INFECTION AND IMMUNITY, June 2010, p. 2768-2781 Vol. 78, No. 6
0019-9567/10/$12.00  doi:10.1128/TAI1.01417-09
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

\

Role of Lipid A Acylation in Yersinia enterocolitica Virulence
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Yersinia enterocolitica is an important human pathogen. Y. enterocolitica must adapt to the host environment,
and temperature is an important cue regulating the expression of most Yersinia virulence factors. Here, we
report that Y. enterocolitica 8081 serotype O:8 synthesized tetra-acylated lipid A at 37°C but that hexa-acylated
lipid A predominated at 21°C. By mass spectrometry and genetic methods, we have shown that the Y.
enterocolitica msbB, htrB, and IpxP homologues encode the acyltransferases responsible for the addition of C,,,
C,, and C,4.,, respectively, to lipid A. The expression levels of the acyltransferases were temperature regulated.
Levels of expression of msbB and IpxP were higher at 21°C than at 37°C, whereas the level of expression of htrB
was higher at 37°C. At 21°C, an I[pxP mutant was the strain most susceptible to polymyxin B, whereas at 37°C,
an htrB mutant was the most susceptible. We present evidence that the lipid A acylation status affects the
expression of Yersinia virulence factors. Thus, expression of flkDC, the flagellar master regulatory operon, was
downregulated in msbB and IpxP mutants, with a concomitant decrease in motility. Expression of the phos-
pholipase ypld was also downregulated in both mutants. inv expression was downregulated in msbB and htrB
mutants, and consistent with this finding, invasion of HeLa cells was diminished. However, the expression of
rovA, the positive regulator of inv, was not affected in the mutants. The levels of pYV-encoded virulence factors
Yops and YadA in the acyltransferase mutants were not affected. Finally, we show that only the AfrB mutant

was attenuated in vivo.

Lipopolysaccharide (LPS) is located in the outer leaflet of
the outer membrane (OM) of Gram-negative bacteria. The
molecular structure of LPS is rather unique: it is an amphiphi-
lic compound with a hydrophobic region, lipid A, adjacent to a
dense, negatively charged polysaccharide. Divalent cations
bridge these negatively charged regions, causing the exclusion
of phospholipids from the outer leaflet of the OM. This fea-
ture, together with the tight packing of lipid A hydrocarbon
chains, creates a permeability barrier against toxic compounds
(for a review, see references 49 and 50).

In Escherichia coli and Salmonella enterica serovar Typhi-
murium, lipid A is formed by a (1'-6)-linked disaccharide of
glucosamine phosphorylated at the 1 and 4’ positions, with
positions 2, 3, 2’, and 3’ acylated with R-3-hydroxymyristoyl
groups, the so-called lipid IV ,, whose can be 2'- and 3'-R-3-
hydroxymyristoyl groups further acylated with laureate (C,,)
and myristate (C,,), respectively, by the actions of the so-called
late acyltransferases HtrB (LpxL) and MsbB (LpxM), respec-
tively (57). When E. coli is grown at 12°C, LpxP, the cold-
temperature-specific late acyltransferase, acts instead of HtrB
(LpxL), adding palmitoleate (C,¢.;) (57). Lipid A secondary
acyltransferases have been shown to utilize primarily acyl-acyl
carrier proteins (acyl-ACPs) as their acyl chain donors.

Yersinia enterocolitica is a human pathogen that causes a
broad range of gastrointestinal syndromes (12). This organism
is found widely in nature, in both aquatic and animal reser-
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voirs. Infections are usually acquired by the ingestion of food
or contaminated water, after which bacteria migrate through
the intestinal tract to the terminal ileum (12). To infect hu-
mans, Y. enterocolitica must adapt to the host environment, and
it possesses a number of virulence factors that help it to colo-
nize the intestinal tract and to resist host defense mechanisms
(44, 68). Temperature regulates most, if not all, virulence fac-
tors of yersiniae (44, 68). One example of a temperature-
dependent trait is the expression of LPS O antigen. Optimum
expression occurs when bacteria are grown at room tempera-
ture (RT; 22 to 25°C) (8, 11). In contrast, when they are grown
at 37°C, the host temperature, only trace amounts of O
antigen are produced (8, 11). This is because the two tran-
scriptional units of the O-antigen gene cluster are repressed
at 37°C (8, 11).

Several studies have shown that Gram-negative bacteria can
modify lipid A in response to environmental conditions. For
example, Salmonella and Pseudomonas modify the numbers
and lengths of hydrocarbon chains attached to lipid A and add
aminoarabinose and phosphoethanolamine to lipid A (26, 27,
31, 33, 34, 40). The available evidence shows that these lipid
A-regulated changes are important for virulence (31, 33, 45).
Various reports suggest that yersiniae modify lipid A in re-
sponse to the growth temperature (6, 9, 38, 58, 59), and this
pattern is particularly clear for Y. pestis. Thus, at 37°C, Y. pestis
synthesizes a tetra-acyl lipid A lacking any secondary acylation
(38, 58). However, at 21°C, lipid A is mainly hexa-acylated (38,
58). In this case, the 2'- and 3’-R-3-hydroxymyristoyl groups
are acylated with laureate (C,,) and palmitoleate (C,.,), with
this form of lipid A resembling the lipid A produced by E. coli
grown at 12°C (38, 58, 72). Recently, Rebeil and coworkers
(59) have presented evidence explaining these temperature-
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TABLE 1. Bacterial strains and plasmids used in this study

