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the role of Waal ligases of Yersinia enterocolitica o:3 and o:8 in lipopolysaccharide ...
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Aim. The aim of current studies was to estimate participation of WaaL ligases in lipopoly­
saccharide (LPS) biosynthesis of Yersinia enterocolitica O:3 and O:8 (YeO3, YeO8) and 
determine the role of ligases for bacterial growth in conditions of osmotic pressure. 
methods. The single and double waaL mutants were created by allelic exchange strate­
gy. Phenotypes of created mutants were visualized by silver­stained DOC­PAGE and im­
munoblotting with specific OC and O­Ag monoclonal antibodies. The growth media with 
3,5 % NaCl was used as a sensitivity assay. results. Deletion of waaLOS gene from YeO3 
genome has a marked effect on OC ligation either in single or double mutants. The waaLPS 
deletion has an opposite effect on the OPS ligation – barely detected increasing of OPS 
bands. A dramatic decreasing of growth potential in hypertonic medium was observed 
only in YeO3 double ligase mutant. conclusions. The importance of WaaL ligase for en­
vironmental stress resistance was detected only for YeO3 double mutant. Single ligase 
gene deletions not affect the osmotic resistance of bacteria, which could be explained as 
compensation of damaged ligase function by another ligase. 

Keywords: Yersinia enterocolitica, LPS, WaaL ligases, osmotic pressure.

introduction. Yersinia enterocolitica is a gastrointestinal pathogen that infects 
a variety of mammals. In Europe, yersiniosis is the third most common bacte-

rial zoonosis after campylobacteriosis and salmonellosis [1]. Among humans, 
the pathway of Y. enterocolitica associates with intestinal disease, such as en-
terocolitis, with inflammatory diarrhea, ileitis, mesenteric appendicitis and gas-
troenteritis. A diarrheal disease sometimes followed by post-infectious reactive 
arthritis.

As all Gram-negative bacteria, Y. enterocolitica contains an outer leaflet with 
a large number of LPS. It is a glycolipid consists of three domains: lipid A moiety, 
the core and the distal O-polysaccharide. The antigenic variation of OPS in Y. en-
terocolitica isolates are distinguished serologically. Nowadays, more than 50 se-
rotypes are known, of which O:3, O:5, 27, O:8 and O:9 are pathogenic [2]. The 
homopolymeric O-Ag is composed of β1,2-linked 6-deoxy-L-altrose residues. 
Together with the hexasaccharide core, the O-Ag is linked to the inner core of 
LPS to form a branched structure in YeO3 [3].
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Table 1. Bacterial strains and plasmids

Strain Genotype Reference

Ye
rs

in
ia

 e
nt

er
oc

ol
iti

ca

6471/76 YeO3 wild type strain, patient isolate [7]
6471/76-c YeO3-c virulence plasmid cured derivative of 6471/76 [7]
YeO3_Δos waaLos::pSW23Tlig1727su This work
YeO3_Δps waaLps::pSW29-lig532del, KmR This work

YeO3_Δos_Δps waaLos::pSW23T-lig1727su waaLps::pSW29-lig532del, 
KmR

This work

8081 YeO8 wild type strain, patient isolate [8]
8081-L2 R-M + derivative of wild-type strain 8081; serotype O:8; pYV+ [9]

8081-Res R-M + derivative of 8081-c; serotype O:8; the pYV-cured 
derivative of 8081

[10]

YeO8_Δos waaLos::pSW23T-lig1727su, pYV+, ClmR This work
YeO8_Δps waaLps::pSW29-lig532del, KmR This work

YeO8_Δos_Δps waaLos::pSW23T-lig1727su waaLps::pSW29-lig532del, 
ClmR, KmR This work

E
sc

he
ric

hi
a 

co
li

ω7249 Β2163Λnic35, E. coli strain for suiside vector delivery,  
requirement for diaminopimelic acid 0.3mM, KmR

[11]

S17-1λ pir A-pir lysogen of S17-1, E. coli strain for suiside vector 
delivery

[12]

