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ROLE OF WAAL LIGASES IN SERUM RESISTANCE OF
YERSINIA ENTEROCOLITICA SEROTYPES O:3 AND O:8

The aim of current study was to estimate Waal ligase contribution in lipopolysaccha-
ride (LPS) phenotype profile formation of Y. enterocolitica serotype O:3 (YeO3) and
0:8 (YeO8) bacteria and its participation in serum killing protection. In lipopolysac-
charide (LPS) biosynthesis of Gram-negative bacteria the waal-encoded ligase joins
O-polysaccharide (O-Ag) and outer core (OC) onto lipid A-core oligosaccharide.
Three waal genes named as waal ,, waaL ,;and waal ,  were identified from Yersinia
enterocolitica genome. Methods. The waal-knock-out mutants were created by allelic
exchange strategy. The LPS phenotypes of created mutants were visualized by silver-
stained DOC-PAGE and immunoblotting with specific outer core (core oligosaccharide,
hexasaccharide, OC) and O-polysaccharide (OPS or O-Ag) monoclonal antibodies.
To study the contribution of WaalL ,; and Waal , to the survival of Yersinia bacteria
in non-immune human serum, we constructed the series of single and double ligase
mutants. Survival of bacteria was analyzed in normal serum (with functional classical,
lectin, and alternative complement activation pathways) and EGTA-Mg-treated serum
(only alternative pathway functional). Results. Our results demonstrated that Waal
ligases participate in the synthesis of proper LPS structure and play an important role
in protection against serum killing. Conclusions. The LPS ligases of YeO3 exhibit
relaxed donor substrate specificity. Under given conditions the effect of WaalL ¢ ligase
is more significant for OC and OPS ligation onto lipid A then Waal ,, one.

Key words: Waal ligase, lipopolysaccharide, Yersinia enterocolitica, serum
resistance.

Among humans, Y. enterocolitica causes intestinal disease, such as enterocolitis,
with inflammatory diarrhea, ileitis, mesenteric appendicitis and gastroenteritis. The
pathogen crosses the epithelial barrier through the M cells of Peyer’s patches and
infects the underlying tissues. Survival in deeper tissues and serum resistance depends
on Yersinia virulence factors encoded by genes located on the chromosome (Ail and
lipopolysaccharide O-Ag and OC and on the 70-kb virulence plasmid (YadA and
Yop proteins) [2].
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Activation of complement starts with activation of C3, then cleavage product of
C3, C3b, deposits on microbial surface and bind complement component C5. C5b,
the cleavage product of C5, subsequently initiates the cascade of interactions that
lead to insertion of the membrane attack complex (MAC) (C5b-9), into the bacterial
membrane. This event results in bacterial lysis and cell death. Many microbes,
however, evolved mechanisms to evade this attack (thick peptidoglycan layer, long
O-side chains, bacterial capsules, etc.) The C3b is the key protein of complement
activation, which binds more strongly to YadA-negative bacteria grown at 37 °C.
Only Y. enterocolitica bacteria grown at 37°C are resistant to killing by alternative
pathway (AP), classical pathway (CP), or both (CP/AP) [2].

Y. enterocolitica genome contains the genes waalL ,, and waal ,; encoding
Waal -ligases responsible for substituting lipidA with oligo- and polysaccharide
moieties [2]. In this report, we analyzed serum resistance of Y. enterocolitica O:3
and Y. enterocolitica O:8 using single and double waal mutants. The strains were
analyzed for serum resistance in a killing assay in normal and EGTA [ethylene
glycol-bis (B-aminoethyl ether)-N,N,N’,N -tetra-acetic acid]-Mg serum.

Current investigations are important for evaluation of biological role and
participation of WaaL ligases of Yersinia enterocolitica O:3 and O:8 in virulence
realization. To this end we attempted serum-killing assay as a conventional system
for estimating waal.-mutants pathogenicity. The obtained data indicated that the
mutants with disrupted waal genes were less resistant to serum killing.

Further investigations of WaaL ligases will concern importance of the ligases
to the Y. enterocolitica pathogenesis. Knowledge of this pathway will enable the
development of effective inhibitors and create new approaches to yersiniosis
treatment.