. . . . Source or
Bacterial strain or plasmid Genotype and/or description reference
E. coli strains
C600 thi thr leuB tonA lacY supE 4
XL1-Blue recAl endAl gyrA96 thi-1 hsdR17 supE44 relAl lac [F' proAB lacI"ZAM15 Tnl0 (Tet")](Con)
S17-1\pir recA thi pro hsd(r~ m™) RP4::2-Tc:Mu::Km Tn7 \ pir
CC118-1\pir A(ara-lew)7697 araD139 AlacX74 galE galK AphoA20 thi-1 rpsE rpoB argE(Am) recAl
Y. enterocolitica strains
8081-R"M™ (YeO8) R~ M derivative of wild-type strain 8081; pYV* 80
YeO8-AmsbBGB2 YeO8 AmsbB::Km-GenBlock Km* pYV™; msbB gene is inactivated This study
YeO8-AhtrBGB YeO8 AhtrB:Km-GenBlock Km" pYV™; htrB gene is inactivated This study
YeO8-AlpxPGB YeO8 AlpxP:Km-GenBlock Km" pYV™; IpxP gene is inactivated This study
YeO8-AlpxPGB::pKNOCKYeinthtrB YeO8-AlpxPGB htrB::)pKNOCKYeinthtrBp Cm" pYV™; htrB and IpxP genes are inactivated This study
YeO8::pGPLYePmsbB YeO8 reporter strain with pGPLYePmsbB integrated into the msbB locus by single crossover; Amp* This study
YeO8::pGPLYePhtrBTp YeOS8 reporter strain with pGPLYePhtrBTp integrated into the A#B locus by single crossover; Tp" This study
YeO8::pGPLYePlpxP YeOS8 reporter strain with pGPLYePlpxP integrated into the lpxP locus by single crossover; Amp® This study
YeO8-flhDC::lucFF YeOS8 reporter strain with pSRFINDCOS integrated into the f/ADC locus by single crossover; Cm" This study
YeO8-AmsbBGB2-fihDC::lucFF YeO8-AmsbBGB2 reporter strain with pPSRFIhDCOS integrated into the flADC locus by single This study
crossover; Cm”
YeO8-AhtrBGB-flhDC::lucFF YeO8-AhtrBGB reporter strain with pPSRFIhDCOS integrated into the flADC locus by single This study
crossover; Cm"
YeO8-AlpxPGB-flhDC::lucFF YeO8-AlpxPGB reporter strain with pSRFIhDCOS integrated into the fIhDC locus by single This study
crossover; Cm"
YeO8-inv::phoA YeOS8 reporter strain with pINP41 integrated into the inv locus by single crossover; Cm" This study
YeO8-AmsbBGB2-inv::;phoA YeO8-AmsbBGB2 reporter strain with pINP41 integrated into the inv locus by single crossover; Cm*  This study
YeO8-AhtrBGB-inv::phoA YeO8-AhtrBGB reporter strain with pINP41 integrated into the inv locus by single crossover; Cm" This study
YeO8-AlpxPGB-inv::phoA YeO8-AlpxPGB reporter strain with pINP41 integrated into the inv locus by single crossover; Cm" This study
YeO8-yplA::lacZYA YeOS8 reporter strain with pDHS45 integrated into the yplA4 locus by single crossover; Cm" This study
YeO8-AmsbBGB2-yplA::lacZYA YeO8-AmsbBGB?2 reporter strain with pDHS45 integrated into the ypl4 locus by single This study
crossover; Cm”"
YeO8-AhtrBGB-yplA::lacZYA YeO8-AhtrBGB reporter strain with pDHS45 integrated into the ypl4 locus by single crossover; Cm"  This study
YeO8-AlpxPGB-yplA::lacZYA YeO8-AlpxPGB reporter strain with pDHS45 integrated into the yplA4 locus by single crossover; Cm"  This study
Plasmids
pKNG101 oriR6K Mob™ sacB Str* 37
pGEM-T Easy Cloning plasmid; Amp* Promega
pKNOCK-Cm oriR6K Mob* Cm" 3
pTM100 Mob™; derivative of pACYC184; Cm" Tet" 46
pUC4K Source of GenBlock cassette; Amp" Km* Pharmacia
pCR-Blunt II-TOPO Cloning plasmid; Amp* Invitrogen
pGPLO1 Firefly luciferase transcriptional fusion suicide vector; Amp” 32
pRV34 lucFF cloned into EcoRV site of pTM100; Cm" M. Skurnik,
unpublished
data
pRV1 Suicide vector; derivative of pJM703.1; Cm" 65
pGEMTAmsbBGB pGEM-T Easy containing AmsbB::Km-GenBlock; Amp* Km" This study
pGEMTAtrBGB pGEM-T Easy containing AhtrB::Km-GenBlock; Amp* Km" This study
pGEMTAIpxPGB pGEM-T Easy containing AlpxP::Km-GenBlock; Amp* Km" This study
pKNGAmsbBGB pKNG101 containing AmsbB::Km-GenBlock; Str* Km" This study
pKNGAhtrBGB pKNG101 containing AhtrB::Km-GenBlock; Str* Km" This study
pKNGAIpxPGB pKNG101 containing AlpxP::Km-GenBlock; Str" Km* This study
pKNOCKYeinthtrB pKNOCK-Cm containing AtrB internal fragment; Cm" This study
pTMYemsbB 2.1-kb wild-type msbB locus cloned into pTM100; Tet" This study
pTMYehtrB 2.1-kb wild-type htrB locus cloned into pTM100; Tet" This study
pTMYelpxP 2-kb wild-type IpxP locus cloned into pTM100; Tet" This study
pINP41 pEP184 containing invA412:;phoA; Cm" 53
pDHS45 pFUSE containing ypIXA'::lacZYA; Cm" 63
pSRFIhDCO8 pRV1 containing flhDC::lucFF; Cm" 10
pRVProrovAlucFF pRV1 containig rovA::lucFF; Cm" This study
pGPLYePmsbB pGPLO1 containing a 980-bp DNA fragment corresponding to the msbB promoter region; Amp”® This study
pGPLYePlpxP pGPLO1 containing a 1.1-kb DNA fragment corresponding to the /pxP promoter region; Amp" This study
pGPLYePhtrB pGPLO1 containing a 1-kb DNA fragment corresponding to the itrB promoter region; Amp" This study
pGPLYePhtrBTp Trimethoprim resistance cassette cloned into Pstl site of pGPLYePhtrB; Tp* This study

dependent variations. The Y. pestis genome does not contain
an htrB (IpxL) homologue, and the levels of expression of the
late acyltransferase genes msbB (IpxM) and IpxP are higher at
21°C than at 37°C.

We and others have observed that Y. enterocolitica modifies
lipid A in response to temperature, producing less acylated
lipid A at 37°C than at 21°C (9, 52, 58). These data led us to
hypothesize that Y. enterocolitica late acyltransferases could be
temperature controlled. In this work, we first identified Y.
enterocolitica homologues of msbB (IpxM), htrB (IpxL), and
IpxP which are responsible for lipid A acylation. We then

studied the roles of the gene products in temperature-depen-
dent variations of lipid A. Finally, we examined the possible
connection between the lipid A acylation status and the ex-
pression of other virulence factors of Y. enterocolitica and the
roles of these acyltransferases in virulence.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. Bacterial strains and plas-
mids used in this study are listed in Table 1. Unless otherwise indicated, Yersinia
strains were grown in Luria-Bertani (LB) medium at either 21°C (RT) or 37°C.
When appropriate, antibiotics were added to the growth medium at the following
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TABLE 2. Primers® used in this study
Target gene Use Sequence (5’ to 3")
msbB Mutagenesis TAACCAACCCAATGCCAACC
GCGATGCCAGTTGGCACA
Inverse PCR GAGTTTGTTGATTTCTTCGCGAC
CAAACCGCAAGCGTGCGCTG
Complementation TAACCAACCCAATGCCAACC
GCGATGCCAGTTGGCACA
Amplification of promoter region GCAAACTTTCCGGCAACACG
GGCCGGTTTGACTGGCGCA
htrB Mutagenesis AGCGACAAAACCGGGAATGC
CAATGGCCATATAGGGCTGC
Inverse PCR TGCAGACTTGGGGCCGGATG
GCGCACCCAGTTCCAGCGTC
Complementation AGCGACAAAACCGGGAATGC
CAATGGCCATATAGGGCTGC
Amplification of promoter region AGCGACAAAACCGGGAATGC
CAATGGCCATATAGGGCTGC
Amplification of internal fragment CGGATCCGTCAACGGCAAACAGCGGCAC
GGGTTATTTGAAACCGGGATG
IpxP Mutagenesis TTCAGTAACTTGTACATGGCGACC
TAACAGCGAAGTCGTTGCCTG
Inverse PCR TCAGCGCCTGCACCATGCCAC
CAGATCAGGACTACGGCCCAC
Complementation TTCAGTAACTTGTACATGGCGACC
TAACAGCGAAGTCGTTGCCTG
Amplification of promoter region CAAGCTTGGACTCTGTGGGTATGCGGT
GCTTTGTCCATATCAGGGAAGC
rovA Amplification of promoter region ACAAATGTATATATACCGTCGATGC
CGCTTTGATCATAAATGGCTCG
lucFF Amplification of coding region GAGGAGAAATTAACTATGAGGGG

TTACAATTTGGACTTTCCGCC

“ The primers to amplify Yersinia sequences were designed using the published sequence of Y. enterocolitica 8081 from the Wellcome Trust Sanger Institute (EMBL

accession number AM286415) (70).

concentrations: ampicillin (Amp), 100 wg/ml for Y. enterocolitica and 50 wg/ml
for E. coli; kanamycin (Km), 100 wg/ml in agar plates for Y. enterocolitica, 50
pg/ml in agar plates for E. coli, and 20 pg/ml in broth; chloramphenicol (Cm), 25
pg/ml; tetracycline (Tet), 12.5 pg/ml; trimethoprim (Tp), 100 wg/ml; and strep-
tomycin (Str), 100 pg/ml.

Construction of msbB, htrB, and IpxP mutant strains and complementation
plasmids. Predicted Y. enterocolitica 8081 homologues of the E. coli msbB, htrB,
and IpxP acyltransferase genes were identified in the Y. enterocolitica genome
sequence from the Wellcome Trust Sanger Institute (EMBL accession number
AM286415) (70) as locus tags YE2386, YE1612, and YE3829, respectively. DNA
fragments of 2.1 kb for msbB and htrB and 2 kb for IpxP were PCR amplified
(primers used are listed in Table 2), gel purified, and cloned into pGEM-T Easy
(Promega) to obtain pGEMTtmsbB, pGEMThtrB, and pGEMTIpxP, respec-
tively. These plasmids were amplified by inverse PCR using the method de-
scribed by Byrappa et al. (14) (primers used are listed in Table 2) to delete
internal fragments of 150, 100, and 56 bp in the coding regions of msbB, htrB, and
IpxP, respectively. A kanamycin resistance cassette, obtained as a 1.4-kb Pstl
blunt-ended fragment from pUC4K (Pharmacia), was cloned into the plasmids
obtained by inverse PCR to generate pPGEMTAmsbBGB, pGEMTAtrBGB, and
pGEMTAIpxPGB. Alleles containing the GenBlock cassette fragment from
pUCH4K, designated AmsbB::GenBlock and AlpxP::GenBlock, were gel purified
after Pvull digestion of pPGEMTAmsbBGB and pPGEMTAmsbBGB, respectively,
and cloned into Smal-digested pKNG101, whereas the AhtrB::GenBlock allele
was gel purified after Sall-Xbal digestion of pGEMTAtrBGB and cloned into
similarly digested pKNG101 (Table 1). pKNG101 is a suicide vector that carries
the defective pir-negative origin of replication of R6K, the RK2 origin of trans-
fer, and an Str resistance marker (37). It also carries the sacBR genes that
mediate sucrose sensitivity as a positive selection marker for the excision of the
vector after double crossover (37). These three suicide plasmids were introduced
by electroporation into E. coli S17-1\pir, from which the plasmids were mobi-

