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MICROBIAL PATHOGENICITY

Immunogeneity and structural organisation of
some pLCR-encoded proteins of Yersinia pestis

V. A. FEODOROVA and Z. L. DEVDARIANI

Laboratory of Hybridomas, Russia State Antiplague Research Institute ‘Microbe’, Saratov, Russia

A novel method of cultivation of Yersinia pestis EV-76 and its isogenic strains KM-217
(pPst™;pCad*;pFra~) and KM-218 (pPst™;pCad~;pFra~) and careful extraction of Y.
pestis proteins (YPPs) permitted isolation of >35 low Ca’" response plasmid (pLCR)-
encoded products, some of which are potentially new members of the LCR family.
Immunisation with each YPP demonstrated that 25-, 54-, 72- and 87-kDa YPPs provided
the highest level of protection in mice challenged with Y. pestis virulent strain 231. Their
immunological relationship was established with monoclonal antibodies (MAbs) and
revealed several common properties, including oligosaccharide binding with specificity
for N-acetylglucosamine. Affinity chromatography with MAb to the 25-kDa YPP
permitted purification of the relevant antigen and its precursor. Their existence in the
form of a complicated protein molecule was shown.

Introduction

Yersinia pestis harbours a 40—50 MDa plasmid (pLCR)
which is necessary for virulence in all three yersiniae
pathogenic for man [1]. This plasmid is associated with
a complex virulence property of yersiniae, called the
low Ca’*response (LCR), ie., Ca’*-independent
growth at 37°C, auto-agglutination, serum resistance,
tissue culture cell adherence and cytotoxicity, produc-
tion of V antigen (now called LcrV) and a set of
specific outer-membrane proteins (Yops) [2—6]. The
maximal expression of pLCR-encoded products is
observed at 37°C in the absence of Cat, as millimolar
concentrations of calcium in the medium down-regulate
LCR and secretion of the proteins is blocked [7, 8].

Yops prevent phagocytosis, poison phagocytic cells,
moderate the inflammatory response by sequestering
thrombin and delay development of a cell-mediated
immune response by subverting signal transduction and
inhibiting cytokine synthesis [9—13].

At least 25 Yops are known [1, 2, 5-7, 14]. However,
when sequencing pLCR of Y. pestis KIMS (pCD1) a set
of potentially new members of the LCR virulence
system with unknown functions was identified [15].
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This indicated the necessity for further investigations of
pLCR-products, their molecular targets, immunochem-
ical structure and role in Y pestis virulence and
protection against plague infection.

Materials and methods
Bacterial strains and culture conditions

The characteristics of Y. pestis EV-76 and its isogenic
strains are listed in Table 1.

The strains were grown in an apparatus constructed by
Shesterenko (ACM-Sh) [18]. The bacteria were grown
on 60 L Hottinger agar, pH 7.2, containing MgSOy4
80 mg/L for 24 h at 28°C. Then 60 L Hottinger broth,
pH 7.2, containing MgSO,4 2.4 g/L and galactose 0.1%
were added and cultivation was continued for 24 h at
37°C. For studying the immunogenic properties of Y.
pestis proteins (YPPs) in protection experiments, Y.
pestis virulent strain 231 was grown on Hottinger agar
(pH 7.2-7.4) and incubated at 28°C for 48 h.

Table 1. Y. pestis EV-76 and its isogenic strains used in
this study

Strain Plasmid profile Reference
EV-76 pPst™; pLCR"; pFra® 17
KM-217 pPst™; pLCR™; pFra~ 16
KM-218 pPst™; pLCR™; pFra~ 16
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Isolation of YPPs

YPPs were isolated from Y. pestis strains KM-217,
KM-218 and EV-76 cultivated in ACM-Sh. The
bacterial cells sedimented spontaneously and antigens
were extracted twice from the cells with NaCl 2.5%
containing toluene 0.2% and were precipitated at an
iso-electric point of pH 4.2 in the presence of sodium
hexametaphosphate. The preparation was purified on
Sephacryl S-300 (Pharmacia) and by ion-exchange
chromatography on a DE-52 anion exchanger. For
immunisation and ELISA, YPPs were separated by
SDS-PAGE on polyacrylamide 12.5% gels according to
Laemmli [19]. After staining the gels with Coomassie
Brilliant Blue R 250 0.2%, separated proteins bands
were cut out and homogenised in phosphate-buffered
saline (PBS) to a protein concentration of 2—4 ug/ml.

Isolation of outer-membrane proteins (OMPs)

OMPs isolated from Y. pestis EV-76 grown on
Hottinger agar at 28°C for 48 h in ACM-Sh by the
method of Osborn et al. [20] were a kind gift from
Dr A. A. Scherbakov.

