into YSBT54; Km" Tp®

KIM6* AlacZ hicB3::lacZ AhicB3-FRT; derived from YSBT152 by deletion of the Tp” cassette; Km"

KIM6* AlacZ APhicA3::Tp-term hicB3:lacZ; Tp" cassette with transcription terminator; Km"

KIM6* AlacZ APhicA3::Tp-term hicB3:lacZ AhicB3-FRT; Tp" cassette with transcription
terminator; Km*

KIM6* AlacZ APhicA3-FRT hicB3:lacZ; derived from YSB170 by deletion of the Tp" cassette; Km"

KIM6™" AlacZ APhicA3-FRT hicB3::lacZ AhicB3-FRT; derived from YSBT172 by deletion of the Tp*
cassette; Km"

Expression vector, Plac promoter, ori ColE1; Cm"

pSBT41 derivative with deletion of the NotI fragment bearing hicB3; Plac promoter; Km"

Expression vector, Para promoter, ori p15A; Ap"

Cloning vector, Plac promoter; Ap" Km"

Red recombinase vector, pKD46 derivative bearing sacB; Ap"

Template for the FRT-Tp*-FRT cassette amplification; ori R6K; Ap* Tp*

PCRII bearing the hicA3 promoter region (208-bp insert)

pCRII bearing hicA3-hicB3 cloned opposite Plac (939-bp insert)

Template for the Tp-terminator cassette amplification; ori R6K; Ap* Tp*

PEP1320 bearing hicB3 cotranscribed with dfrB; ori R6K; Tp*

Cloning vector bearing dfrB, ori R6K; Tp"

lacZ reporter plasmid bearing mutated PhicA3 MU1-BS2 DNA fragment; Ap"

lacZ reporter plasmid bearing WT PhicA3 BS1-BS2 DNA fragment; Ap"

lacZ reporter plasmid bearing mutated PhicA3 BS1-MU2 DNA fragment; Ap"

lacZ reporter plasmid bearing mutated PhicA3 MU1-MU2" DNA fragment; Ap"

C-terminal 6-histidine tag expression vector, T7 promoter; Km"

FLP recombinase expression vector; Ap"

PCRII bearing hicB3 under the control of Plac (151 bp upstream from the hicB3 start site and 39 bp
downstream from the hicB3 stop site)

pBAD30 bearing hicA3 and its SD sequence as an EcoRI-Sall insert

pCRII bearing hicB3 flanked by NotI sites

pAK-Not bearing hicB3 under the control of Plac; pSBT13 Notl fragment insertion; Cm"

pVIK112 bearing an EcoRI fragment from pEP1164; PhicA3-lacZ fusion; Km"

pVIK112 bearing an EcoRI-EcoRV fragment from pSBT7 cloned into EcoRI and Smal

pSBT18 derivative in which the Cm" cassette is replaced by the Km" cassette from pUC4K

pET24a+ bearing hicA3B3 as an Ndel-Xhol insert to produce HicA3 and HicB3-6His

pCRII bearing hicB3 with Ndel and Xhol flanking sites

pET24a+ bearing hicB3 cloned as an Ndel-Xhol fragment from pSBT73, to produce HicB3-6His

pCRII bearing hicA3-H28A with Ndel and Xhol flanking sites

pET24a+ bearing the hicA3-H28A Ndel-Xhol fragment from pSBT113, to produce
HicA3-H28A-6His

52
53

54
55
56

57

This work
22

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work

This work
This work

58

This work
59
Invitrogen
3

3

This work
This work
This work
This work
This work
This work
This work
This work
This work
Novagen
24

This work

This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
This work
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TABLE 1 (Continued)

Yersinia pestis HicA3-HicB3 System

Strain or plasmid Relevant property” Source or reference
pSBT172 pVIK112 bearing the hicA3-hicB3 intergenic region (253 bp upstream and 99 bp downstream from This work
the hicB3 ATG)

pSBT174 PCRII bearing the 5" end of hicB3 (codons 1 to 93) with flanking NotI sites This work
pSBT230 pCRII bearing hicA3-H28A with flanking EcoRI and Sall sites This work
pSBT231 pCRII bearing hicB1 with flanking Notl and Sall sites This work
pSBT232 pCRII bearing hicB2 with flanking NotI and Sall sites This work
pSBT237 pBAD30 bearing the hicA3-H28A EcoRI-Sall fragment of pSBT230 cloned under the control of Para This work
pSBT238 pAKK-Not bearing the hicBI NotI-Sall fragment of pSBT231 cloned under the control of Plac This work
pSBT239 PAKK-Not bearing the hicB2 NotI-Sall fragment of pSBT232 cloned under the control of Plac This work
pUC4K Source of Km" cassette; Ap* Km" Amersham
pVIK112 ori R6K suicide vector bearing the promoterless lacZ reporter gene; Km* 60

“ Ap, ampicillin; Km, kanamycin; Tp, trimethoprim; Cm, chloramphenicol; Plac, lactose operon promoter; Para, arabinose operon promoter; SD, Shine-Dalgarno.