Materials and Methods

Bacterial strains and culture conditions. Bacterial strains are listed in Table
1. For bactericidal assay, bacteria were grown to stationary phase overnight in 5 ml
of Luria Broth (LB) media at 22-25 °C (RT) for Yersinia and at 37 °C for E. coli
strains. To study serum resistance of Yersinia strains and their waal mutants bacteria
were grown at 37 °C. LB supplemented with 1.5% Bacto Agar was used for all solid
cultures. As a selective medium CIN agar supplemented with appropriate antibiotics
was used. When appropriate, antibiotics were added to the media at the following
concentrations: kanamycin (Km), 100 pg/ml in agar plates and 20 pg/ml in broth;
chloramphenicol (Clm), 20 pg/ml.

General DNA techniques. Isolation of plasmids and genomic DNA were
done with kits. All enzymes were used according to the supplier’s specifications.
Small-scale plasmid DNA preparations were carried out using plasmid mini prep
kits. Plasmid DNA was moved by electroporation into Y. enterocolitica or heat
shock transformation. Recombinant plasmids were mobilized from E. coli strains
to Y. enterocolitica by conjugation.
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Mutant construction. The waal ,; and waal ,, genes were amplified by PCR
with primer pairs O3ligYE1727F5 & O3ligYE1727RS and O3ligYES532F2 &
03ligYE532R2 using the Dynazyme II DNA-polymerases (Thermo Scientific) and
genomic DNA of Y. enterocolitica O:3 as template. Amplified DNA was purified
with Kit method and digested with Nsil (Mph 1103I) for waalL ,; gene and Pstl for
waal .. Digested and purified fragments were cloned into Pstl digested suicide
vector pSW23T and the constructed plasmids were named as pSW23T-waalL
and pSW23T-waal , respectively. The constructions were mobilized from E. coli
®7249 into Y. enterocolitica O:3 (YeO3) and O:8 (YeOR8) strains by conjugation as
described earlier [1]. For elimination suicide vector and the wild-type genes was
used optimized cycloserine enrichment method [1]. For large-scale screening of
knock-out mutants among Clm® colonies we used Colony hybridization kit method
(Roche). Isolated genomic DNA from negative colonies were diluted and used as
a template for PCR with different primer pairs. DNA of wild-type strain YeO3 or
YeO8 were used as a control.

Immunoblotting. To detect YadA expression in mutants, bacteria were grown
overnight at 37 °C in 5 ml of LB with an appropriate antibiotics. Wholecell lysates
were prepared from 1 ml of bacterial cultures (OD adjusted to 0.2). The cultures
were centrifuged for 15 min (1,500 x g), and pellets were resuspended in 100 pl of
Laemmli sample buffer. The mixtures were heated at 95-99 °C for 10 min before
being loaded onto polyacrylamide gels. The separated samples were transferred to
nitrocellulose membranes and nonspecific binding sites were blocked by immersing
the membranes in a 5% skimmed milk—PBS solution (for 1h at RT). The membranes
were incubated overnight at 4 °C with monoclonal antibody (mAb) specific for
YadA (mAb 3G12), diluted 1:10. After four washes with PBS (each for 10 min),
the membranes were incubated with peroxidase-conjugated rabbit anti-mouse
immunoglobulins (P0260; dilution 1:2,000) for 1h at RT. Antibody binding was
detected by chemiluminescence using the ECL Western blotting detection reagents
(Amersham Pharmacia Biotech) according to the manufacturer’s instructions [2].

Serum-killing assay. Normal human serum (NHS) was obtained from healthy
human donors who were devoid of anti-Yersinia antibodies. Blood was allowed to
clot for 15 min at room temperature and for 60 min at 4 °C. Following centrifugation
(4 °C, 2,500 x g, 30 min), the sera were collected, pooled, and stored at — 70 °C in
aliquots of 0.5 ml. Prior to use, the serum was allowed to thaw on ice. One-third
of it was heat inactivated by incubation at 56 °C for 30 min (HIS). To block the
CP activity, EGTA and MgCl, were added to another third to final concentrations
of 10 and 5 mM, respectively. The last third represented the normal human serum
[2]. Bacterial cultures were diluted appropriately to obtain 1.000-1300 bacteria in
10 pl. Triplicates of 10 pl of bacterial suspensions were incubated with 20 pl of NHS
(final NHS concentration of 66.7%), 20 ul of HIS, or 20 pul of EGTA-Mg serum at
37 °C for 30 min. Before plating on LB plates with appropriate antibiotics, 70 pl of
brain heart infusion broth (BHI) was added to each mixture to stop the complement
function, and tubes were kept on ice. The serum bactericidal effect was calculated as
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the survival percentage taking the bacterial counts obtained with bacteria incubated
in HIS as 100%. The killing experiment was repeated three times for each strain.