Animal immunisation and bacterial challenge

Groups of female, 8—10-week-old outbred mice were
immunised three times intraperitoneally with 0.5 ml of
each YPP with 14-day intervals between the inocula-
tions. Unimmunised mice served as controls. At 3 days
after the last immunisation, all mice were given 100
LDs, of virulent Y. pestis strain 231 (LDsy = 6 cfu) by
subcutaneous injection. The efficiency of immunisation
was estimated from the number of surviving mice. The
infected mice were monitored daily for 21 days. The
surviving mice were then bled and killed and their
spleens were examined for viable Y. pestis infection.

Antiserum monospecificity

Antiserum monospecificity was studied by immunodif-
fusion in gels according to Ouchterlony [21] with YPPs
from Y. pestis KM-217 and mouse antisera against each
YPP.

Measurement of serum antibody titre

Mice were anaesthetised as described previously [22].
Blood was obtained from the tail vein of each mouse
on day 3 after immunisation, 1 day before Y. pestis
challenge. Total immunoglobulin G (IgG) serum anti-
body titres to each of the antigens were determined by
two ELISA modifications.

Indirect ELISA. ELISA plates (96-well) were sensi-
tised with the YPPs (100 ul/well) at 10 ul of
protein/ml and were incubated overnight at 4°C. The
wells were washed three times with a washing buffer
(PBS containing Tween-20 0.05%) and saturated with

bovine serum albumin (BSA) 1% in PBS for 1h at
37°C and washed as above. Then, two-fold serial
dilutions of the mouse sera from 1 in 40 to 12 in 10°
were applied in triplicate and the plates were re-
incubated for 1h at 37°C. After washing, a 1 in 1000
dilution of peroxidase-labelled rabbit antimouse IgG
(Sigma) was used as a conjugate. The plates were
incubated for 1 h at 37°C. The wells were washed
six times and the substrate solution containing
2,2'-azinobis(3-ethylbenzthiazoline  sulphonic  acid)
22.3 ug/ml, H0, 0.0003% in citrate buffer (0.05 M,
pH 4.4) was added (100 ul/well). The plates were
incubated for 30 min at room temperature and the
optical density at 405 nm was measured with a
multichannel ELISA plate reader.

Indirect double antibody sandwich ELISA. ELISA
plates (96-well) were sensitised with rabbit IgG against
YPPs (100 ul/well) at a protein concentration of
10 ug/ml. SDS-PAGE-extracted YPPS at 1-2 ug/ml
were used as antigens. After incubation for 1 h at 37°C
and washing, two-fold serial dilutions of mouse sera
from 1 in 40 to 1 in 10° were added. The remaining
procedures were performed as described above. The
endpoint titre was defined as the highest test serum
dilution giving a reading of 0.4 OD units after
subtracting the background from the wells without
antigen. The results obtained were expressed as the
geometric mean titre (GMT) or log;p mean and SD
endpoint titres.

SDS-PAGE

YPPs and affinity-purified antigens 1 and 2 together
with low-mol.-wt markers (Sigma) were subjected to
SDS-PAGE according to Laemmli [19]. A 4% stacking
gels and 12.5% or 10% separating gel were used
respectively. Electrophoresis was performed at a
constant current of 35mA in Tris-glycine buffer
(pH 8.3) containing SDS 0.1% for 2.5h. Gels were
stained with Coomassie Brilliant Blue R 250 (Sigma)
0.2% w/v in ethanol 25% v/v-acetic acid 7% v/v.

Preparation of anti-1d-Ab

Murine BALB/c monoclonal antibodies (MAbs)
(IgG1) against YPPs 2, 8, 19, 21 secreted by the
Y.p.2A103F8B2.Sp., Y.p.2A103F8G4.Sp., Y.p.2A72D8E5.
Sp and Y.p.3A103B¢.Sp. hybridomas, respectively, were
used to induce anti-Id-Ab. Fgpp-fragments of these
MAbs were prepared according to Ishikawa et al. [23].
BALB/c mice received four intraperitoneal injections
of 25-50 ug of Fipyp-fragments at 14-day intervals.
Three days after the last injection, mice were infected
with 2 X 10® Sp2/0-Ag.14. myeloma cells. Immuno-
globulins were concentrated from the ascitic fluids with
45% saturated ammonium sulphate solution and
purified through Sephadex G-50 (Pharmacia).