DH10B F- mcrA Δ(mrr-hsdRMS-mcrBC), Φ80lacZΔM15 ΔlacX74 
recA1 endA1 araD139 Δ(ara, leu)7697 galU galK λ-rpsL 
nupG tonA

Life 
Technologies

CLM24 DwaaL derivative of W3110 [13]
Plasmids

pSW23T Suicide vector, ClmR [14]
pTM100 Mobilizable cloning vector, ClmR TetR [15]

pLos waaLOS of YeO3 cloned in pTM100, TetR [4]
pLps waaLPS of YeO3 cloned in pTM100, TetR [4]

LPS biosynthesis is a complex process 
that includes the stepwise transformation 
of the primary substrate under enzymatic 
treatment. The WaaL proteins involved in 
the ligation of OC and O-Ag onto the lipid A 
core. Based on in silico investigations, 
Y. enterocolitica genome contains at least 
three gens responsible for the WaaL pro-
teins expression [4].

Yersinia pestis and Yersinia pseudo­
tuberculosis, however, carry only the one 
gene. Also, in the other bacteria studied this 
far, such as E. coli or Salmonella only one li-
gase gene has been described as a respon-
sible for the ligation of LPS moieties.

In this work, we characterized the LPS 
phenotype formation in waaL mutants of 
YeO3 and YeO8 and analyzed the role of 
WaaL ligases in environmental stress resist-
ance. As a stress agent hypertonic growth 
medium was used.

Materials and methods
Bacterial strains and culture condi-

tions. The bacterial strains and plasmids 
are listed in Table 1. Y. enterocolitica strains 
were grown at 22–25 °C (RT) and E. coli 
strains at 37 °C in Luria Broth (LB) media. LB 
supplemented with 1.5 % Bacto Agar was 
used for all solid cultures. CIN agar was 
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used for selecting transconjugants follow-
ing mating experiments. When appropriate, 
antibiotics were added to the media at the 
following concentrations: kanamycin (Km), 
100 μg/ml in agar plates and 20 μg/ml in 
broth; chloramphenicol (Clm) and tetra-
cycline (Tet), 20 μg/ml.

DNA procedures. All enzymes were 
used according to supplier’s specification. 
Isolation of plasmids and genomic DNA 
were done with kits. Small-scale plasmid 
DNA preparations were carried out using 
plasmid mini prep kits. Plasmid DNA was 
moved into Y. enterocolitica by electropo-
ration or by heat shock transformation. Re-
combinant plasmids were mobilized from 
E. coli strains to Y. enterocolitica by conju-
gation.

Construction of mutants. The waaLOS 
and waaLPS genes were amplified by PCR 
with the primer pairs O3ligYE1727F5 & 
O3lig YE1727R5 and O3ligYE532F2 & O3lig-
YE532R2 using the Dynazyme II DNA-poly-
merases (Thermo Scientific) and genomic 
DNA of Y. enterocolitica O:3 as a template. 
Amplified DNA was purified with Kit method 
and digested with NsiI (Mph 1103I) for 
waaLOS gene and PstI for waaLPS. Digested 
and purified fragments were cloned into 
PstI digested suicide vector pSW23T and 
the constructed plasmids were named as 
pSW23T-waaLOS and pSW23T-waaLPS re-
spectively. The constructions were mobi-
lized from E. coli ω7249 into Y .enterocolitica 
O:3 and O:8 strains by conjugation as de-
scribed earlier [4]. For elimination suicide 
vector and the wild-type genes were used 
optimized cycloserine enrichment method 
previously described by Biedzka-Sarek [5]. 
For large-scale screening of knock-out mu-
tants among ClmS colonies we were used 
Colony hybridization kit method (Roche). 
Isolated genomic DNA from negative colo-
nies were diluted and used as a template for 
PCR with different primer pairs. DNA from 

the wild-type bacteria was used as a con-
trol.