lized into Y. enterocolitica strain YeO8. Str" Km" transconjugates were selected
after growth on Yersinia selective agar medium plates (Oxoid) supplemented
with Km and Str. Bacteria from 10 individual colonies were pooled and allowed
to grow in LB medium without any antibiotic overnight at RT. Bacterial cultures
were serially diluted in LB medium lacking NaCl and containing 10% sucrose,
and plates were incubated at RT. The recombinants that survived exposure to
10% sucrose were checked for their resistance to Str, and Km" Str® recom-
binants were selected and named YeO8-AmsbBGB2, YeO8-AhtrBGB, and
YeOS8-AlpxPGB. The appropriate replacement of the wild-type alleles by the
mutant ones was confirmed by PCR and Southern blotting (data not shown).
To construct a double mutant lacking A#rB and [pxP, an internal fragment of
the htrB gene (386 bp) was amplified by PCR using Vent polymerase. The
fragment was gel purified, digested with BamHI, and cloned into BamHI-
EcoRV-digested pPKNOCK-Cm (3) to obtain pKNOCKYeinthtrB. This plas-
mid was mobilized into YeO8-AlpxPGB, and Km" Cm" transconjugates were
selected after growth on Yersinia selective agar medium plates (Oxoid) sup-
plemented with Km and Cm. Integration of the suicide vector into the htrB
locus by homologous recombination was confirmed by Southern hybridization
analysis (data not shown).

To complement the mutants, DNA fragments of 2.1 kb for msbB and htrB and
2 kb for IpxP were PCR amplified using Vent polymerase (Table 2 lists the
primers used). The fragments, which contained the putative promoter and coding
region of each acyltransferase gene, were gel purified, phosphorylated, and
cloned into the Scal site of the medium-copy-number plasmid pTM100 to obtain
pTMYemsbB, pTMYehtrB, and pTMYelpxP. These plasmids were introduced
into E. coli C600 and then mobilized into Y. enterocolitica strains by triparental
conjugation using the helper strain E. coli HB101/pRK2013.

Isolation and analysis of lipid A. Lipid As were extracted using an ammonium
hydroxide-isobutyric acid method and subjected to negative-ion matrix-assisted
laser desorption ionization-time of flight (MALDI-TOF) mass spectrometry
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analysis (23). Briefly, lyophilized crude cells (10 mg) were resuspended in 400 .l
isobutyric acid-1 M ammonium hydroxide (5:3, vol/vol) and were incubated in a
screw-cap test tube at 100°C for 2 h with occasional subjection to a vortex.
Samples were cooled in ice water and centrifuged (at 2,000 X g for 15 min). The
supernatant was transferred into a new tube, diluted with an equal volume of
water, and lyophilized. The sample was then washed twice with 400 pl methanol
and centrifuged (at 2,000 X g for 15 min). The insoluble lipid A was solubilized
in 100 to 200 pl chloroform-methanol-water (3:1.5:0.25, vol/vol/vol). Analyses
were performed with a Bruker Autoflex II MALDI-TOF mass spectrometer
(Bruker Daltonics, Inc.) in negative reflective mode with delayed extraction.
Each spectrum was an average of 300 shots. The ion-accelerating voltage was set
at 20 kV. Dihydroxybenzoic acid (Sigma Chemical Co., St. Louis, MO) was used
as a matrix. A sample of a few microliters of a lipid A suspension (1 mg/ml) was
desalted with a few grains of ion-exchange resin (Dowex 50W-X8; H") in an
Eppendorf tube. A 1-pl aliquot of the suspension (50 to 100 wl) was deposited
onto the target and covered with the same amount of the matrix suspended at 10
mg/ml in a 0.1 M solution of citric acid. Different ratios between the samples and
dihydroxybenzoic acid were used when necessary. A peptide calibration standard
(Bruker Daltonics) was used to calibrate the MALDI-TOF mass spectrometer.
Further calibration for lipid A analysis was performed externally using lipid A
extracted from E. coli strain MG1655 grown in LB medium at 37°C. Interpreta-
tion of the negative-ion spectra is based on data from earlier studies showing that
ions with m/z values higher than 1,000 gave signals proportional to the corre-
sponding lipid A species present in the preparation (6, 42, 52, 58). Important
theoretical m/z values for the interpretation of peaks found in this study are as
follows: lipid IV, 1,405; C,,, 182, Cy,, 210; Cy4.q, 236.2; aminoarabinose
(AraNH), 131.1; and Cy, 239 (Table 3).

Construction of msbB::lucFF, htrB::lucFF, and IpxP::lucFF reporter fusions.
DNA fragments of 0.98, 1, and 1.1 kb containing the promoter regions of the
msbB, htrB, and IpxP genes, respectively, were amplified by PCR using Vent
polymerase, gel purified, and cloned into pCR-Blunt II-TOPO (Invitrogen). The
cloned fragments were sequenced to ensure that no mistakes were introduced
during amplification. Promoter regions were obtained as EcoRI fragments which
were gel purified and cloned into the EcoRI site of the suicide vector pGPLO1
(32). This vector contains an R6K origin of replication and a firefly luciferase
gene (lucFF) without a promoter. Plasmids in which the luciferase gene was
under the control of the msbB, htrB, and IpxP promoters were identified by
restriction digestion analysis and named pGPLYePmsbB, pGPLYePhtrB, and
pGPLYePIpxP, respectively. A trimethoprim resistance cassette, obtained as a
PstI fragment from p34S-Tp (20), was cloned into PstI-digested pGPLYePhtrB
to obtain pGPLYePhtrBTp. This plasmid, pGPLYePmsbB, and pGPLYePlpxP
were introduced into YeO8 by electroporation, and strains in which the suicide
vectors were integrated into the genome by homologous recombination were
selected. Integration was confirmed by Southern blotting (data not shown).

Construction of a rovA::lucFF reporter fusion. A DNA fragment of 1.1 kb
containing the promoter region of rov4 was amplified by PCR using Vent poly-
merase, gel purified, and cloned into HinclI-digested pUC18 (Sigma) to obtain
pUCProvA. The cloned fragment was sequenced to ensure that no mistakes were
introduced during amplification. The firefly luciferase gene (lucFF) coding re-
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gion was amplified by PCR using pRV34 as a template. The PCR fragment (1.4
kb) was gel purified and cloned into KpnlI-digested blunt-ended pUCProvA to
obtain pUCProvAlucFF, which contained the promoterless lucFF gene under the
control of the rov4 promoter region. This fragment (2.5 kb) was amplified by
PCR using Vent polymerase, gel purified, and cloned into the EcoRV site of the
suicide vector pRV1 to create pRVProrovAlucFF. This plasmid was introduced
into Yersinia strains by electroporation, and the strains in which the suicide vector
was integrated into the genome by homologous recombination were selected.
Integration was confirmed by Southern blotting (data not shown).

Luciferase activity. Reporter strains were grown on an orbital incubator
shaker (at 250 rpm) until they reached late log phase. A 100-pl aliquot of the
bacterial suspension was transferred into an Eppendorf tube and mixed with 100
wl of luciferase assay reagent (1 mM p-luciferin [Synchem] in 100 mM citrate
buffer, pH 5). Luminescence was immediately measured with a luminometer
(Hidex) and expressed as relative light units (RLU) per unit of optical density at
540 nm (ODs4). All measurements were carried out in quadruplicate on at least
three separate occasions.