Results and Discussion

The main goal was to characterize whether the absence of the WaaL ligase
activity would influence the inherent serum resistance of pathogenic Y. enterocolitica
serotype O:3 and O:8 bacteria. For this purpose we have constructed single and
double waaL-knock-out mutants of YeO3 and YeOS8 pathogenic strains.

Construction of Y. enterocolitica ligase mutants. Fully virulent Y. enterocolitica
0O:3 and O:8 strains were used for construction of waal mutants. With help of allelic
exchange strategy we managed to inactivate the waal , and waalL .  encoding regions.
Obtained mutants were confirmed by colony hybridization, which was used for
specific detection of the deletion in the waalL gene of Clm sensitive bacteria (Clm®).
Further verification of deletion was performed by PCR.

Presence of virulence plasmid and expressing of YadA protein was checked to
be immunoblotting with mAb anti-Yad A (Fig. 1).

YeO3 YeO8

wt Aos Aps dA wt Aos Aps dA

-
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wt Aos Aps dA wt Aos Aps dA
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hr— —

=F .

Fig. 1. Immunoblot analysis with mAb specific for YadA (wt-wild type,
Aos & Aps — waaL ,; & waaL g single mutants, dA — double mutants)
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CP/AP- and AP-mediated killing. According to the obtained results, we can
see a clear difference between surviving of wild type bacteria and waal-kock-out
mutants of YeO3 and YeOS8 in 30 min exposition with human serum. The single
deletion of waal ,; and waal ,, genes reduced resistance of bacteria to NHS 2.5-5
times, respectively, compared to wild type YeO3. Double ligase mutants of YeO3
under NHS treatment didn’t survive at all (Fig. 2A). AP-mediated killing with the
same samples was in 2.4 (YeO3 os) and 1.3 (YeO3 ps & YeO3 os_ps) times more
efficient than wild type ones (Fig. 2B).

Furthermore, single and double ligase mutants of YeO8 showed similar decreas-
ing of resistance to NHS as YeO3 ones (Fig. 2C). In AP-mediated killing experiment
with YeO8 mutants, however, we didn’t follow the same trend. The single ligase
mutants survived as well as wild type bacteria and double mutants in two times bet-
ter then others (Fig. 2D).
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Fig. 2. Survival percentage of YeO3 ligase mutants
in NHS (A) & EGTA-treated serum (B) and YeO8 (C, D)

These findings show that LPS’ ligase deletion contributes to human serum
resistance of Yersinia enterocolitica O:3 and O:8 bacteria. In general, bacterial
exposition with normal serum caused total killing of double ligase mutants and
provided much less surviving of single ones compared to wild type. It was some
difference between serotypes but common tendency was the same.

Comparing two virulent serotypes, we have noticed some difference in surviving.
It can be explained by LPS structure distinctions between YeO3 & YeOS8 and the
complement proteins deposition potential. It was observed that O-Ag, as a single
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factor, could prevent deposition of covalently bound C3b on YeO3 bacteria after
exposing bacteria to EGTA-Mg-treated serum in the beginning of incubation [2].
Indeed, we can follow sharp decreasing of surviving among waal ¢ ligase mutants
of YeO3 after exposing bacteria in EGTA-Mg-treated serum. On the other hand,
we didn’t observe the same tendency with YeO8 waal ; ligase mutants and with
double mutants of both serotypes. In the same way, survival rate of waaL-knock-out
mutants of Edwardsiella tarda declined dramatically compared to parent strain [3].