Gel shift assays. DNA fragments containing either the hicA3 upstream
region (365 bp) or part of the ymt gene (517 bp; the control fragment)
were amplified by PCR using primer pair 3368F1/3369aR1 or Ypmtl/
Ypmt2, respectively. PCR products were purified using the NucleoSpin
Gel and PCR Clean-up kit (Macherey-Nagel). Reaction mixtures (20 pl)
containing 50 ng of each DNA fragment and 0, 50, 100, or 150 ng of
HicB3-6His or the HicA3-HicB3-6His complex in gel shift buffer (10 mM
Tris [pH 7.5], 50 mM NaCl, 0.5 mM dithiothreitol [DTT], 1 mM MgClL,,
and 2.5% glycerol) were incubated for 20 min at room temperature (RT)
and were loaded onto a 6% acrylamide-TBE (Tris-borate EDTA) gel (89
mM Tris-borate [pH 8], 2 mM EDTA). After migration, DNA was visu-
alized by ethidium bromide staining.

For gel shift assays with smaller DNA fragments, pairs of complemen-
tary oligonucleotides (66-mers or 80-mers) (see Table S1 in the supple-
mental material) were annealed by boiling for 5 min in a water bath and
slow cooling of the bath to RT. The DNA fragments (1.25 pmol) were
incubated with 2.3 pmol of HicB3-6His (corresponding to 150 ng) in a
20-pl final volume of gel shift buffer. Samples were run in a 7% acryl-
amide-TBE gel.

RNase activity assay. An 11-kb RNA transcript containing part of the
hepatitis C virus subgenomic replicon (29) was used as a substrate. In a
10- ! final volume of DNase I buffer (Ambion), 0.4 pmol of this RNA was
incubated for 30 min at 37°C with 50 pmol of HicA3, HicA3-H28A-6His,
HicA3-HicB3-6His, or HicB3-6His. Next, 2 ul of Gel Loading Buffer II
(Ambion) was added to each tube, and samples were run in a 1% agarose-
TBE gel. The RNA was visualized by ethidium bromide staining.

Virulence assay. Groups of 8- to 9-week-old female OF1 mice
(Charles River, France) were inoculated intradermally with ~10 cells of Y.
pestis CO92 or its AhicA3B3 derivative, as described previously (30). Sur-
vival was monitored daily for 15 days after inoculation.

Crystallization and crystal structure resolution. All crystallizations
were performed according to the vapor diffusion method at 293K. Crys-
tals of selenium-labeled HicB3 (HicB3-SeMet) were obtained from a 1:1
mixture of 13.5 mg/ml protein in 50 mM Tris (pH 8)-0.3 M sodium
chloride—5 mM TCEP buffer and a reservoir solution of 25% polyethylene
glycol 3000—0.1 M morpholineethanesulfonic acid (MES) (pH 6.5).

For the HicA3B3 complex, we obtained crystals only in the presence of
the subtilisin A protease. In this protocol, 58 pl of HicA3B3 solution (39
mg/ml in 50 mM Tris [pH 8]-0.3 M sodium chloride-5 mM TCEP) was
mixed with 2 pl of a 0.5-mg/ml subtilisin A solution. The mixture was
immediately used in the crystallization trials. The best conditions were
obtained in 2.4 M disodium malonate solution.

Crystals were flash-frozen in liquid nitrogen in a two-step soaking
protocol by using 15% and 30% ethylene glycol as a cryoprotectant for
HicB3-SeMet and glycerol for HicA3B3. Diffraction data were collected at
100K on the Proxima 1 beamline at the Soleil synchrotron (Gif-sur-
Yvette, France), using a Pilatus detector. The images were integrated with
the XDS program and were processed using the Collaborative Computa-
tional Project Number 4 (CCP4) suite of programs (31). The initial mod-
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els were completed and adjusted with the COOT program and were then
refined using the REFMAC, PHENIX, and BUSTER programs.

The positions of the selenium atoms were determined using the auto-
mated procedure implemented in the SHELXD program at an optimal
resolution of 4.4 A and were refined using PHASER. Noncrystallographic
symmetry and density modification were performed using PARROT. Au-
tomatic model building was performed using BUCCANEER. SHELXD,
PARROT, PHASER, and BUCCANEER were all implemented in the
CCP4 suite.

The structure of the HicA3B3 complex was solved by applying the
molecular replacement method with PHASER. Both the N-terminal do-
main of the HicB3 structure (HicB3-Nt; 83 amino acids [aa]) (our work)
and the TTHA1913 structure (PDB code 1WHZ) were used as search
models. The experimental map was improved by solvent modification
using the DM program. The resulting map was of very good quality, and
ARP/wARP automatically built most of the protein model (291 of the 298
residues). The crystal structure at a resolution of 2.12 A was refined to
crystallographic R and Ry, factors of 18 and 21.8%, respectively (for the
statistics, see Table S2 in the supplemental material). The refined structure
consists of residues 1 to 85 for chains A and C (HicB3-Nt) and residues 1
to 66 for chains B and D (HicA3).