Haemagglutination (lectin) assay

Haemagglutination assays were performed in 96-well
round-bottomed microtitration plates in a final volume
of 0.2ml. Normal sheep erythrocytes (SRBC) and
human erythrocytes (HRBC) were collected in the
presence of heparin, washed three times in PBS and
resuspended to a final concentration of 1.5% in PBS.
Antigen 1 and each anti-Id-Ab were resuspended in
PBS, serially diluted in the same buffer at a dilution
ratio of 1 in 2 in test plates, and then mixed with an
equal volume of SRBC or HRBC. Normal mouse 1gG
and PBS were used as negative controls. The plates
were incubated at room temperature for 2 h. Haemag-
glutination titres were expressed as the highest anti-Id-
Ab dilution that gave strong visible haemagglutination
(see Results). The ability of different sugars to inhibit
agglutination was tested as described previously [24]
by mixing 5 ul of each sample with 5 ul of the sugar
solutions (1 mg/ml) (glucose, mannose, galactose, N-
acetyl-D-galactosamine, N-acetylglucosamine or L-fu-
cose), before the addition of 100 ul of the SRBC and
HRBC. Haemagglutination was monitored visually.
Titres were expressed as above.

Slide agglutination assay

Y. pestis EV-76 was grown for 48h at 37°C on
Hottinger agar (pH 7.2—7.4) and resuspended in PBS to
1 x 10° cells/ml. MADbs against YPPs 2, 8, 19, and 21
were diluted 1 in 100 in PBS and mixed on microscope
slides at room temperature with an equal volume
(15 ul) of bacterial suspension. A 4+ reaction was
scored if there was immediate clumping upon rotation
of the slide. A score of zero was given if there was no
visible clumping after gentle agitation at room tem-
perature for 2 min. Intermediate reactions were given a
score of 3—1 as appropriate.

Purification of antigens

Ascitic fluid from BALB/c mice infected with
hybridoma Y.p.2A72DgEs.Sp. producing MAb to YPP
19 was filtered, centifuged and precipitated twice with
ammonium sulphate at 40-45% saturation. The
precipitate was redissolved in 0.14M PBS (pH 8.3)
and the antibody was purified by affinity chromato-
graphy on a protein A-Sepharose 4B column. The two
forms of YPP 19 (antigens 1 and 2) from solubilised
YPPs preparation (for the purification of antigen 1) and
OMPs [20] (for the purification of antigen 2) were
purified by affinity chromatography with a MAb to
YPP 19-Sepharose 4B column. After extensive washing
of the column, the bound protein was eluted with
100 mM citric acid (pH 3.0); the eluate was immedi-
ately neutralised and dialysed against PBS (pH 7.2).
The purified protein antigens 1 and 2 were concen-
trated with PEG 35 000 (Sigma) and separated by SDS-
PAGE 10% as described above.
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Preparation of hybridomas producing MAbs

MADs to YPPs 2, 8, 19, and 21 were prepared by the
hybridoma technique. Briefly, female BALB/c mice,
each 6—-10 weeks old and weighing 18-20 g, were
given three intraperitoneal doses of YPPs at 2-week
intervals according to the following schedule. The first
injection contained 25 ug of YPPs emulsified in
complete Freund’s adjuvant (Sigma); the remaining
injections contained 50 ug of the antigen. The
sensitised spleen cells were fused with a mouse
myeloma cell line (Sp2/0-Ag.14) according to Galfre
et al. [25]. Hybridoma cells were cloned by the method
of limited dilution. MAbs produced by the hybridomas
were screened by an indirect immunofluorescence test
(ITIFT). The class of all MAbs was determined by
immunodiffusion [21] and found to be IgGl.

Indirect immunofluorescence test (IIFT)

To select MAbs, IIFT was used both for initial
screening and also after cloning of hybridomas. Slide
smears were prepared from a suspension of live cells
(1 X 10™3 /ml) of Y. pestis KM-217 for initial screen-
ing and of three Y. pestis strains with different plasmid
profiles (EV-76, KM-217, KM-218) for testing after
cloning. All the smears were air-dried and fixed with
ethanol 96% for 30 min. The smears were stained with
FITC-labelled rabbit anti-mouse immunoglobulins for
20 min, washed in PBS (pH 7.2) and air-dried. The
intensity of immunofluorescence was estimated visually
by fluorescence microscopy (ML-2; Lomo, Russia).
RMPI-1640 medium (Flow Laboratories, Irvine) and
the culture supernate of myeloma cells maintained in
RPMI-1640 medium were used as negative controls.