Assessment of permeability to hydrophobic compounds. Sensitivities to novo-
biocin (50 pg), crystal violet (40 pg), sodium dodecyl sulfate (SDS; 100 pg), and
deoxycholate (DOC; 100 pg) on LB agar plates were assessed using the disk
diffusion test. The antibiotic disks (concentration disks [diameter, 6.5 mm; Difco
Laboratories]) were prepared by being loaded with the compounds dissolved in
20 pl of distilled water. The disks were dried overnight at 37°C and kept at 4°C
until needed. Fresh exponentially growing bacteria were resuspended in phos-
phate-buffered saline (PBS) to a final concentration of 10 CFU/ml, and a lawn
was prepared on each agar plate with a sterile swab. The loaded disks were
placed onto the lawns, and the plates were incubated for 18 h at the growth
temperature for the cultures. The diameters of the inhibition halos were mea-
sured, and after subtraction of the disk diameter, they were expressed in inhibi-
tion units (10 inhibition units is equal to 1 mm). All experiments were performed
with duplicate samples from two independently grown cultures of bacteria.

Antimicrobial radial diffusion assay. The antimicrobial activity of polymyxin B
(purchased from Sigma) was assayed using the radial diffusion method described
previously (41). Briefly, bacteria were grown in 5 ml of LB medium in a 15-ml
Falcon tube, collected in the exponential phase of growth, and resuspended in
PBS. An underlay gel that contained 1% (wt/vol) agarose (SeaKem LE agarose;
FMC, Rockland, ME), 2 mM HEPES (pH 7.2), and 0.3 mg of tryptic soy broth
(TSB) powder per ml was equilibrated at 50°C and inoculated with the different
bacteria to a final concentration of 6.1 X 10° CFU per ml of molten gel. This gel
was poured into standard petri dishes, and after solidification of the gel, small
wells with capacities of 10 pl were carved. Aliquots of 5 pl of polymyxin B were
added and allowed to diffuse for 3 h at 37°C. After that, a 10-ml overlay gel
composed of 1% agarose and 6% TSB powder in water was poured on top of the
previous gel and the plates were incubated overnight at 37°C. The next day, the
diameters of the inhibition halos were measured to the nearest 1 mm and, after
subtraction of the diameter of the well, were expressed in inhibition units (10
inhibition units = 1 mm). The minimal bactericidal concentration (MBC) was
estimated by performing linear regression analysis (with the number of units

TABLE 3. Structural interpretations of lipid A species detected by mass spectrometry in this study

Lipid A

m/z Composition? of lipid IV 5 3’ seconda 2" seconda ] ]

substitutio;y substitutiofqy Modification
1,178 2 X GIeN, 2 X HPO3, 3 X Cyy, (3-OH)
1,388 2 X GlIcN, 2 X HPOj;, 3 X Cyy, (3-OH) Cis
1,405 2 X GIcN, 2 X HPO3, 4 X Cyy, (3-OH)
1,414 2 X GlIcN, 2 X HPOj;, 3 X Cyy, (3-OH) Cion
1,588 2 X GIcN, 2 X HPO3, 4 X Cyy, (3-OH) Ci,
1,614 2 X GlIeN, 2 X HPOs;, 4 X Cyy, (3-OH) Cis
1,642 2 X GIeN, 2 X HPO3, 4 X Cyy, (3-OH) Cio
1,773 2 X GlIeN, 2 X HPOs;, 4 X Cyy, (3-OH) Cion AraNH
1,797 2 X GIeN, 2 X HPO3, 4 X Cyy, (3-OH) Ci, 14
1,880 2 X GleN, 2 X HPOs3, 4 X Cyy, (3-OH) 16:1 Cie
1,824 2 X GIeN, 2 X HPO3, 4 X Cyy, (3-OH) Ci, 16:1
1,954 2 X GlcN, 2 X HPOs3, 4 X Cyy, (3-OH) 12 16:1 AraNH
2,036 2 X GIeN, 2 X HPO3, 4 X Cyy, (3-OH) Ci, 14 Cie
2,063 2 X GlcN, 2 X HPOs3, 4 X Cyy, (3-OH) 12 16:1 16

¢ Numbers with multiplication signs indicate numbers of units of GIcN, HPO3, and C, 4.
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versus the log;, concentration) and determining the x axis intercepts. All the
experiments were run in quadruplicate on three independent occasions.

Analysis of motility and fIhDC expression. Phenotypic assays for swimming
motility were initiated by stabbing 2 pl of an overnight culture at the center of an
agar plate containing 0.3% agar and 1% tryptone (10, 79). Plates were analyzed
after 24 h of incubation at RT, and the diameters of the halos indicating migra-
tion from the inoculation points were compared. Experiments were run in qua-
druplicate on three independent occasions.

To measure flhDC expression, plasmid pPSRFIhDCOS (10) carrying the tran-
scriptional fusion fIhDC::lucFF was integrated into the genomes of the strains by
homologous recombination. Integration was confirmed by Southern blotting
(data not shown). Reporter strains were grown on 1% tryptone on an orbital
incubator shaker (at 250 rpm) until they reached late log phase, and lumines-
cence was determined as described previously.

B-Galactosidase and AP activities. 3-Galactosidase activity was determined as
described previously with bacteria grown in 1% tryptone at RT (47). Alkaline
phosphatase (AP) activity in permeabilized cells was determined, and the results
are expressed in enzyme units per unit of ODg, as described previously (43).
Experiments were run in duplicate on three independent occasions.

Invasion assay. Strains were grown aerobically for 4 h at RT, pelleted, and
resuspended in PBS to an ODs,, of 0.3. Bacterial suspensions were added to
subconfluent HeLa cells at a multiplicity of infection of ~100:1. After 60 min of
infection, monolayers were washed twice with PBS and then incubated for an
additional 90 min in medium containing gentamicin (100 pg/ml) to kill extracel-
lular bacteria. This treatment was long enough to kill all extracellular bacteria.
After this period, cells were washed three times with PBS and lysed with 1%
Triton X-100 and bacteria were plated. Experiments were carried out in triplicate
on at least two independent occasions. Invasiveness was calculated as follows:
percent invasiveness = 100 X (number of bacteria resistant to gentamicin/initial
number of bacteria added).

Analysis of Yop secretion. Overnight cultures of Y. enterocolitica strains were
diluted 1:50 in 25 ml of TSB supplemented with 20 mM MgCl, and 20 mM
sodium oxalate in 100-ml flasks. Cultures were incubated with aeration at 21°C
for 2.5 h and then transferred to 37°C for 3 h. The ODs,, of the culture was
measured, and the bacterial cells were collected by centrifugation at 1,500 X g for
30 min. Ammonium sulfate (final concentration, 47.5% [wt/vol]) was used to
precipitate proteins from 20 ml of the supernatant. After overnight incubation at
4°C, proteins were collected by centrifugation (at 3,000 X g for 30 min at 4°C)
and washed twice with 1.5 ml of water. Dried protein pellets were resuspended
in 50 to 80 ul of sample buffer and normalized according to the cell count.
Samples were analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) us-
ing 12% polyacrylamide gels, and proteins were visualized by Coomassie brilliant
blue staining.

Analysis of OM proteins. OM proteins were extracted from bacteria grown in
5-ml LB cultures either at 37°C or at RT as described previously (22), with
modifications. Briefly, cells from 1.5-ml samples of the overnight cultures were
recovered by centrifugation (at 3,500 X g for 3 min). Numbers of CFU were
determined by plating serial dilutions. Cells were washed once with 1 ml TE
buffer (10 mM Tris-HCI [pH 8]-1 mM EDTA) and finally resuspended in 800 .l
TE buffer. Cells were broken by sonication with a Branson digital Sonifier
(microtip diameter, 1/8 in.; amplitude, 10%) for three 30-s cycles: each cycle
comprised three 10-s sonication steps separated by 1 s of no sonication, with 30 s
of no sonication between the cycles. Unbroken cells were eliminated by centrif-
ugation (at 3,500 X g for 2 min), and cell envelopes were recovered at 16,000 X
g for 30 min. The inner membranes were solubilized in freshly prepared 2%
sodium lauroyl sarcosinate (wt/vol) for 30 min at RT, and the insoluble OM
proteins were recovered by centrifugation (at 16,000 X g for 30 min at RT). A
second solubilization step for the inner membranes was carried out. Finally, the
OM proteins were resuspended in 70 to 80 pl of sample buffer and normalized
according to the cell count. Samples were analyzed by SDS-PAGE using 12%
polyacrylamide gels, and proteins were visualized by Coomassie brilliant blue
staining.