Protein structure accession numbers. The PDB accession codes for
the structures determined in this study are 4P7D for HicB3 and 4P78 for
HicA3-HicB3.

RESULTS

HicA3-HicB3 is a new TAS in Y. pestis. We reported previously
that Y. pestis lacking ypo3369 is attenuated for virulence (3).
yp03369 s referred to as hicB3 by another research group, since its
135-aa product presents homology with the HicB antitoxin in the
Escherichia coli HicA-HicB TAS (5). We hypothesized that the loss
of virulence by the yp03369 mutant resulted from a growth defect
caused by the absence of toxin neutralization. In silico analysis
revealed an open reading frame upstream of hicB3; it putatively
encoded a 66-aa protein sharing 26% and 44% identity with the E.
coli HicA (EcHicA) and Y. pestis HicAl toxins, respectively (see
Fig. S1 in the supplemental material). We called this gene hicA3.
To establish whether or not the HicA3-HicB3 system was a bona
fide TAS, we monitored the growth of E. coli MG1655 containing
two plasmids: one harbored hicA3 under the control of the arabi-
nose-inducible promoter Para, and the other harbored hicB3 un-
der the control of the IPTG-inducible promoter Plac (Fig. 1A).
Addition of arabinose to the culture medium induced growth ar-
rest, whereas subsequent IPTG addition restored bacterial growth;
this result suggests that HicA3 overproduction is bacteriostatic
and that HicB3 is able to neutralize this toxicity. In contrast, over-
production of HicA3 with HicB1 or HicB2 (the other two Y. pestis
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FIG 1 Growth curves in LB broth. (A) E. coli MG1655 bearing both pSBT10 (Para-hicA3) and pSBT41 (Plac-hicB3) was grown in three flasks in parallel. Arrows
indicate the addition of inducers; 0.5 mM arabinose (Ara) was added to two cultures (filled and open circles), and 1 mM IPTG was added to one culture (filled
circles). Shaded circles correspond to growth in the absence of inducers. (B) E. coli DH5a bearing pSBT10 (Para-hicA3) and either pSBT41 (Plac-hicB3), pSBT238
(Plac-hicB1), pSBT239 (Plac-hicB2), or pAKK (empty plasmid). Inducers were added to each of the four cultures. (C) Y. pestis KIM6 ™ bearing pBAD30 (empty
plasmid) or pSBT10 (Para-hicA3). After 180 min, 1 mM Ara was added to both cultures. (D) Y. pestis KIM6 * and AhicB3 mutants. Plasmid pSBT7 (pHicB3) bears
the hicB3 gene. Each curve is representative of the results of at least three independent experiments.

HicB family antitoxins [5]) was bacteriostatic (Fig. 1B). Thus, nei-
ther protein is able to neutralize HicA3.

We next evaluated the toxicity of HicA3 in Y. pestis. The
KIM6™ strain transformed with the Para-hicA3 plasmid was
grown in LB medium; upon the addition of arabinose, hicA3 in-
duction triggered bacteriostasis (Fig. 1C). We also constructed
KIM6* AhicB3 and AhicA3B3 mutants and compared their re-
spective growth rates. In the absence of hicB3, the presence of
hicA3 conferred a slow-growth phenotype that was comple-
mented by a hicB3-bearing plasmid (Fig. 1D). In contrast, the
deletion of both hicA3 and hicB3 did not affect the growth rate of
Y. pestis—confirming that the toxic effect required HicA3 and
that HicB3 was an antitoxin (Fig. 1D). Taken as a whole, our data
indicate that hicA3 and hicB3 together constitute a new two-com-
ponent type II TAS.

hicA3B3 is an operon and is repressed by HicB3. A 174-bp
intergenic region separates hicA3 and hicB3 on the CO92 chromo-
some (Fig. 2A), suggesting that hicB3 could be transcribed inde-
pendently of hicA3. DNA fragments containing the putative hicA3
promoter (PhicA3) or encompassing part or all of the intergenic
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region were cloned and transcriptionally fused to the lacZ reporter
gene (Fig. 2A). A high level of 3-galactosidase activity on an Xgal
plate was detected only for E. coli expressing lacZ under the con-
trol of PhicA3 (Fig. 2B). This observation suggested that (i) a pro-
moter is present upstream of hicA3 and (ii) there is no constitutive
promoter in the intergenic region.