Complementation. The waaLOS and 
waaLPS genes were amplified with Phusion 
DNA polymerase from YeO3-c with O3lig-
Ye1727f & O3ligYe1727r, O3ligYe532f & O3l-
igYe532r primer pairs. The PCR fragments 
were phosphorylated with polynucleotide 
kinase in the presence of 10mM ATP, di-
gested with EcoRI and ligated with EcoRI 
and ScaI digested, SAP-treated pTM100. 
The constructed plasmids were electropo-
rated into S17-1λ pir with further mobiliza-
tion into YeO3 and YeO8 ligase mutants by 
conjugation. Obtained colonies were 
screened on appropriate antibiotic plates 
with CIN agar [4].

sDs-pAGE analysis and Western im-
munoblotting. To detect OC and OPS ex-
pression in obtained mutants, bacteria 
were grown overnight at RT in 5 ml of LB with 
an appropriate antibiotics. The wholecell 
lysates were prepared from 1 ml of bacterial 
cultures (OD600 adjusted to 0.2). The cul-
tures were centrifuged for 15 min (1,500 x g), 
and pellets were resuspended in 100 μl of 
Laemmli sample buffer. The mixtures were 
heated at 95–99 °C for 10 min before being 
loaded onto sodium dodecyl sulfate-poly-
acrylamide gel (SDS-PAGE). The Western 
blotting O-polysaccharide, outer core and 
inner core expression were detected by O:3 
specific 2B5 & TomA6 and O:8 specific 1F1 
monoclonal antibodies [6]. The secondary 
antibody was rabbit anti-mouse peroxida-
se-conjugated immunoglobulins (P0260; 
dilution 1:2,000). Antibody binding was de-
tected by chemiluminescence using the 
ECL Western blotting detection reagents 
(Amersham Pharmacia Biotech) according 
to the manufacturer’s instructions [5].

sensitivity assay
The bacterial strains were grown over-

night at RT in 5 ml of LB with an appropriate 
antibiotics. Salt endurance of strains was 
measured in LB medium containing 3.5% 
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NaCl. The strains were washed and inocu-
lated into LB, followed by measuring the OD 
at 600 nm at regular time interval [16]. For 
the measuring of bacterial growth the Bio-
screen system was used (5101370 Bio-
screen Analyzer 220.110 V). During grow-
ing the microorganisms increase the tur-
bidity of their growth medium. By measuring 
the turbidity of the medium over time, an 
optical density (OD) curve can be generat-
ed. Turbidometric measurements are made 
kinetically during the course of the run. 

Results and discussion
Construction of mutants. To charac-

terize the role of WaaL ligase in the LPS bio-
synthesis we constructed single and dou-
ble mutants from fully virulent Y. enterocoli­
tica O:3 and O:8 bacteria. To simplify the 
recognition of the mutants, the strains were 
named as YeO3_os and YeO8_os for  waaLOS, 
YeO3_ps and YeO8_ps for waaLPS and 
YeO3_os_ps and YeO8_os_ps for double 
mutants. 

In two steps, with help of allelic ex-
change strategy, we managed to inactivate 
the waaLOS and waaLPS encoding regions in 
bacterial genome. Firstly, the merodiploids 
were obtained from transconjugants, which 
contained the suicide vector pSW23T. Se-
condly, cycloserine was used to enrich co-
lonies in which the second crossing over 
had excluded the suicide vector and the 
waaL gene. The previously described cy-
closerine enrichment method was addition-
ally optimized [5]. It was considered the 
possibility that constructed merodiploids 
(MD) not fully resistant to Clm, as it should 
be. To examine this possibility we tested dif-
ferent conditions (concentration of Clm, in-
cubation time, density of bacteria, etc.) 
(data not shown).

Obtained mutants were confirmed by 
colony hybridization method, which was 
used for specific detection of the deletion in 
the waaL gene among chloramphenicol 

sensitive bacteria (ClmS). Further verifica-
tion of deletion was performed by PCR and 
Southern blot. The LPS phenotype was vi-
sualized with help of DOC-PAGE & silver 
staining and immunoblotting with specific 
OC and O-Ag monoclonal antibodies.

sDs-pAGE analysis and Western im-
munoblotting. We used two approaches to 
visualize the LPS phenotype expression: 
1) Silver staining of DOC-PAGE; 2) Immuno-
blotting with OC and O-Ag specific anti-
bodies.