It was considered that O-Ag played an important role in inhibition of the early
phase of alternative pathway activation [4]. As for OC, previous studies do not
indicate any direct involvement of OC in serum resistance [5]. It was shown that OC-
positive, YadA- and Ail-negative strains were efficiently killed by complement. In
the absence of YadA, however, OC seemed to potentiate Ail-mediated resistance [2].

Conclusions

In this work we have characterized the biological role of WaalL ligases in serum
killing system. The results of normal serum killing showed clear reduction of serum
resistance among single and double ligase mutants for both serotypes. YeOS8 ligase
mutants, however, showed full resistance to AP-mediated killing. Further work will
be needed to clarify the role of WaalL LPS’ ligases of Y. enterocolitica for virulence
in vivo.

Table 1.
Bacterial strains
Strain Genotype Reference
6471/76 YeO3 wild type strain, patient isolate [6]
6471/76-c YeO3-c virulence plasmid cured derivative of 6471/76 [6]
YeO3 Aos waal_::pSW23Tligl727su This work
S YeO3 Aps waal ::pSW29-lig532del, KmR This work
3 waal ::pSW23T-ligl727su waal_::pSW29-lig- .
§ YeO3 Aos Aps 532del. KmR P This work
]
% 8081 YeO8 wild type strain, patient isolate [7]
8 RM * derivative of wild-type strain 8081; serotype
g 8081-L2 0:8: pYV+ [8]
= YeO8 Aos waal ::pSW23T-ligl727su, pY V+, CImR This work
YeO8 Aps waal ::pSW29-lig532del, KmR This work
waal ::pSW23T-ligl727su .
YeO8_Aos_Aps waal_, CImR::pSW29-lig532del, KmR This work
B2163Anic35, E. coli strain for suiside vector de-
o ®7249 livery, requirement for diaminopimelic acid 0.3mM, [9]
)
S KmR
c S17-1. pir A-pir lysggen of S17-1, E. coli strain for suiside [10]
5 vector delivery
§ F- mcrA A(mrr-hsdRMS-mcrBC), ®80lacZAM15 Life
- DH10B AlacX74 recAl endAl araD139 Aara, lew)7697 galU| . -
galK A- rpsL nupG tonA &
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YYACTbh WAAL JIITA3 BAKTEPIN YERSINIA ENTEROCOLITICA O:3
TA O:8 B ®OPMYBAHHI PESBUCTEHTHOCTI
10 CUPOBATKHU KPOBI

Pedepar

MeTo10 1aHO01 poOOTH OYI10 TOCIiHKeHHS y4aacTi Waal jrira3 B 010CHHTE31 JIiNo-
nomicaxapuny (JITIC) 6akrepiit Yersinia enterocolitica ceporunis O:3 Ta O:8; ix poi
B popmyBanHi ¢penotumy JIIIC Ta pe3sucTeHTHOCTI WaaL-MyTaHTIB 10 CUPOBATKU
kpoBi. WaaL nira3u xaramnizyrots npueaHanns O-antureny (O-Ag) Ta 30BHIIIHEOTO
nomicaxapuaroro kopy (OC) mo ninigy A B mporieci 610CHHTE3Y JIMONoTicaxapumLy
rpamMHeraTuBHUX Oaktepiil. B renomi Oakrepiii Y. enterocolitica 6yno ineHTU(IKOBaHO
TPM T'€HM Jiras, sxi Oynu Hassani waal ,, waal ., ta waal . Mertoau. HoxayTHi
MYTAHTH 110 TeHaM JIira3 waal Oynu CTBOpEHi IUISIXOM 0OMiHY anersiMu. Bizyaizaris
¢denorumis JITIC cTBOpeHHX MyTaHTIB BiOyBajach MUISTXOM 3a0apBICHHS cpibiIoM
remto DOC-PAGE Ta imyH0010TY 3 cnieriu)iyHUME MOHOKJIOHATbHUMH aHTHTia-
MU 10 Kopy Ta O-momicaxapuay. OuiHIOBaJ M BH)KUBAaHHS OakTepiii B HOpMasbHIl
CUpOBATIi KPOBi (MIPUCYTHI KJIACHYHUH, IEKTUHOBHIA Ta aIbTEPHATHMBHHUNA IUISIX
akTuBamii koMruieMeHTy) Ta 00pooneniit EGTA (TinbKu anbTepHATUBHHUMA HIISX).
Pe3yabraTn. OTpuMaHi pe3yibTaTi TiATBEPIUKYIOTh y4acTh Waal nira3 B cuHTe31
HanexHoi mosekynu JITIC Ta BiiirpatoTh BaXIUBY poIib B HOpMyBaHHI pe3UCTEHT-
HOCTI 10 OakTepuuaHoi Aii cupoBaTku KpoBi. BucHoBkm. Jlirasu JIIIC Gakrepiit
JIEMOHCTPYIOTh HU3bKY CyOCTpaTy cnenudiunicTs. 3a JaHux ymMoB ydacTs Waal
nirasu B nirysanHi OC Ta OIIC na minmix A € icrotimoro Hix Waal .