Establishment of serological relationship of YPPs
2,8, 19 and 21

Indirect dot-ELISA was used to establish the immuno-
logical relationship of antigens 1 and 2 and the MAbs
against YPPs 2, 8, 19 and 21. Briefly, antigens 1 and 2
at 1mg/ml were dotted on to a nitrocellulose
membrane (Schleicher-Schuell, pore size 22 um) and
fixed with ethanol 96% for 20 min. The membrane was
then washed three times in PBS and blocked with skim
milk 3% for 15min at 37°C. MAbs at a protein
concentration of 1 mg/ml were dotted over the antigens
and the membrane was incubated for 15 min. Peroxi-
dase-labelled rabbit anti-mouse immunoglobulin G
antibodies (Sigma) were diluted to 1 in 2000 in the
same buffer. The peroxidase activity was revealed after
incubation for 2—3 min at room temperature with 3,3-
diaminobenzidine (Sigma) 0.05% in PBS (pH 7.4) and
H,0, 0.03%.

Adjuvant activity of antigen 2

Female BALB/c mice 8—10-weeks old, (n = 40) were
used to study the adjuvant properties of antigen 2. The
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mice were divided into four groups each of 10 mice
and immunised three times with 2 X 107 sodium
merthiolate-treated cells of Y. pseudotuberculosis 11,
Y. pseudotuberculosis V, Y. pseudotuberculosis 11 mixed
with 10 ug of antigen 2 and Y. pseudotuberculosis V
mixed with 10 ug of antigen 2 at 2-week intervals. At
3 days after the last immunisation, specific antibody
titres were measured by standard indirect ELISA with
1 X 10° cfu of Y. pseudotuberculosis 11 and V to coat
each well of 96-well flat-bottomed microtitration plates.

Statistics

Student’s ¢ test, analysis of variance and least signifi-
cant difference tests were used to compare the antibody
responses of the mouse sera tested and to determine the
mean time of death of the infected animals. A
difference with a p value of =0.05 was considered
insignificant.

Results
SDS-PAGE of YPPs

At present, some 25 proteins of Y. pestis have been
described [1] and designated Yops [2,5-7]. In this
study more protein products of an LCR plasmid were
defined. They were called YPPs as it was sometimes
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difficult to relate them precisely to any of the Yops
described previously.

Fig. 1 shows the profiles of the YPPs isolated from Y.
pestis  strains KM-217 (YPPs-KM-217), KM-218
(YPPs-KM-218) and EV-76 (YPPs-EV-76). More
proteins (c. 40) were found in KM-217 than KM-218.
Both of them possessed several common YPPs of
which six basic ones (5, 6, 7, 26, 31, 39) were studied.
Some of the YPPs defined in KM-217 were also
identified in EV-76. Thus, these proteins were plasmid-
encoded polypeptides. Some proteins (1, 9, 10, 11, 12,
16, 29, 30, 38) appeared in KM-217 as minor bands,
whereas in EV-76 the same proteins were seen as major
bands. YPPs 1, 2, 8—12, 14, 16, 18-21, 23, 25, 27-30,
35, 38 and 39 appeared to be resistant to degradation
by the pla protease, as they were identified in both
KM-217 and EV-76. YPPs 3-7, 13, 15, 17, 22, 24, 26,
31-34, 36, 37 and 40 were absent in YPPs-EV-76,
being completely degraded by the pla protease [26].
YPPs 1 and 19, seen in only YPPs-KM-217, were
separated from proteins with similar mol. wt seen in
both YPPs-KM-217 and YPPs-KM-218 by two-dimen-
sional electrophoresis (data not shown).

Interestingly, although both YPPs-KM-217 and YPPs-
EV-76 contained proteins 18 and 19, in the latter an
additional 26-kDa protein (18a) was seen between
proteins 18 and 19. Furthermore, in YPPs-EV-76, three

YPPs 3 2 1

Fig 1. SDS-PAGE of YPPs preparations of Y. pestis KM-217 (lane 1), KM-218 (2) and EV-76 (3) on acrylamide 12.5%
gel (a) and acrylamide 15% gel (b). The molecular masses of markers are indicated on the right; the positions of YPPs

are indicated on the left.



proteins of 23—24 kDa, 26 kDa and 22.2 kDA, which
were present in YPPs-KM-217 but absent in YPPs-EV-
76 (Fig. 1b), were found between proteins 31 and 32
(31a), 33 and 34 (33a), 34 and 35 (34a), respectively.

Antibody titres

The geometric mean YPPs antibody titres as deter-
mined by ELISA for pooled serum samples from each
mouse group are presented in Fig. 2. The immune sera
of all the mice immunised with each of the YPPs were
shown to react specifically with both YPP preparations
and each of the relevant peptides isolated from YPP
preparations by SDS-PAGE followed by electro-elution.
The highest antibody titre, 1 in 128 000, was registered
in YPP 19-immunised mice. The lowest antibody titres
were detected in mice immunised with YPP 6 and YPP
13. The remaining proteins induced antibody formation
to titres of 4000—64 000. The pooled serum samples
from each group of mice produced one single well
defined precipitin line with YPPs-KM-217 by gel
immunodiffusion (data not shown).