Animal experiments. Six- to 7-week-old specific-virus-free male BALB/c mice
were inoculated orally with 100 pl of a bacterial mixture containing 10° bacteria
of the wild-type strain or an acyltransferase mutant strain. The mixture was
serially diluted, and appropriate dilutions were plated to determine exact bac-
terial counts. At different time points (3 and 7 days) after infection, five animals
per bacterial strain were euthanized by cervical dislocation and their spleens,
livers, and Peyer’s patches were aseptically removed, weighed, and homogenized
in 2, 5, and 1 ml, respectively, of PBS. The bacterial loads recovered from the
infected organs were determined by plating homogenates and serial dilutions
onto Yersinia selective agar medium plates (Oxoid) to select YeO8 and onto
Km-containing LB plates to select YeO8-AmsbBGB2, YeO8-AhtrBGB, and
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FIG. 1. Negative-ion MALDI-TOF mass spectrometry spectra for
lipid A isolated from Y. enterocolitica serotype O:8 grown at 21°C
(A) or at 37°C (B). Proposed structures corresponding to major peaks
and acyl group positions follow previously reported structures for Yer-
sinia and other Gram-negative bacteria. The results in both panels are
representative of three independent lipid A extractions.

YeO8-AlpxPGB. Results were reported as log numbers of CFU per gram of
tissue. Mice were treated in accordance with the European Convention for the
Protection of Vertebrate Animals Used for Experimental and Other Scientific
Purposes (directive 86/609/EEC) and in agreement with the guidelines of the
Bioethical Committee of the University of the Balearic Islands.

Statistical analysis. The results were analyzed by analysis of variance
(ANOVA) or the one-sample ¢ test using GraphPad Prism software (GraphPad
Software Inc.). Results are given as means =+ standard deviations (SD). A P value
of <0.05 was considered to be statistically significant and was denoted in the
figures with an asterisk.

RESULTS

Temperature-dependent changes in Y. enterocolitica lipid A
structure. Lipid A species synthesized by Y. enterocolitica 8081
serotype O:8 (strain YeOS8) grown either at 21 or 37°C were
characterized by MALDI-TOF mass spectrometry (Fig. 1).
Lipid A extracts from YeOS8 grown at 21°C contained predom-
inantly hexa-acylated species (m/z 1,824) (Fig. 1A) correspond-
ing to two glucosamine residues, two phosphate groups, four
3-OH-C,, units, one C,, unit, and one C,,.; unit. Another
peak (m/z 1,797) may represent a hexa-acylated form of lipid A
containing four 3-OH-C,, units, one C,, unit, and one C,,
unit. The species with m/z 1,414 has also been found in Y.
pseudotuberculosis grown at RT (58) and may represent a tetra-
acylated lipid A containing three 3-OH-C,, units and one C,,
unit. Other species detected were consistent with the addition
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of aminoarabinose to the hexa-acylated form (m/z 1,954) and
with the addition of C,4 to the hexa-acylated form, producing
hepta-acylated lipid A (m/z 2,063) (Fig. 1A).

Lipid A extracts from cells grown at 37°C appeared to be
identical to those described by Rebeil et al. and Oertelt et al.
(52, 58). The main species were a tetra-acylated form (m/z
1,388), containing two glucosamine residues, two phosphate
groups, three 3-OH-C,, units, and one C,, unit, and a hexa-
acylated form (m/z 1,797) (Fig. 1B).

Roles of Y. enterocolitica lipid A late acyltransferases in
temperature-dependent lipid A structure. Lipid A acylation is
dependent on the activities of the late acyltransferases HtrB
(LpxL) and MsbB (LpxM) (57). A third acyltransferase, LpxP,
acts instead of HtrB (LpxL) when bacteria are grown at 12°C
(57). Our data were consistent with the idea that YeO8 homo-
logues of MsbB, HtrB, and LpxP could be responsible for the
addition of C,,, C,,4, and C,.,, respectively, to lipid A. Three
homologues of lipid A acyltransferase genes (corresponding to
locus tags YE2386, YE1612, and YE3829, respectively) were
identified in the YeO8 genome (EMBL accession number
AM286415) (70). In silico analysis suggests that the three genes
do not form part of any operon. Predicted MsbB, HtrB, and
LpxP homologues have 65, 69, and 80% amino acid identities
to E. coli MsbB (LpxM), HtrB (LpxL), and LpxP proteins,
respectively. Furthermore, YeO8 MsbB has 84 and 94% amino
acid identities to Y. pestis CO92 (YPO2063) and Y. pseudotu-
berculosis 1P32953 (YPTB2046) MsbB homologues, whereas
YeO8 HtrB has 91% amino acid identity to the Y. pseudotu-
berculosis 1P32953 (YPTB2490) HtrB homologue. The Y.
pestis genome does not contain an AtrB homologue (59).
Finally, YeO8 LpxP has 91 and 92% amino acid identities
to Y. pestis CO92 (YPO3632) and Y. pseudotuberculosis
1P32953 (YPTB3597) LpxP homologues. Each acyltrans-
ferase gene was mutated to determine whether these genes
were responsible for the temperature-dependent lipid A
variations. Growth rates were determined by measuring the
ODs,, at different time points until the cultures entered the
stationary phase, and bacteria were enumerated by plating.
No significant growth differences among strains at either RT
or 37°C were found.

At 21°C, the msbB mutant (YeO8-AmsbBGB2) produced a
lipid A form similar to that produced by the wild-type strain
but lacking C,, (m/z 1,642). Other peaks may correspond to
further additions of aminoarabinose (m/z 1,773) or C, (m/z
1,880) (Fig. 2A). Lipid A extract from the mutant grown at
37°C lacked C,, and contained three major forms: a tetra-
acylated form (m/z 1,388) also present in the sample from the
wild-type strain, a penta-acylated form (m/z 1,614) containing
four 3-OH-C,, units and one C,, unit, and a triacyl form of
lipid A (m/z 1,178) (Fig. 2B). Lipid A from the h#rB mutant
(YeO8-AhtrBGB) lacked C,, (Fig. 2C and D). Lipid A species
from the htrB mutant grown at 21°C were similar to those from
the wild-type strain (compare Fig. 1A and Fig. 2C). In the
sample from the AfrB mutant grown at 37°C, the predominant
form was triacyl lipid A (m/z 1,178). The lipid A sample from
the IpxP mutant (YeOS8-AlpxPGB) grown at 21°C lacked C,.4
and presented a major hexa-acylated form containing four
3-OH-C,, units, one C,, unit, and one C,, unit (m/z 1,797)
(Fig. 2E). This molecular species could be substituted by C,,
(m/z 2,036). Other species detected were consistent with penta-
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acylated lipid A lacking C,, (m/z 1,588) and tetra-acylated lipid
A (m/z 1,405) lacking C,, and C,,. These two molecular spe-
cies have been found previously in yersiniae (58). Lipid A from
the [pxP mutant grown at 37°C was tetra-acylated (m/z 1,388)
(Fig. 2F). These results suggest that in cells grown at 21°C,
HtrB acts in the absence of LpxP, adding C,, to lipid A. To
further substantiate this finding, a double mutant lacking IpxP
and htrB was constructed and its lipid A was analyzed. The
lipid A sample from this strain grown at 21°C contained a
molecular species with m/z 1,588, consistent with the absence
of C,, in the main molecular species, with m/z 1,797, from the
IpxP mutant. Other species detected were consistent with tetra-
and triacylated lipid A forms (m/z 1,405 and 1,178, respec-
tively). These species also lacked the 2’ secondary substitution.
At 37°C, the predominant form was also triacyl lipid A (m/z
1,178), which is found in the s#B mutant at the same growth
temperature.

In summary, our results confirm the predicted functions of
YeO8 msbB, htrB, and IpxP homologues, the products of which
add C,,, C,,, and C,.,, respectively, to lipid A. Furthermore,
our data suggest that MsbB- and LpxP-dependent acylations of
lipid A occur mainly at 21°C whereas HtrB-dependent acyla-
tion is more apparent at 37°C in the wild-type strain.

Transcriptional regulation of msbB, htrB, and IpxP. The
results described above suggested that the expression and/or
function of the three acyltransferases in YeO8 might be tem-
perature controlled. To monitor transcription of the three late
acyltransferase genes quantitatively, three transcriptional fu-
sions in which a promoterless lucFF gene was under the control
of the acyltransferase promoters were constructed. These fu-
sions were introduced into YeOS8, and the amount of light was
determined. The expression of msbB::lucFF was 12-fold higher
at 21°C than at 37°C (Fig. 3). [pxP::lucFF expression was also
higher at 21°C than at 37°C (Fig. 3). In contrast, htrB::lucFF
expression was higher at 37°C than at 21°C (Fig. 3). These
results gave experimental support to our hypothesis that the
expression of the three late acyltransferases is temperature
regulated.