KniouoBi cmoa: Waal mirasa, ninonomnicaxapun, Yersinia enterocolitica,
PE3UCTEHTHICTh CHPOBATKH.
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YUYACTHUE WAAL JIUTA3 BAKTEPUM YERSINIA ENTEROCOLITICA
0:3 1 0:8 B®OPMUPOBAHHUU PEBUCTEHTHOCTH
K CBIBOPOTKE KPOBUA

Pegepar

Heabio paboTe! ObLTO KiCCTeTOBaHNE yuacTusi Waal inura3 B OMoCHUHTE3e JTUTI0-
nonucaxapuna (JIIIC) 6akrepwuii Yersinia enterocolitica cepotunoB O:3 u O:8; ux
ponu B hopmupoBanuu ¢penorura JIIIC u ycToitanBoCcTH waal-MyTaHTOB K CBIBO-
potke kpoBu. WaalL nmurasu karanm3upyroT npucoenunenue O-aarurena (O-Ag) u
BHemTHeTOo nonucaxapuaHoro kopa (OC) k munuay A B mporiecce 6mocunaresa JITIC
rpaMHETaTUBHBIX Oakrepuil. B renome Oaxtepuii Y. enterocolitica ObI0 UACHTH-
(uuMpoBaHO TpHU TeHa Juras, KOTOpwle ObLIM Ha3Baubl waal ,, waal , v waalL ..
MeTtonbl. HokayTHBIE MyTaHTHI TIO TeHAM JIUTa3 waal ObIITN CO3MaHbI ITyTeM 0OMeHa
amtensmu. Busyammsanus ¢penorunos JIIIC co3manHBIX MyTaHTOB MPOMCXOAMIIA
myTem okpacku cepedbpom reneit DOC-PAGE n mmmyHO0G10Ta CO criennpudecKuMu
MOHOKJIOHAJIbHBIMU aHTHUTENIAaMU K Kopy U O-nonucaxapuny. O1ieHuBaIv BBLKUBA-
HUEe OaKkTepuil B HOPMAJIBHON CHIBOPOTKE KPOBH (TMIPUCYTCTBYIOT KJIACCHYECKHM,
JICKTHHOBBIN U aJIbTEPHATUBHBIN IyTh aKTHBALIMU KOMIUIEMEHTAa) 1 00paboTaHHOM
EGTA (Tonbko ansTepHaTUBHEIN Iy Th). Pe3ynbTarsl. [lomydeHHbIe pe3yasTaTsl oj-
TBepxAatoT yuactue Waal nura3 B cunTese Hajiexaniend monexyisl JIIIC u urpator
BaXHYIO POJIb B (JOPMUPOBAHUH PE3UCTEHTHOCTH K OAKTEPULUIHOMY ICHCTBUIO
CBIBOPOTKH KpoBH. BbiBoabI. Jluraser JIIIC Gakrepuii JeMOHCTPUPYIOT HU3ZKYIO
cyOcTparHyro cneuupuuHoCcTh. IIpn manHbIx ycnoBusax ydactue Waal  nuraser
B surupoBanuu OC u OIIC na munua A sesercs 6omee 3Ha9MMbIM 9eM Waal .

KniodgoBi cmosa: Waal nurasa, mumononucaxapun, Yersinia enterocolitica,
PE3UCTEHTHOCTb CHIBOPOTKH.
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