Survival of animals

As indicated in Table 2, most survivors were found in
mice immunised with YPP 2 and YPP 19, 50% and
58%, respectively. Immunisation with YPP 8 and YPP
21 also provided a high level of protection — 36.4%
survival in both cases. No protection was observed in
mice immunised with YPPs 3, 4, 11, 20, 23, 31-39.
The mean times to death of the immunised and non-
immunised animals are shown in Table 2.

In mice immunised with YPP 19, the highest level of
protection correlated with the highest specific antibody
titre to the relevant protein. Immunisation with YPPs 2,
8 and 21 also provided a rather high level of protection
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and specific antibody titres (Fig. 2 and Table 2). Deaths
of mice before 21 days were associated with Y. pestis
infection, as all of them had positive spleen cultures.
At the same time, all mice that survived had negative
Y. pestis spleen cultures.

Affinity chromatography

Antigen 1 was purified from YPP preparations by
affinity chromatography on a Sepharose 4B column
with MAbs to YPP19. On SDS-PAGE, the purified
antigen was resolved into five protein bands (three
major and two minor) corresponding to its subunits
(Fig. 3, lane 2). Based on mass comparisons, proteins
of 25, 54 and 87 kDa were identified as YPPs 19, 8 and
21, respectively, and proteins of 22 and 125 kDa were
designated YPP 41 (because no reaction with Mab to
YPP 35 was observed) and YPP 42, respectively. YPP
42 was possibly one of the proteins included in a
complex of minor proteins designated YPP 23 (Table
2). To study further antigen 1, the role of disulphide
bonds in its conformation was investigated. When 2-
mercaptoethanol was omitted from the denaturing
buffer, the same-sized proteins except YPP 21 were
observed (Fig. 3, lane 1). All five proteins were
revealed in YPPs-KM-217 and YPPs-EV-76 isolated
from the micro-organisms cultivated in growth condi-
tions optimal for Yops synthesis [16, 18,27] (Fig. 1,
lanes 1 and 3). None of these proteins was found in Y.
pestis strain KM-218 lacking the pLCR (pCad)
cultivated at 37°C and Y. pestis EV-76 cultivated at
28°C on Hottinger agar (Fig. 3, lane 3).

Antigen 2 purified from OMPs was shown on SDS-
PAGE under reducing conditions to consist of two
proteins of 33 and 43 kDa, but without 2-mercap-
toethanol only a 22-kDa protein was seen.
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Fig 2. Geometric mean antibody titres of pooled serum samples from mouse groups immunised with each component of
YPPs-KM-217: 1, YPPs 34, 37, 38; 2, YPPs 6, 13, 31, 33, 35, 36, 39 and 40; 3, YPPs 7, 8, 9, 14, 15, 20, 21, 22, 23,
24, 25, 26, 27, 32; 4, YPP 11; 5, YPPs 17, 18, 28, 29, 30; 6, YPPs 1, 2, 3, 4, 16; 7, YPPs 5, 10, 12; 8, YPP 19.
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Table 2. Characteristics of proteins isolated from Y. pestis KM-217

Presence in electrophoretic profiles of

YPPs preparation of Y. pestis strain Degradation Mean (SD)
Mol.wt by pla Percentage of time to

Protein (kDa) KM-217 KM-218 EV-76 protease survivors (%) death (days)
1 74 + - + - 12.5 7.1 (1.0)
2 72 + + — 50.0 7.0 (0.6)
3 70 + - — + 0 7.0 (0.5)
4 68 + - + 0 5.4 (0.3)
5 63 + + — + 25 6.3 (0.4)
6 50 + + - + 10 7.0 (0.8)
7 53 + + — + 9 6.3 (0.7)
8 54 + — + — 36.4 7.4 (0.9)
9 56 + - + — 10 6.4 (0.6)
10 45 + - + — 22 8.0 (0.8)
11 46 + + - 0 6.5 (0.3)
12 44 + - + — 22 5.6 (0.5)
13 42 + - - + 10 6.9 (0.4)
14 37 + — + - 18 6.3 (0.7)
15 35 + - - + 10 6.3 (0.3)
16 34 + - + — 11 6.3 (0.8)
17 31 + - - + 9 7.2 (0.5)
18 27 + - + - 17 7.2 (0.6)
19 25 + — + — 58 6.6 (0.4)
20 22 — — + 0 54 (0.2)
21 87 + — + - 36.4 7.3 (0.8)
22 80 + - — + 10 7.4 (0.5)
23* 90-128 + - + — 0 5.8 (0.4)
24 57 + - - + 10 6.4 (0.6)
25 58 + — + — 10 6.4 (0.6)
26 59 + + - + 10 6.4 (0.8)
27 61.5 + - + - 10 6.4 (0.4)
28 29 + — + - 9 7.2 (0.5)
29 315 + - + - 9 7.1 (0.3)
30 323 + — + - 9 7.2 (0.6)
31 24 + + — + 0 54 (0.2)
32 23 + — — + 0 5.2 (0.5)
33 22.8 + - — + 0 5.5 (0.1)
34 22.6 + - - + 0 5.6 (0.4)
35 22 + — + - 0 5.4 (0.2)
36 20 + - — + 0 5.0 (0.1)
37 19 + — - + 0 5.5 (0.5)
38 18.5 + — + - 0 5.4 (0.6)
39 18 + + + — 9 5.1 (0.4)
40 38 + - - + 9 6.4 (0.4)
Control (non-immunised) 0 5.7 (0.8)