We asked whether signals other than temperature may alter
the temperature regulation of the three acyltransferases. How-
ever, neither pH (ranging from 5.5 to 7) nor divalent-cation
concentrations (low and high Mg®" and Ca®" levels) affected
the temperature-dependent expression pattern of the three
acyltransferases (data not shown).

Sensitivities of lipid A mutants to chemicals. The OM func-
tions as an efficient permeability barrier against many classes of
molecules, including harmful agents such as detergents and
antibiotics. Mutations in LPS are known to alter the OM per-
meability barrier against toxic compounds (49, 50). Therefore,
we asked whether the OM barriers of the lipid A mutants were
compromised. The sensitivities of the mutants to a panel of
hydrophobic agents were tested by the disk diffusion method.
No differences between the wild-type strain and the mutants in
susceptibilities to crystal violet, DOC, and SDS were found,
regardless of the growth temperature of the strains (data not
shown). However, at 21°C the msbB, htrB, and [pxP mutants
were more susceptible than the wild type to novobiocin (diam-
eters of the halos of inhibition for each strain, 4.1 = 0.7, 3.9 +
0.6,4.2 £ 0.6, and 2.7 £ 0.2 cm, respectively; P < 0.05 for each
comparison between results for a mutant and the wild type). At
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FIG. 2. Negative-ion MALDI-TOF mass spectrometry spectra for lipid A isolated from Y. enterocolitica serotype O:8 acyltransferase mutants.
msbB, YeO8-AmsbBGB2 grown at 21°C (A) or at 37°C (B); htrB, YeO8-AhtrBGB grown at 21°C (C) or at 37°C (D); [pxP, YeO8-AlpxPGB grown
at 21°C (E) or at 37°C (F); IpxP-htrB, YeO8-AlpxPGB::pKNOCKYeinthtrB grown at 21°C (G) or at 37°C (H). The results in all panels are
representative of three independent lipid A extractions.
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FIG. 3. The expression levels of Y. enterocolitica serotype O:8 msbB, htrB, and IpxP acyltransferases are temperature regulated. The levels of
acyltransferase expression by Y. enterocolitica serotype O:8 strains carrying the fusion msbB::lucFF, IpxP::lucFF, or htrB::lucFF and grown at 21 or
37°C were analyzed. Data are presented as means = SD (n = 3). *, results are significantly different (P < 0.05; one-tailed ¢ test) from the results

for 21°C.

37°C, all strains were equally sensitive to novobiocin (data not
shown).

In many pathogens, lipid A acylation is linked to resistance
to antimicrobial peptides (51, 56). Therefore, we evaluated the
resistance of the three mutants to the antimicrobial peptide
polymyxin B. A wealth of data indicates that resistance to this
peptide reflects well the resistance to other mammalian pep-
tides (29, 35, 51, 75). When the strains were grown at 21°C, the
MIC of polymyxin B for the /pxP mutant (0.32 = 0.04 U/ml)
was significantly lower (P < 0.05) than those for the wild-type
and msbB and h#rB mutant strains (0.48 = 0.02, 0.42 = 0.02,
and 0.42 = 0.03 U/ml, respectively). msbB and htrB mutants
were as resistant as the wild-type strain (P > 0.05). At 37°C, the
htrB mutant was more susceptible to polymyxin B (MIC,
0.17 = 0.02 U/ml) than the wild-type and msbB and IpxP
mutant strains (MICs for these strains, 0.38 * 0.02, 0.32 =
0.02, and 0.39 = 0.05 U/ml, respectively; P < 0.05). Except for
the [pxP mutant, the strains were more susceptible to poly-
myxin B when grown at 37°C than when grown at 21°C (P <
0.05 for the comparison of the MICs between temperatures for
a given strain).

Motility and analysis of the flagellar regulon. Y. enteroco-
litica is motile when grown at 21°C but not when grown at 37°C

fIhDC::lucFF

(79). Taking into account that 21°C is also the temperature at
which lipid A is more acylated, we asked whether lipid A
acylation plays any role in Yersinia motility. We quantified the
migration of the wild-type and mutant strains in motility me-
dium (1% tryptone-0.3% agar plates). Figure 4A shows that
msbB and IpxP mutants were less motile than the wild type and
the htrB mutant. Yersinia motility is related to the levels of
flagellins, which in turn are regulated by the expression of
flhDC, the flagellum master regulatory operon (10, 79). There-
fore, we hypothesized that expression of flhDC could be lower
in msbB and IpxP mutants than in the wild type and h#B
mutant. To address this possibility, an fIhADC::lucFF transcrip-
tional fusion (10) was introduced into the chromosomes of the
strains and the amount of light was determined. At 21°C, the
amounts of light in msbB and IpxP mutants were smaller than
those in the wild type and A#rB mutant (Fig. 4B). Complemen-
tation of msbB and IpxP mutants with pTMYemsbB and
pTMYelpxP, respectively, restored fIhDC::lucFF expression to
wild-type levels (Fig. 4B). When the strains were grown at
37°C, all strains produced the same amount of light (data not
shown).

The gene for YeOS8 phospholipase A (YplA) belongs to the
flagellar regulon and hence its expression is regulated by flhDC
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FIG. 4. Motility and flhDC and yplA expression patterns are altered in Y. enterocolitica serotype O:8 acyltransferase mutants. (A) Results from
a motility assay on a semisolid agar plate. Shown are the motilities after 24 h of incubation at RT. Data are presented as means = SD (n = 3).
Strains are listed according to the relevant genotype. (B) Analysis of flhDC expression by strains carrying the transcriptional fusion flhDC::lucFF.
Results are given in RLU per ODsy,,. (C) B-Galactosidase activity production by yplA'::lacZYA present in different strains (3-galactosidase values
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FIG. 5. inv expression is altered in Y. enterocolitica serotype O:8 acyltransferase mutants. (A) AP activities exhibited by wild-type (YeOS),
YeO8-AmsbBGB2 (AmsbB), YeO8-AlpxPGB (AlpxP), YeO8-AhtrBGB (AhtrB), YeO8-AmsbBGB2/pTMYemsbB (AmsbB/pTMYemsbB), and
YeO8-AhtrBGB/pTMYehtrB (AhtrB/pTMYehtrB) strains carrying an inv::;phoA translational fusion (AP activity is expressed in enzyme units per
ODyg unit, and data are means = SD [n = 3]). (B) Analysis of rovA expression by strains carrying the transcriptional fusion rovA::lucFF. Results
are given in RLU per ODsy,. *, results are significantly different (P < 0.05; one-tailed ¢ test) from the results for YeOS8 (wild-type strain).

(62, 77, 78). Furthermore, YplA is secreted by the flagellar
type III secretion system (62, 77, 78). Considering that flhDC
expression was downregulated in msbB and IpxP mutants, we
speculated that ypl4 expression could be affected in both mu-
tants. The transcriptional fusion ypl4::lacZYA (63) was intro-
duced into the chromosomes of the wild type and the lipid A
mutants and the -galactosidase activities were measured. In-
deed, the B-galactosidase activities were lower in msbB and
IpxP mutants than in the wild type and the h#B mutant (Fig.
4C). Plasmids pTMYemsbB and pTMYelpxP complemented
the msbB and IpxP mutants, respectively (Fig. 4C).

In summary, these results indicate that the flagellar regulon
is downregulated in msbB and [pxP mutants, with a concomi-
tant decrease in motility and downregulation of ypl4 expres-
sion.