It is noticeable from the silver staining of 
DOC-PAGE that deletion in the waaLOS 
gene leads to dramatic decreasing of OC 
expression and appearing of strong inner 
core (IC) bands in YeO3 and YeO8 ligase 
mutants (Fig.1, 2). However, a level of O-Ag 
expression reduced, as well, compare to 
mutant with deletion in waaLPS gene. The 
deletion in the waaLPS gene seems to be not 
significant for OC expression and stimula-
tion of OPS ligation was observed. In case 
of double YeO3_os_ps mutants, it is notice-
able a strong IC band and absence of OC 
expression (Fig. 1).

Western blotting analysis of YeO3 ligase 
mutants and their complementation of sin-
gle and double mutants were performed 
with the OC-specific mAb 2B5 and O-Ag-

fig. 1. Silver stained DOC-PAGE (left) and 
Immunoblotting with mAb TomA6 and 2B5 (right) of 
YeO3 strains
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O:3 and O:8 waaL mutants only the YeO3_
os_ps double mutants showed high sensi-
tivity to overdose NaCl concentration in the 
media (Fig. 3). However, the double ligase 
mutants of YeO8 showed significant stimu-
lation of growth, compare to the wild type. 
The single ligase mutants of both serotypes 
showed similar results. The waaLOS ligase 
mutants behaved in the same way as the 
wild type bacteria. In contrast, YeO3_ps and 
YeO8_ps mutants showed slightly hire re-
sistance to salted media then the wild type. 
The complementation of the ligase mutants 
with functional genes didn’t show a proper 
filling of the lost function; ones were ex-
tremely sensitive to the salted media.

In conclusions, we have been able to 
show that deletion of waaL ligases from 
Y. enterocolitica genome affected creation 
of the LPS’ phenotypes. To elucidate the 
bio logical significance of waaL genes we 
analyzed ligase mutants’ growth curves in 
hypertonic media and found absence of 
growth among double ligase mutants of 
YeO3. All single mutants and double mu-
tants of YeO8 demonstrated the growth po-
tential closed to the wild type bacteria.

specific mAb TomA6 (Fig. 1). The deletion 
in the waaLOS gene resulted in reduction of 
OC expression, as it was shown with silver 
stained DOC-PAGE. Also, waaLOS-knock-
out mutant complemented with functional 
waaLOS gene showed full recovery of OC 
and decreasing of O-Ag expression in the 
same time (data not shown).

Similar results were obtained with dou-
ble mutants and variants with complemen-
tation (data not shown). The LPS profile of 
double YeO3_os_ps mutants in immuno-
blotting was not efficient. One could specu-
late that deletion of both ligases leads to 
unrecognizable changes in LPS structure. 
The complementation with functional 
waaLOS and waaLPS genes showed inhibi-
tion of O-Ag expression and full recovery of 
OC in both cases. Disruption in the waaLPS 
gene as a single mutation leads to hardly 
noticeable stimulation of OPS expression.

Immunoblotting with YeO8 strains was 
performed with YeO8’ LPS specific mono-
clonal antibodies 1F1. The waaLOS gene 
deletion result in reduction of OC expres-
sion, as it was shown with silver stained 
DOC-PAGE with the same mutant. Howev-
er, removing of waaLPS gene as a single mu-
tation leads to barely detected stimulation 
of OPS expression and induction of IC crea-
tion. For both YeO8_os and YeO8_ps mu-
tants the over expression of IC was ob-
served. The YeO8_os_ps mutants didn’t 
show clear LPS’ phenotype difference in 
case of silver stained DOC-PAGE. The im-
munoblotting of double mutants with spe-
cific monoclonal antibodies didn’t give any 
results. It was considered that LPS subunits 
were changed under mutagenesis which is-
sued in not detectible structure (Fig. 2). 