*Complex of minor proteins.

Serological relationship of YPPs 2, 8, 19 and 21

To understand the immunological relationship between
proteins 2, 8, 19 and 21, MAbs to each of them were
allowed to react with antigen 1 and 2 dotted on to
membranes. Antigen 1 was recognised by all the
MADbs. Specific staining was very intense and equal in
every case.

Antigen 2 was recognised by MAbs against YPPs 8, 19
and 21; the MAb against YPP 2 did not react with it.
The specific staining was less intense with MAbs
against YPP 8 and YPP 19 than with the MAb against
YPP 21.

Auto-agglutination

Because auto-agglutination of yersiniae depends on the
virulence plasmid and the active growth of bacteria at

37°C [3], inhibition of auto-agglutination by MAbs was
studied. All the MAbs inhibited auto-agglutination of
Y. pestis EV-76 cells cultivated at 37°C. Y. pestis EV-76
cells suspended in NaCl 0.9% in the absence of MAbs
auto-agglutinated (a control).

Haemagglutination

The lectin properties of YPPs 2, 8, 19 and 21 were
studied by haemagglutination assays in the presence
and absence of different sugars. Table 3 shows the
specific inhibition of agglutination of antigens 1, 2 and
anti-Id-Abs to YPPs 2, 8, 19 and 21 with SRBC by N-
acetylglucosamine. The same results were obtained
when HRBC were used.

Antigen 2 demonstrated the same lectin specificity as
described previously [28].
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Fig 3. SDS-PAGE of affinity purified antigen 1 denatured
in Laemmli solubilisation buffer without 2-mercaptoetha-
nol (lane 1) or containing 2-mercaptoethamol (2) and Y.
pestis EV-76 (grown on Hottinger agar at 28°C) in the
presence of 2-mercaptoethanol (3).

Adjuvant activity of antigen 2

The ELISA antibody titres in BALB/c mice after
immunisation with Y. pseudotuberculosis 11 and V
serovars and after combination with antigen 2 are
presented in Fig. 4. The mean specific antibody titre in
mice treated with Y. pseudotuberculosis 11 was 640, and
with Y. pseudotuberculosis V was 1280. Combined
immunisation with Y. pseudotuberculosis 11 and antigen
2 and Y. pseudotuberculosis V and antigen 2 led to a
7.81-fold increase of specific antibody titres.

Discussion

In this study a novel method of Y. pestis cultivation in
ACM-Sh and the most suitable culture medium devel-
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oped at this institute in combination with a delicate
method of protein extraction was exploited for the
isolation of pLCR products. The medium used has been
shown to be optimal for the synthesis of pLCR
products of Y. pestis EV-76, its isogenic variants and
other virulent plague and pseudotuberculosis bacteria
[16, 18, 27]. As a result, more pLCR-encoded products
were isolated than have been described previously [1].
At present some 25 Yops, including a secretin, have
been shown to compose the Ysc [1,2,5-7,14].
However, new LCR members can be potentially
revealed, as 60 apparently intact open reading frames
were described in pCDI1 of Y. pestis KIM-5 [15]. The
results of the present study support this finding. About
40 YPPs were found in Y. pestis KM-217 containing
only pLCR, among which several were also identified
in the Y. pestis KM-218 strain lacking plasmids.