Toxin-antitoxin operon promoters are usually repressed by the
antitoxin or the TA complex (15). To establish whether HicB3
could repress PhicA3, the PhicA3-lacZ reporter fusion was intro-
duced into the chromosome of Y. pestis AlacZ strains lacking or
not lacking hicA3B3 (Fig. 3A). On Xgal plates, the parental strain
bearing PhicA3-lacZ was LacZ ™, whereas the AhicA3B3 mutant
carrying the same reporter fusion was LacZ™* (Fig. 3A). When a
plasmid bearing a wild-type (WT) copy of hicB3 or carrying the
hicA3B3 operon was introduced into the AhicA3B3 PhicA3-lacZ
strain, the LacZ™ phenotype was restored (Fig. 3A). These obser-
vations suggested that PhicA3 is repressed by HicB3.

To evaluate hicB3 expression and regulation in Y. pestis, we
introduced the hicB3-lacZ transcriptional fusion into the chromo-
somes of AlacZ strains lacking or not lacking hicB3 (Fig. 3B). Al-
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FIG2 (A) Genomic organization of the Y. pestis CO92 hicA3-hicB3 locus. This
organization is strictly conserved for the KIM6™ chromosome. The DNA frag-
ments cloned into pVIK112 to yield PhicA3-lacZ and hicB3-lacZ reporter fu-
sions are depicted here: the pSBT30 insert encompasses the sequence extend-
ing 117 bp upstream and 90 bp downstream of the hicA3 start codon, while the
pSBT36 and pSBT172 inserts encompass the sequence extending 151 or 253 bp
upstream of the hicB3 start codon and 99 bp downstream. (B) LacZ phenotype
of E. coli CC118 Npir bearing pVIK112 (empty plasmid), pSBT30, pSBT36, or
pSBT172 on Xgal plates. Transformants were patched onto LB-Km-Xgal plates
and were incubated at 37°C for 24 h. The intensity of the blue color reflects the
[3-galactosidase activity level.

though both the parental and AhicB3 strains expressed hicB3-lacZ,
the expression level of the fusion was higher in the AhicB3 back-
ground, which agreed with the observed derepression of PhicA3 in
the absence of HicB3. When the reporter strains were transformed
with a plasmid bearing hicB3, the chromosomal hicB3-lacZ fusion
was fully repressed in both strains (Fig. 3B). This observation in-
dicated that either (i) hicB3 is transcribed mainly from the PhicA3

A hicA3-lacz reporter strains

Yersinia pestis HicA3-HicB3 System

promoter or (ii) any alternative hicB3 promoters are also re-
pressed by HicB3. In order to distinguish between these two pos-
sibilities, we deleted 88 bp within the PhicA3 promoter region
upstream of the hicB3-lacZ fusion on the chromosomes of the
HicB3™" and HicB3 ™~ isogenic strains (Fig. 3B). No hicB3-lacZ ex-
pression was detected in the absence of the PhicA3 promoter—
even in the strain lacking the HicB3 repressor (Fig. 3B). Overall,
these data indicate that hicB3 is transcribed mainly from PhicA3
and that the activity of the hicB3-lacZ fusion detected in the
HicB3™ strain resulted from transcriptional read-through from
PhicA3.

We then used rapid amplification of 5" cDNA ends (5" RACE)
to identify the transcription start sites (TSSs) for the hicA3 and
hicB3 genes. Total RNA purified from the AhicA3B3 PhicA3-lacZ
reporter strain (in which PhicA3 is fully active) and the hicB3-lacZ
reporter strain was used to localize the TSSs of hicA3 and hicB3,
respectively. For hicA3, a single TSS was identified 23 bp upstream
of the HicA3 initiation codon (see Fig. S2A in the supplemental
material), from which we deduced the —10 (TATGAT) and —35
(TTGACT) boxes of the PhicA3 promoter (Fig. 4A). For hicB3, the
longest mRNA was initiated at the hicA3 TSS— confirming that
hicA3 and hicB3 form an operon. Several smaller mRNAs initiat-
ing between positions +144 and +365 relative to the hicA3 TSS
were also detected (see Fig. S2B). In contrast to the longest mRNA,
most of these mRNAs were unaffected by TAP treatment, suggest-
ing that they were monophosphorylated and therefore were not
primary transcripts. In silico analysis of the +144-to-+365 region
failed to reveal any other promoter candidates. Overall, the data
suggest that these mRNAs are truncated forms of hicA3B3 mRNA.