Invasin in lipid A mutants. Inv is an OM protein of Y.
enterocolitica responsible for invasion of the host (48, 54).
Badger and Miller (7) have shown that motility and Inv are
coordinately regulated. The reduced motility shown by msbB
and /pxP mutants prompted us to determine whether inv ex-
pression was altered in the lipid A mutants. An inv:iphoA
translational fusion (53) was introduced into the genomes of
the strains, and inv expression was monitored as AP activity
(Fig. 5A). Levels of AP activity in the msbB and htrB mutants
were significantly lower than those in the wild type and the lpxP
mutant. The lowest AP activity was displayed by the msbB
mutant. Plasmids pTMYemsbB and pTMYehtrB restored AP
activity to wild-type levels. These differences in inv expression
prompted us to study the abilities of the lipid A mutants to
invade epithelial cells by using a gentamicin protection assay.
The percentages of invasiveness of the msbB and htrB mutants
for HeLa cells were significantly lower (13% = 3% and 18% =+
4%, respectively) than that of the wild-type strain (26% = 4%;
P < 0.05). Plasmids pTMYemsbB and pTMYehtrB restored
the invasiveness of the msbB and h#rB mutants to wild-type
levels (21% =+ 3% and 27% =+ 2%, respectively). The percent-
age of invasiveness of the IpxP mutant (25% = 4%) was not
significantly different from that of the wild type (26% = 4%;
P > 0.05).

RovA, a member of the Sly/Hor transcriptional activator
family, is required for inv expression in Y. enterocolitica (60).
Therefore, the low levels of inv expression in the msbB and
htrB mutants could be caused by the downregulation of rovA4
expression, among other possibilities. To address this issue, a
rovA::lucFF transcriptional fusion was introduced into the ge-
nomes of the wild type and the lipid A mutants and the amount
of light was determined. Results shown in Fig. 5B demonstrate
that rovA expression was not altered in the mutants.

Together, our data show that inv expression is downregu-
lated in msbB and htrB mutants, although this effect is not
caused by downregulation of the expression of rovA4, the pos-
itive transcriptional regulator of inv.

Impact of lipid A acylation on production of YadA and Yops.
In several pathogens, the LPS status affects the expression of
the type III secretion systems (5, 55, 74). In addition, a Sal-
monella msbB mutant is impaired in the secretion of proteins
belonging to the Salmonella pathogenicity island 1 (SPI-1) type
III secretion system (73). Therefore, we asked whether the
production of the Yersinia pYV-encoded type III secretion
system is altered in the lipid A mutants. At 37°C in the pres-
ence of low calcium concentrations, this system secretes a set
of proteins called Yops that enable the pathogen to multiply
extracellularly in lymphoid tissues (for a review, see references
17 and 18). Analysis of Yop secretion revealed that the three
lipid A mutants secreted levels of Yops similar to those se-
creted by the wild-type strain (Fig. 6A).

Another virulence gene carried by pYV is yadA, whose ex-
pression is induced only at 37°C (64). YadA is an OM protein
mediating bacterial adhesion, bacterial binding to proteins of
the extracellular matrix, and complement resistance (for a re-
view, see reference 25). OM proteins were purified from bac-
teria grown at 37°C, and YadA expression was analyzed by
SDS-PAGE (Fig. 6B). All strains produced similar amounts of
YadA. The levels of other OM proteins were similar in all
strains regardless of the growth temperature (Fig. 6B).

Taken together, these results suggest that the production of
the pYV-encoded virulence factors Yops and YadA is not
altered in the lipid A mutants.
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FIG. 6. The levels of expression of Yops and YadA are not affected in Y. enterocolitica serotype O:8 acyltransferase mutants. (A) SDS-PAGE
analysis (the acrylamide concentration was 4% in the stacking gel and 12% in the separation one) and Coomassie brilliant blue staining of proteins
from the supernatants of Ca®>"-deprived cultures. (B) SDS-PAGE analysis (the acrylamide concentration was 4% in the stacking gel and 12% in
the separation one) and Coomassie brilliant blue staining of OM proteins purified from strains grown in LB medium either at 21°C or at 37°C.
The white arrow marks YadA protein. MW, molecular weight marker; YeOS8, wild type; AmsbB, YeO8-AmsbBGB2; AlpxP, YeO8-AlpxPGB;
AhtrB, YeO8-AhtrBGB. The results in both panels are representative of three independent experiments.

Virulence of lipid A mutants. BALB/c mice were infected
orogastrically, and 3 and 7 days postinfection, mice were dis-
sected. The numbers of bacteria present in the Peyer’s patches,
spleens, and livers were determined by plating. Bacterial loads
were recorded as log numbers of CFU per gram of tissue (Fig.
7). At 3 days postinfection, all strains colonized Peyer’s patches
(Fig. 7A). The msbB mutant colonized the organ as efficiently
as the wild-type strain, whereas the load of IpxP mutant bac-
teria was higher than that of wild-type bacteria (P < 0.05;
one-way ANOVA) (Fig. 7A). In contrast, the h#B mutant
colonized the Peyer’s patches less efficiently than the wild type
(P < 0.05; one-way ANOVA) (Fig. 7A). Similar profiles for the
spleen and liver were obtained (Fig. 7A). The AfrB mutant
colonized both organs less efficiently than the wild type (P <
0.05; one-way ANOVA); no differences between the msbB
mutant and the wild type were found, whereas loads of IpxP
mutant bacteria were higher than those of wild-type bacteria
(P < 0.05; one-way ANOVA). At 7 days postinfection, in-
creased loads of bacteria of all strains in all tissues were found
(compare Fig. 7A and B). In Peyer’s patches, the loads of
bacteria of the three lipid A mutant strains and the wild-type
strain were not significantly different (Fig. 7B). However, in
spleen and liver tissues, the loads of 4frB mutant bacteria were
significantly lower than those of wild-type bacteria (P < 0.05;
one-way ANOVA) (Fig. 7B). Loads of msbB and [pxP mutant
bacteria were similar to those of wild-type bacteria (Fig. 7B).

DISCUSSION

In contrast to other Enterobacteriaceae, pathogenic yersiniae
show temperature-dependent variations in lipid A acylation
(this work and references 6, 9, 38, 58, and 59). At 21°C, Y.
enterocolitica synthesizes hexa-acylated lipid A containing four
3-OH-C,, units, one C,;, unit, and either one C,..; or one C,,
unit. At 37°C, Y. enterocolitica produces mainly tetra-acylated
lipid A and smaller amounts of hexa-acylated lipid A contain-
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FIG. 7. Bacterial counts for mouse organs at 3 days postinfection
(A) or 7 days postinfection (B). Mice were infected orally with 100 .l of
a bacterial mixture containing 10° bacteria of the wild type (YeO8; [J) or
the acyltransferase mutant YeOS8-AmsbBGB2 (AmsbB; @), YeOS8-
AhtrBGB (AhtrB; V), or YeO8-AlpxPGB (AlpxP; A). Results were re-
ported as log numbers of CFU per gram of tissue. Symbols indicate results
for individual mice, and horizontal lines indicate means for groups.
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ing C,,. The first aim of our study was to characterize the
acyltransferases of Y. enterocolitica responsible for lipid A
acylation and to determine whether their expression is tem-
perature regulated.

By constructing mutants and analyzing their lipids As, we
showed that msbB, htrB, and [pxP encode the acyltransferases
responsible for the addition of C,,, C,,, and C,.,, respectively, to
lipid A. Furthermore, Y. enterocolitica enzymes acylate the same
lipid A positions as the E. coli ones. However, despite the simi-
larity to the E. coli acyltransferases, Y. enterocolitica MsbB and
HtrB add C,, and C,,, respectively, whereas E. coli MsbB and
HtrB transfer C,, and C,,, respectively (this work and reference
57). Acyltransferases discriminate among acyl groups with differ-
ent chain lengths by using the so-called hydrocarbon rulers (2, 76),
but the specificities of homologous acyltransferases from different
bacteria for a preferred chain length may result from a single
amino acid change (76). Transcriptional analysis revealed that the
expression of msbB was higher at RT than at 37°C, which was
consistent with the reduced levels of lipid A molecules containing
C,, (m/z 1,797) in the wild-type strain at 37°C. [pxP transcription
was also higher at RT than at 37°C, and lipid A molecules from
YeO8 grown at 37°C did not contain C, ;. There is a correlation
between the expression patterns of msbB and IpxP and the detec-
tion of lipid A molecules containing C,, and C,, ;. Nevertheless,
we cannot rigorously rule out that posttranscriptional effects
and/or enzyme catalytic activity sensitive to temperature may also
be responsible for lack of acylation. The expression of AtrB was
higher at 37°C than at RT, although the temperature-dependent
regulation was not as dramatic as that of the other two acyltrans-
ferase genes, thereby suggesting that 47B may also be expressed
at 21°C. Indeed, HtrB-dependent lipid A acylation, i.e., addition
of C,,, could be detected at both temperatures. In addition, HtrB
transfers C,, to the 2'-3-OH-C,, position of lipid A disaccharide
in the [pxP mutant grown at 21°C, further indicating that htrB is
expressed at 21°C. Similar findings for E. coli have been reported
by Vorachek-Warren et al. (72). These authors have conclusively
demonstrated that LpxP- and HtrB-dependent enzymatic activi-
ties are simultaneously present in E. coli membranes from bacte-
ria grown at 12°C, a temperature at which LpxP activity is dis-
played by E. coli. Moreover, in an /pxP mutant grown at 12°C,
HtrB is responsible for 2'-position acylation, hence indicating that
HtrB activity is not compromised at 12°C. Why then does LpxP
act instead of HtrB even though both enzymes are expressed at
low temperatures (21°C for YeOS8 and 12°C for E. coli)? It is
reasonable to postulate that there must be competition between
LpxP and HtrB activities during growth at low temperatures. In
addition to other possible explanations, the composition of the
acyl-ACP pool definitely influences the ability of the acyltrans-
ferases to catalyze acylation reactions. In this regard, it is known
that the activity of the B-ketoacyl-ACP synthase is various mag-
nitudes of order higher at low temperatures than at 37°C (28),
which may result indirectly in diminished availability of C,, (C,,
in E. coli)-ACP relative to C,.,-ACP. Another nonexclusive ex-
planation is that the specific activity of LpxP may be higher than
that of HtrB at low temperatures. However, to date the optimal
conditions for assaying these enzymes have not been studied in
depth.