A strong argument emphasising the merits of the
method for Y. pestis cultivation is the fact that in the
experiments with extracted YPPs, V antigen (YPP 14)
and Yops 1-7 (YPP 1, 12, 13, 15, 19, 32, 39,
respectively) and Yops B—E, K and L [7, 14] were
defined. The specificity and immunological relationship
of YPPs to the relevant Yops were established by
immunoblotting with absorbed anti-LCR antisera [16]
(data not shown) confirming the high homology of
highly conserved LCR plasmids and identity of most of
their products in all three pathogenic yersiniae shown
earlier. It was difficult to identify the remaining YPPs
as Yops because many of them were of similar mass.
For example, YopH could be 45-kDa YPP 10, 46-kDa
YPP 11, 53-kDa YPP 7 or 54-kDa YPP 8; and YopN
could be 35-kDa YPP 15 or 34-kDa YPP 16. Never-
theless, the YPPs preparation of Y pestis KM-217
contained 25 known proteins and at least 10 potentially
new members of the LCR family.

Most Yops are degraded in vitro by the pla protease
[26], making study of these proteins in Y. pestis
difficult. In some reports, degradation by pla protease
is considered to be an in-vitro artifact [26,29].
However, in the YPPs-EV-76 profile, several highly
immunogenic YPPs like 2, 8, 19 and 21 were found.
These proteins appeared to be resistant to pla protease.
Most likely, Fib encoded by pPst serves as a possible
native activator of protein precursors of pLCR-pro-

Table 3. Inhibition by sugars of haemagglutination of SRBC by antigens 1 and 2 and anti-Id-Abs against YPPs 2, 8,

19 and 21

Haemagglutination with
Sugar Anti-I1d-Ab Anti-1d-Ab Anti-Id-Ab Anti-Id-Ab  Normal mouse
(1 mg/ml) Antigen 1 Antigen 2* to YPP2 to YPP8 to YPP19 to YPP21 1gG PBS
Glucose + + + + + + — —
Galactose + + + + + + - -
N-Acetylglucosamine - - - - - - - -
L-Fucose + + + + + + — —
Sialic acid + + + + + + — —

*With permission of Dr A. A. Scherbakov [28]
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Fig 4. ELISA antibody titres in mice immunised with Y. pseudotuberculosis 11 (1), Y. pseudotuberculosis 11 mixed with
antigen 2 (2), Y. pseudotuberculosis V (3) and Y. pseudotuberculosis V mixed with antigen 2 (4).

ducts, converting them into their active (mature) forms
which are virulence factors for Y. pestis. Based on mass
comparisons, YPP 19 was YopE, YPP 2 could be YopF,
YPP 8 could be YopH and YPP 21 could be YopO. On
the other hand, as YopF was identified as a 74-kDa
YPP 1 in immunoblotting with anti-LCR antisera, 72-
kDa YPP 2 could possibly be a new member of the
LCR system.

Studies of Y. pestis strains from various natural plague
foci of the Confederation of Independent States and
other countries showed that 71% of them carried the
three ‘canonical’ plasmids: pPst, pLCR (pCad), pFra
[30]. Thus, the presence of both pPst and PLCR in Y.
pestis is not extraordinary and the interaction of the
products of these plasmids does take place.

Protective antibodies are able to neutralise only those
antigens that are surface-located and available for
interaction [31]. Maximal expression and secretion of
Yops in vitro occurs at 37°C in a medium lacking Ca?*
— conditions imitating the intracellular environment in
mammals [5,32]. This is supported by Y pestis
survival within the macrophages - their target cells
[13,33]. Being located intracellularly, Yops become
unavailable for neutralisation by the relevant anti-
bodies. In the presence of Ca’*, virulence plasmid-
encoded operons are transcriptionally down-regulated
[7, 8] and Yop secretion is blocked [8, 9, 29]. However,
Bolin ef al. have reported that small amounts of Yops
were detectable in the Y. pestis outer membrane at
37°C in the presence of 2.5mM calcium [34].
Furthermore, the expression of Yops of 51-52 and 25
kDa (referred to as YPPs 8 and 19, respectively, in this
paper) is more strongly influenced by growth tempera-
ture than by calcium concentration [32].

Moreover, YopE (also called YopN [35] and named

YPP 19 in this study), is known to play a leading role
in Ca’*-sensing [8, 35,36]. This function of YopE
(YPP 19) can be realised only if the Ca’*-sensing
receptor is located on the microbial cell surface before
phagocytosis and, thus, is capable of monitoring the
calcium concentration in the surrounding medium.
Some data indicated that YPP 19 was not only secreted
(mature form) by Y. pestis, but was also present as a
precursor on the cell surface of the bacterium. YPP 19
was isolated from both OMPs (antigen 2) and YPPs
(antigen 1) by affinity chromatography with MADb to
YPP 19. The preparations were marked by a certain
variability. Antigen 2 was a 22-kDa protein, whose
native conformation appeared to be more complex than
its denatured form and consisted of two subunits with a
disulphide linkage. Antigen 1 had a more complex
quaternary structure. It consisted of five subunits
among which subunit N 4 (YPP 21) was linked to
the others by disulphide bonds. This suggests that YPP
19 (YopE) exists in two forms: a precursor (antigen 2)
and an active (mature) form (antigen 1). Being a
surface structure of Y. pestis, YPP 19 can be
neutralised by the relevant antibodies. This possibly
induced a highly protective immune response in mice
immunised with YPP 19 and its subunits, as well as
guinea-pigs immunised with a 22-kDa protein [28]. In
the preliminary protective experiments, immunisation
with YPPs provided complete protection of guinea-pigs
against virulent Y. pestis strain 231 even after a single
injection [27]. This phenomenon was explained by the
presence of V antigen in the YPPs preparation used for
immunisation, as V antigen plays a dominant role in
protection [20, 37]. However, YPP 19 appeared to be
five or six times more protective than YPP 14
identified by the present study as V antigen. This
makes YPP 19 a potential vaccine candidate.