HicB3 binds a dyad symmetry DNA motif. We performed gel
shift experiments to establish whether HicB3 and/or the HicA3-
HicB3 complex binds to the PhicA3 region in vitro. The purified
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FIG 3 Schematic representation of the hicA3B3 region in the different Y. pestis KIM6™ AlacZ reporter strains and the associated LacZ phenotypes on Xgal plates.
P indicates the hicA3 promoter. Strains were patched onto LB-Km-Xgal plates and were incubated at 28°C for 48 h. (A) hicA3'-lacZ fusions generated by
chromosomal integration of pSBT30. YSBT61 transformed with pSBT7 (pHicB3) or pEP1165 (pHicA3B3) turned LacZ™, while the pCRII (empty-plasmid)
transformant remained LacZ ™. (B) hicB3'-lacZ fusions generated by chromosomal integration of pSBT172. YSBT151 hasa Lac*'~ phenotype, whereas YSBT157
hasaLac™ phenotype. YSBT151 and YSBT157 were also transformed with the plasmids mentioned above: pHicB3 and pHicA3B3 generate full repression on both
strains (LacZ™ phenotype), while the empty plasmid does not. Derivatives of YSBT151 and YSB157 bearing an 88-bp deletion around PhicA3 (AP) do not exhibit

any (-galactosidase activity.
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FIG 4 (A) Nucleotide sequence of the hicA3 upstream region. The —10 and —35 promoter sequences, the ribosome binding site (SD), and the HicA3 initiation
codon (ATG) are underlined. The BS1 and BS2 palindromic sequences are indicated by converging arrows. Letters in boldface correspond to bases conserved in
the repeat. The TSS (+1) is indicated by an arrow. (B) Gel shift assay of DNA fragments bearing PhicA3 (365 bp) or part of ymt (control sequence; 517 bp)
incubated with HicB3-6His or HicA3-HicB3-6His for 20 min at RT. (C) Gel shift assay of DNA fragments BS1-BS2, MU1-BS2, BS1-MU2, and MU1-MU2' (1.25
pmol), incubated in the presence (+) or absence (—) of 2.3 pmol of HicB3-6His for 20 min at RT. (D) Promoter activities of the BS1-BS2, MU1-BS2, BS1-MU?2,
and MU1-MU2' DNA fragments cloned upstream of lacZ. The four recombinant plasmids were introduced into E. coli CC118 \pir carrying a compatible plasmid
bearing the hicB3 gene (HicB3 ™) or an empty vector (no HicB3). Transformants were patched onto LB-Ap-Tp-Xgal plates.

six-histidine-tagged HicB3 protein (HicB3-6His) or the purified
HicA3-HicB3-6His complex was incubated with a 365-bp PCR
product bearing PhicA3 or with a control DNA fragment taken
from outside the hicA3B3 region (Fig. 4B). Both HicB3-6His and
the HicA3-HicB3-6His complex were able to bind the DNA frag-
ment encompassing PhicA3 but not the control fragment.

Sequence analysis of the PhicA3 region revealed the presence of
two 15-bp inverted repeats, corresponding to the dyad symmetry
consensus T(G/A)GGT(A/G)TNA(C/T)ACC(T/C)A (Fig. 4A).
We named these palindromes BS1 (bases —57 to —42 relative to
the hicA3 TSS) and BS2 (bases —17 to —2) and tested their ability
to bind purified HicB3-6His in vitro. We used four different DNA
fragments containing the —62-to-+5 region and bearing either
intact BS1 and BS2 sequences or sequences with base substitutions
in BS1 (MU1-BS2 fragment), BS2 (BS1-MU2 fragment), or both
(MU1-MU?2' fragment) in gel shift assays. The substitutions were
chosen so as to affect neither the —35 and —10 boxes of PhicA3
nor the TSS (see Fig. S3 in the supplemental material). HicB3-
6His binding was observed with the DNA fragments bearing either
BS1 or BS2 but not when both sites were mutated (Fig. 4C). In the
MUI-MU2' fragment, substitutions in MU2" affected only the
second half of the consensus—showing that the dyad symmetry of
the sequence is required for HicB3 binding in vitro.

To evaluate the role of the HicB3 binding sites in the regulation
of PhicA3 in vivo, the BS1-BS2, MU1-BS2, BS1-MU2, and MU1-
MU2’ DNA fragments were cloned upstream of the lacZ reporter
gene. The four reporter plasmids conferred a LacZ™ phenotype on
E. coli on Xgal plates, indicating that each insert contained an
active promoter (Fig. 4D). When a second compatible plasmid
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bearing the hicB3 gene was introduced into these four strains, the
WT BS1-BS2 and mutated MU1-BS2 promoters were fully re-
pressed (givingaLacZ™ phenotype); in contrast, the mutated BS1-
MU2 promoter remained active but at a lower level (LacZ*'~
phenotype), while the mutated MU1-MU2' promoter remained
fully active (LacZ™ phenotype) (Fig. 4D). These in vivo data show
that although HicB3 is able to bind both the BS1 and BS2 sites, the
main operator of PhicA3 is BS2, which overlaps with the —10 box.