A remaining issue is to explain at the molecular level the
unique tetra-acyl lipid A (m/z 1,388) found in the wild type
grown at 37°C. This species has been described previously for
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Y. enterocolitica (6, 52, 58) and is consistent with 3" O deacy-
lation of lipid A. Similarly deacylated lipid As have been found
in S. enterica serovar Typhimurium and Helicobacter pylori (61,
67). For both pathogens, the hydrolase, named LpxR, remov-
ing the 3’-acyloxyacyl residue of lipid A has been identified
recently (61, 67). In silico analysis of the genome of Y. entero-
colitica revealed that this pathogen may encode an orthologue
of this enzyme. Studies to examine whether Y. enterocolitica
LpxR is indeed responsible for lipid A deacylation at 37°C are
ongoing.

A second aim of this study was to test the hypothesis that the
lipid A acylation status is important for Y. enterocolitica viru-
lence. First, we assessed whether the permeability barrier of
the OM was compromised in the acyltransferase mutants. Of
the hydrophobic agents tested, only novobiocin displayed in-
creased bactericidal activity against the three mutants, and this
was true only when bacteria were grown at 21°C. These results
suggest that the OM is not grossly altered in the mutants. In
addition, the expression patterns of OM proteins in all strains
were similar, further supporting the idea that the OM is not
altered in the acyltransferase mutants. Second, we tested the
susceptibilities of the mutants to polymyxin B, taken as a model
antimicrobial peptide. At 21°C, the IpxP mutant was the strain
most susceptible to polymyxin B, whereas at 37°C, the h#rB
mutant was the most susceptible strain. These results point
out that in Y. enterocolitica, in contrast to other bacteria
(71), the substitution of the 2'-R-3-hydroxymyristoyl group,
and not that of the 3’ group, is required for polymyxin B
resistance. Furthermore, the type of fatty acid also seems to
be important because the /pxP mutant is susceptible to poly-
myxin B even though the 2'-R-3-hydroxymyristoyl group is
substituted by C,,.

A striking finding in our work is that the levels of expression
of flhDC, yplA, and inv in the lipid A mutants were affected.
Expression of flhDC was lower in the msbB and [pxP mutants
than in the wild type, which was consistent with the reduced
motility of these mutants. Our results are in good agreement
with those previously reported showing that the levels of flhDC
determine the levels of flagellin and motility (10, 79). Taking
into consideration previous studies demonstrating that the ex-
pression levels of flhDC correlate with ypl4 expression (10, 79),
we hypothesized that ypl4 expression was downregulated in
msbB and IpxP mutants. Indeed, our results confirmed that this
was the case. On the other hand, Badger and Miller (7) have
shown that motility and Inv are coordinately regulated. There-
fore, we speculated that inv expression could be altered in
msbB and IpxP lipid A mutants. In partial agreement, we found
that inv expression was downregulated in msbB and htrB mu-
tants but not in the /pxP mutant. Of note, Inv levels correlated
well with the abilities of the strains to invade HeLa cells.
Collectively, our data support the notion that changes in lipid
A acylation may act as a regulatory signal by acting on a
transduction pathway(s). There are several mechanistic possi-
bilities to explain the altered flhDC and inv expression patterns
in the lipid A mutants. One could postulate that the expression
of regulators for flhDC and inv could be altered in the mutants.
So far at least three proteins, RovA, OmpR, and H-NS, have
been identified as factors in the regulatory network connecting
fIhDC and inv expression levels in Yersinia (13, 24, 55, 60; C. M.
Llompart and J. A. Bengoechea, unpublished data). Our data
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already showed that low inv expression found in the mutants
was not caused by downregulation of rovA4 expression. On the
other hand, considering that the factors studied either are
expressed on the OM, as in the case of Inv and LPS, or require
a membrane-associated system, as in the case of flhDC-depen-
dent flagellum synthesis, we are keen to investigate whether
changes in lipid A acylation could be detected by the so-called
extracytoplasmic stress-responsive pathways, which in turn
control gene expression patterns. We and others have shown
that the Cpx system plays a role in LPS O antigen and inv
regulation (11, 15) and that lipid A deacylation induces oF
responses in E. coli (69). Experiments to test whether a Cpx-
and/or o"-dependent pathway(s) underlies the regulatory con-
nection between the lipid A status and the expression of other
virulence factors are under way.

Ultimately, we examined whether msbB, IpxP, and htrB acyl-
transferases play a role in Y. enterocolitica virulence. In sharp
contrast to other enterobacteria (16, 21, 39, 66), the msbB
mutant was as virulent as the wild type. This could simply
reflect the fact that msbB-dependent lipid A acylation was
reduced at 37°C, the host temperature. Intriguingly, at 3 days
postinfection, /pxP mutant bacteria were recovered from the
organs of mice in higher numbers than wild-type bacteria. At
present, we can only speculate on the underlying explanation.
A tantalizing hypothesis is that substitution of C,4.; by C,, in
lipid A somehow facilitates the survival of Y. enterocolitica
during the initial stages of infection. Nevertheless, at 7 days
postinfection, loads of [pxP mutant bacteria and wild-type bac-
teria were not significantly different, and this result is consis-
tent with the lack of LpxP-dependent acylation at 37°C. Viru-
lence experiments revealed that the h#B mutant was less
virulent than the wild type. htrB mutants of other species also
show defects in host-pathogen interactions (1, 19, 36). At 3
days postinfection, the A#rB mutant was not able to colonize
Peyer’s patches as efficiently as the wild type and it did not
disseminate into deeper organs. At least two nonexclusive ex-
planations may account for the low-level colonization of
Peyer’s patches: (i) the level of penetration of the intestinal
epithelium by the mutant is low and (ii) the mutant is cleared
by a host defense mechanism present in the tissue. In support
of the former, inv expression was lower in the mutant than in
the wild type and the mutant was impaired in its ability to
invade epithelial cells. However, the msbB mutant also ex-
pressed less inv in vitro than the wild type but it colonized
Peyer’s patches as efficiently as the wild type. Supporting the
latter explanation, the AfrB mutant was more susceptible than
the wild type to polymyxin B, taken as a model of host anti-
microbial peptides. This possibility alone cannot explain the
mutant attenuation because the load of mutant bacteria in-
creased at 7 days postinfection compared to that at 3 days
postinfection. Another alternative may be that bacterial sys-
tems necessary to dismantle host defense mechanisms, like the
pYV-encoded Yop arsenal of antihost proteins, are not fully
functional in the mutant. However, Yop secretion in the 7B
mutant was not affected. On the other hand, it is known that
for efficient Yop translocation to the eukaryotic cell cytosol,
intimate bacterium-cell interaction, which is thought to be me-
diated by Inv and YadA, is required (30). Although YadA
expression was not affected, Inv-mediated adhesion was com-
promised in the mutant, thereby suggesting that Yop translo-
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cation by the mutant could be not as efficient as that by the wild
type. Studies to test this possibility are ongoing.
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