More evidence for the location of YPP 19 and its



subunits on the surface of Y. pestis cell wall was the
ability of the relevant MAbs to react with whole cells
of Y. pestis KM-217 and to a lesser extent with EV-76,
as shown by ELISA and IIFT.

A surprising finding in this study was that antigens 1
and 2 and their subunits possessed a number of
common activities, i.e., (i) highly immunogenic proper-
ties (induction of protective immunity); (ii) marked
antigenic properties (induction of specific antibodies in
high titres); (iii) adhesive activity; (iv) oligosaccharide-
binding properties of a lectin with specificity for N-
acetylglucosamine; (v) serological relationship of all
the peptides to each other; (vi) participation of these
proteins in the auto-agglutination of Y. pestis; and (vii)
adjuvant properties. Interestingly, YopE (YPP 19) is a
cytotoxin [38, 39] and strains producing YopE possess
high mitogenic activity [40]. It is known that
agglutination, cytotoxic, mitogenic and carbohydrate-
binding properties are essential properties of lectins.
The results of the present study suggest that YPP 19
fits this pattern. Being a lectin, YPP 19 probably has an
immunoglobulin-like structure with B-sheet conforma-
tion and that is why it is capable of specific protein—
protein interactions with its specific yop chaperone —
termed SycE [41] (also called YcrA [42]). This protein,
located on the cell surface of Y. pestis (antigen 2), is
probably involved in the N-acetylglucosamine-specific
adherence of the bacterium to eukaryotic cells, which
can result in Ysc activation and Yop targeting that is
associated with the Ca?*-sensing function of YopE
[8,35,36]. The presence of an N-acetylglucosamine
receptor on the surface of the macrophage [43] makes
this hypothesis feasible. Otherwise, the receptor for
antigen 1 may be the relevant oligosaccharide located
intracellularly.

Lysozyme also has oligosaccharide-binding properties
with specificity for N-acetylglucosamine [44]. The
same lectin specificity of YPP 19 shown in this study
strongly indicates that both substances are directed to
the same receptor, which may be located on the
external surface of Y. pestis. In this case, YPP 19
competes with lysozyme for carbohydrate epitopes of
Y. pestis, coating them with the protein (YPP 19,
antigen 1). Thus, the bacterium becomes resistant to
phagocytosis, as proteins are resistant to lysozyme
[44]. On the other hand, being secreted, YPP 19 can
possibly neutralise lysozyme activity in the phagolyso-
some space and prevent phagocytosis. In each case, a
phagocyte loses its ability to present peptide fragments
of Y. pestis to the host immune system. It does not
react as a professional antigen-presenting cell and as a
result an adaptive immune response cannot be
induced. This possible explanation for unstable
immunity against plague seems very likely, because
there is only one enzyme in phagolysosomes with
specificity for N-acetylglucosamine. As a result, the
cell wall remains intact and no degradation of the
microbial cell occurs.

pLCR PROTEINS OF Y. PESTIS 21

These data explain the lower virulence and avirulence
of Y. pestis strains lacking yopE [7,38]. A high level
of protection produced in mice immunised with YPP
19 provides more evidence of the role of this protein in
phagocytosis. This suggests that YopE is the major
factor in plague pathogenesis. Y. pestis probably
possesses a set of YPPs (Yops) with a similar
biological function that may be represented by YPP
2, 8 and 21, YPP 19 subunits and other immunologi-
cally related proteins which cross-reacted with anti-
bodies to YPP 19, for instance, proteins of 22, 36,
47 kDa described by Chalvignac et al. [17]. This
conclusion is based on the observation that cross-
reacting YPPs 2, 8, 19 and 21 demonstrated full
coincidence of other properties.

The existence in Y. pestis of many proteins with similar
functions indicates that they play the key role in
resistance of Y. pestis to phagocytosis.
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