HicA3 is an RNase. We sought to purify HicA3 and thus study
its activity. We were initially unable to overproduce HicA3-6His
alone (because of its high toxicity in E. coli) or to purify HicA3
after denaturation of the HicA3-HicB3 complex (presumably be-
cause of its very high affinity for HicB3). We serendipitously
found a “water shock” and renaturation procedure (described in
Materials and Methods) that enabled us to purify HicA3. Since the
E. coli HicA toxin had been shown to degrade mRNA (21), we
tested the RNase activity of HicA3 on an in vitro-transcribed viral
mRNA substrate. This mRNA was hydrolyzed by HicA3 but not
by HicB3-6His or the HicA3-HicB3-6His complex (Fig. 5). Al-
though the HicA3-HicB3-6His complex lacks RNase activity, it is
able to bind RNA, as indicated by the RNA shift observed. HicA3
was also able to degrade two other in vitro-transcribed mRNAs
(data not shown), suggesting that it can target various mRNAs in
vivo.

We hypothesized that the histidine 28 (His28) residue of
HicA3 is involved in RNase activity, because it is conserved in the
E. coli HicA and Y. pestis HicAl toxins (see Fig. S1 in the supple-
mental material). Indeed, when we replaced His28 with alanine
(H28A) via site-directed mutagenesis, the resulting overproduc-
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FIG 5 Test of HicA3, HicA3-H28A-6His, HicA3-HicB3-6His, and HicB3-
6His for RNase activity. The arrow indicates the stacking of the mRNA-
HicA3-H28A-6His complex in the well.

tion of HicA3-H28A—6His was not toxic to E. coli (data not
shown). Furthermore, the purified protein was inactive in vitro
but was able to aggregate mRNA, as indicated by the stacking of
the substrate in the well (Fig. 5).

HicA3B3 is not required for virulence in a bubonic plague
model. Taken as a whole, our data show that HicB3 is the anti-
toxin for the HicA3 toxin and is also a transcriptional repressor.
Thus, the attenuated virulence of the AhicB3 mutant described in
our previous work (3) could result from either (i) the inability of
the mutant to grow efficiently in vivo when HicA3 is not neutral-
ized or (ii) the regulation of virulence genes by HicB3 in addition
to its role as an antitoxin. To distinguish between these hypothe-
ses, we deleted the whole hicA3B3 operon from the CO92 chro-
mosome. In contrast to the attenuated AhicB3 mutant, the
AhicA3B3 mutant was fully virulent in the murine model of bu-
bonic plague (Fig. 6). Thus, HicB3 is not required for virulence in
the absence of the HicA3 toxin.

The HicB3 antitoxin is a tetramer. We solved the X-ray crystal
structure of HicB3 at a resolution of 2.12 A (see Table S2 in the
supplemental material). HicB3 forms a tetramer, the symmetry of
which can best be described as a dimer of dimers. The HicB3
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FIG 6 Survival rate (expressed as a percentage) of OFI mice injected intrad-
ermally with 10 CFU of wild-type Y. pestis CO92 (filled circles) or CO92
AhicA3B3 (open triangles).
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monomer consists of two domains connected by a linker (residues
85 to 92) containing a short helical a4 stretch (Fig. 7A). The N-
terminal (Nt) domain adopts an antiparallel B1B2B3ala2a3B4
fold. The long a1 helix lies in the cradle formed by the bend in the
B-sheet, while the two short a2 and a3 helices flank the other face
of the B-sheet. The C-terminal (Ct) B5a5a6 domain (residues 93
to 135) forms a ribbon-helix-helix (RHH) motif. HicB3 dimerizes
through this domain (Fig. 7A); the 35 strands from two RHH
motifs form a central antiparallel B-sheet, and the pairs of helices
form a helical bundle. In one subunit, the a5 helix of the RHH
motif packs against the a1 helix of the N-terminal domain of the
opposite subunit. In the other subunit, the a5 helix interacts with
the linker situated between the a1 and a2 helices. The two dimers
bind through their N-terminal domains to form a ring-type te-
tramer (Fig. 7B and C). This interface is stabilized by the packing
of hydrophobic patches (Ile2, Ile78, and Phe81 from one subunit,
and Phe31, Ile34, Tyr66, Ile67, 1le78, and Leu79 from the other).

We used size exclusion chromatography coupled to multiangle
laser light scattering (SEC-MALS) measurements to analyze
HicB3. The monodisperse sample in SEC corresponds to a molec-
ular mass of 63.4 kDa, close to the value of 65.2 kDa expected for
a tetramer (see Fig. S4A in the supplemental material). These ob-
servations were confirmed by analytical ultracentrifugation mea-
surements showing that 95% of the HicB3 species in solution form
a globular homotetramer (see Fig. S4C).