sensitivity assay. Besides, the waaL 
deletions caused the alteration in the mem-
brane profiles (Fig. 1, 2), it might have an 
impact on the structure and characteristics 
of the membrane. In stress response expe-
riments among the Yersinia enterocolitica 

fig. 2. Silver stained DOC-PAGE (right) and 
Immunoblotting with mAb 1F1 (left) of YeO8 strains.
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fig. 3. The growth curves of waaL mutants of YeO3 and YeO8 in hypertonic medium.
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Ìеòà. ìетою даних досл³джень була оц³нка 
участ³ WaaL л³газ в синтез³ л³попол³сахариду 
(ëПс) бактер³й Yersinia enterocolitica O:3 ³ î:8 
(YeO3, YeO8) та визначення участ³ л³газ у фор-
ìуванн³ ростового потенц³алу бактер³й в уìо-
вах осìотичного тиску. Ìеòодè. îдиночн³ та 
подв³йн³ ìутанти waaL були створен³ шляхоì 
обì³ну алеляìи. Фенотипи створених ìутант³в 
в³зуал³зували за допоìогою гел³в DOC-PAGE, 
забарвлених ср³блоì, та ³ìуноблоту з³ специ-
ф³чниìи до кору ³ î-Ag ìоноклональниìи ан-
тит³лаìи. äля анал³зу стресост³йкост³ ìутант³в 
використовували г³пертон³чне живильне сере-
довище, в якоìу анал³зували ростов³ крив³ бак-
тер³й. Резуëüòàòè. âидалення гену waaLOS ³з 
геноìу бактер³й YeO3 суттєво впливає на л³гу-
вання кору як в одиничних, так ³ у подв³йних ìу-
тант³в. äелец³я гену waaLPS ìає протилежний 
вплив на л³гування OPS – в³дбувається ледь 
поì³тна стиìуляц³я. ð³зке зниження ростово-
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го потенц³алу бактер³й в г³пертон³чноìу сере-
довищ³ спостер³гали т³льки у подв³йних ìутан-
т³в бактер³й YeO3. вèñíовкè. óчасть WaaL л³газ 
у форìуванн³ ст³йкост³ бактер³й YeO3 до г³пер-
тон³чного середовища виявлена т³льки при де-
лец³ї обох ген³в л³газ. îдиночн³ ìутанти за ге-
наìи л³газ не проявляють особливої чутливост³ 
до осìотичного тиску в середовищ³, ìожливо 
спрацьовує коìпенсаторний ìехан³зì.

Ключові слова: Yersinia enterocolitica, ëПс, 
WaaL л³гази, осìотичний тиск.
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цеëü. öелью данных исследований была оцен-
ка участия WaaL лигаз в синтезе липополиса-
харида (ëПс) бактерий Yersinia enterocolitica 

O:3 и î:8 (YeO3, YeO8) и определение роли ли-
газ в росте бактерий в условиях осìотическо-
го давления. Ìеòоды. îдиночные и двойные 
ìутанты waaL были созданы путеì обìена ал-
леляìи. Фенотипы созданных ìутантов ви-
зуализировали с поìощью гелей DOC-PAGE, 
окрашенных сереброì, и иììуноблота со спе-
цифическиìи к кору и î-Ag ìоноклональныìи 
антителаìи. äля анализа стрессоустойчивости 
ìутантов использовали гипертоническую сре-
ду, в которой анализировали ростовые кривые 
бактерий. Резуëüòàòы. óдаление гена waaLOS 
из геноìа бактерий YeO3 существенно влияет 
на лигирование кора как в случае одиночных, 
так и у двойных ìутантов. äелеция гена waaLPS  
иìеет противоположное влияние на лигиро-
вание OPS – происходит едва заìетная сти-
ìуляция. ðезкое снижение потенциала роста 
в гипертонической среде наблюдали только у 
двойных ìутантов бактерий YeO3. выводы. 
óчастие WaaL лигаз в форìировании устойчи-
вости бактерий YeO3 к гипертонической сре-
де было обнаружено только при делеции обоих 
генов лигаз. îдиночные ìутанты по генаì ли-
газ не проявляют особенной чувствительности 
к осìотическоìу давлению, возìожно, сраба-
тывает коìпенсаторный ìеханизì.

Ключевые слова: Yersinia enterocolitica, ëПс, 
WaaL лигазы, осìотическое давление.