The HicA3-HicB3 complex primarily forms a heterohex-
amer. We were able to obtain crystals for the HicA3-HicB3 com-
plex only when subtilisin A was added during the crystallization
process. We collected a complete diffraction data set at a resolu-
tion of 2.12 A (see Table S2 in the supplemental material). The
protease had cleaved off the C-terminal domain of HicB3 because
no electron density was present beyond residue 85. The asymmet-
ric crystal unit obtained under these conditions contains two cop-
ies of HicA3 and two copies of the N-terminal domain of HicB3
(HicB3-Nt), which thus form a heterotetramer (referred to below
as HicA3-HicB3-Nt). HicB3-Nt has the same structure in the
complex and in the unbound HicB3 protein (root mean square
deviation for 85 superposed residues, 1.4 A). The HicA3-
HicB3-Nt complex is elongated, with a HicA3 subunit binding to
each end of the HicB3-Nt dimer interface (Fig. 7D). HicA3 adopts
an alB1B2B3a2 fold characteristic of a double-stranded RNA
(dsRNA)-binding domain. The HicA3 a2 helix packs against the
B-sheet of HicB3. The B-sheets of HicA3 and HicB3 are juxta-
posed in the complex but do not form a continuous (3-sheet. The
al helix of HicB3 covers one face of the HicA3 -sheet. The in-
terface is stabilized by both hydrophobic and polar interactions
(10 hydrogen bonds and 5 salt bridges). The His28 residue re-
quired for HicA3 RNase activity is situated at the N-terminal end
of the B2 strand and is completely buried at the interface with
HicB3, suggesting that HicB3 neutralizes HicA3 by blocking its
active site. Overall, 28% of the available surface area of HicA3 is
masked by complex formation.

When using SEC-MALS to determine the stoichiometry of the
HicA3-HicB3 complex (in the absence of subtilisin processing),
we measured a molecular mass of about 78.6 kDa, close to the
value of 79.8 kDa calculated for a hexamer of two HicA3 units and
four HicB3 units (see Fig. S4B in the supplemental material). The
analytical ultracentrifugation data are compatible with the pres-
ence of 90% of the molecules in solution as a 2:4 heterohexamer
(see Fig. S4D in the supplemental material). Interestingly, the su-
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FIG 7 Crystal structures. (A) Schematic presentation of the HicB3 dimer. a-Helices, -strands, and N- and C-terminal residues for one monomer are labeled.
Dimerization occurs via the 35 strand of the C-terminal RHH domain in each subunit. (B) Perpendicular views of the HicB3 tetramer. Two HicB3 dimers interact
via their N-terminal domains to form a tetramer. (C) View of two interacting N-terminal domains in the tetramer. (D) HicA3-HicB3-Nt tetrameric complex.
The two HicA3 subunits are shown in red, and the two HicB3 subunits are shown in pink and blue. Position 85 indicates the last residue of HicB3-Nt.

perposition of the structures of the HicA3-HicB3-Nt heterote-
tramer and the HicB3 homotetramer revealed a steric clash be-
tween the end of the B-sheet in the two HicA3 subunits and the
end of the last a-helix (a6) in HicB3 subunits 2 and 4 (Fig. 8A).
This observed steric hindrance is thus consistent with the forma-
tion of a heterohexamer composed of two subunits of HicA3
bound to opposing subunits of a HicB3 tetramer (Fig. 8B).

DISCUSSION

We have identified HicA3 and characterized HicA3B3, a novel,
functional type II TAS in Y. pestis. HicA3 is a 66-aa monomeric
RNase. The HicB3 antitoxin has two functions: it neutralizes
HicA3 through direct binding and represses hicA3B3 transcrip-
tion. Type II two-component TASs are highly modular and can be
classified into 11 families as a function of their structure or mode
of action (for a recent review, see reference 32). The X-ray struc-
tures of TA complexes have been solved for seven families. The
present report is the first for a HicAB family complex. In the var-
ious TASs, some toxins are monomeric and others are homodi-
meric (33-36). Antitoxins are thought to be dimeric and bind
DNA via an N- or C-terminal dimerization domain folding as an
RHH, helix-turn-helix (HTH), PhD-like-, or AbrB-like domain
(37). The antitoxin dimer binds one, two, or four toxin monomers
(33, 36, 38). HicB3 assembles as a dimer of dimers. Each tetramer
possesses two RHH DNA-binding folds and is able to receive two
HicA3 molecules. The HicA3B3 complex is therefore the first ex-
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FIG 8 Insilico models of the HicA3-HicB3 complexes. The HicA3 subunits are
shown in red, and the four HicB3 subunits are shown in green, blue, pink, and
yellow. (A) The putative hetero-octameric complex. The steric clashes between
two HicA3 subunits and the C-terminal domains of HicB3 subunits 2 and 4 are
circled. (B) The proposed heterohexameric complex.
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ample of a tetrameric antitoxin that binds two toxin monomers.
In the HicA3-HicB3 complex, the HicB3 N-terminal domain
binds to one side of the toxin and significantly occludes the cata-
lytic His28. We also show that both the HicB3 tetramer and the
HicA3B3 complex bind to 15-bp operators flanking PhicA3 in
vitro and repress PhicA3 in vivo. As observed for other RHH tran-
scription regulators (39, 40), DNA binding is probably mediated
via insertion of the two HicB3 RHH domains into the major
groove of the DNA double helix, with each ribbon interacting with
one TRGGTRT half-site. In silico analysis using the Regulatory
Sequence Analysis Tools website (http://www.rsat.eu) (41) did
not reveal any other occurrences of the operator sequence in the Y.
pestis CO92 genome—suggesting that hicA3B3 is the only operon
regulated by HicB3.

In canonical, well-studied TASs, such as RelBE and Phd-Doc,
interaction with DNA consists primarily of the binding of the
antitoxin to operator sequences. The toxin acts as either a core-
pressor or a derepressor, depending on the toxin/antitoxin ratio
(42). At low toxin concentrations, toxin binding enhances the
affinity of the antitoxin for the operator. At high toxin concentra-
tions, affinity for the operator decreases. This “conditional coop-
erativity” mechanism relies on allosteric modification of the anti-
toxin upon toxin binding (43, 44). In contrast to canonical type II
TASs, the dimeric E. coli MgsA antitoxin (a member of the HTH
repressor family) does not exhibit conditional cooperativity (45).
MgsA is fully folded and binds DNA alone. The MgsR toxin is not
a corepressor, since the MgsRA complex is unable to bind DNA.
However, the toxin destabilizes the MqsA-DNA repression com-
plex via allosteric modification (45). Our data suggest that HicA3
may not have a corepressor function, since (i) the HicB3 tetramer
is already fully folded in the absence of HicA3 and (ii) HicB3 and
the HicA3B3 complex bind DNA in vitro to the same extent. How-
ever, we observed that PhicA3 repression can be alleviated by over-
expression of the nontoxic HicA3-H28A protein in vivo (data not
shown). This finding suggests that excess HicA3 destabilizes the
ternary HicA3-HicB3-operator complex and titrates out the
HicB3 repressor. Further research will be required to establish
whether HicA3 is solely a derepressor (like MgsA [45]) or both a
corepressor and a derepressor.

X-ray crystallography revealed that HicA3 has a dsSRNA-bind-
ing fold, which suggests that the toxin can cleave mRNA in the
vicinity of double-stranded regions. This fits with the observation
that E. coli HicA degrades both mRNA and transfer-mRNA (tm-
RNA) (21). Targeted mutagenesis of HicA3 highlighted His28 as
required for RNase activity. While this article was in preparation,
Butt et al. reported the solution structure of the Burkholderia pseu-
domallei HicA toxin (BpsHicA) and showed that BpsHicA re-
quires Gly22 and His24 for RNase activity (46). These residues
correspond to Gly26 and His28 in HicA3. BpsHicA and HicA3
share the same folding structure.

The fact that we were able to construct a Y. pestis AhicB3 mu-
tant indicates that the expression of chromosomal hicA3 in the
absence of the HicB3 antitoxin is not lethal; the mutant grows
slowly, but it does grow. This observation suggests that the
amount of HicA3 RNase produced from hicA3 mRNA is not
highly toxic to Y. pestis. Hence, either (i) the cleavage rate of HicA3
is too low to produce bacteriostasis, (ii) HicA3 is produced in very
low quantities (even though PhicA3 is derepressed), or (iii) HicA3
targets are not essential for growth. These hypotheses will be eval-
uated in future studies. A comparative analysis of the cleavage
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rates of the HicA3, HicAl, EcHicA, and BpsHicA RNases and
mutant HicA3 proteins may help to characterize the catalytic
mechanism of these RNases.

A few TASs have been shown to be involved in virulence in
Salmonella enterica (47), Haemophilus influenzae (48), and Myco-
bacterium tuberculosis (49). We suggested previously that hicB3
may be involved in plague pathogenesis (3). Our present results
show that a Y. pestis AhicA3B3 mutant is fully virulent; hence, the
loss of virulence of the AhicB3 mutant is due to inefficient in vivo
growth caused by the activity of free HicA3 RNase, not to the lack
of HicB3 as a regulator. Y. pestis encodes three other active type II
TASs and seven putative ones (5) that could compensate for the
loss of HicA3B3. The other complete HicAB system (HicA1B1)
was a possible candidate for this role. However, we found that a
AhicA1B1 AhicA3B3 double mutant was fully virulent in the mu-
rine plague model (unpublished data). It is worth noting that in
other species, deletion of three to five TA operons was required
before a change in phenotype could be observed (50, 51). Al-
though our data indicate that HicA3B3 is not important for Y.
pestis virulence in the rodent, one cannot rule out the possibility
that the system is required in other environments (e.g., in the flea
or for survival in the soil). The B. pseudomallei HicAB sytem has
recently been shown to play a role in persister cell formation fol-
lowing exposure to ciprofloxacin (46). Future experiments should
evaluate the role of the HicA1B1 and HicA3B3 systems in Y. pestis
persistence.
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