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The dissociation of the protein-peptidoglycan (PPG) complex from the outer membrane of
Yersinia pseudotuberculosishas given two protein fractions consisting predominantly of two polypep-
tides. A decrease in the electrophoretic mobility of the high-molecular-weight polypeptide on
treatment with detergent and on heating is connected with conformational transitions: g form—
a-helix, The polypeptides were obtained in the individual state by gel filtration on Bio-Gel.

They are immunogenic for rabbits and exhibit antigenic relationship in the double immunodif-
fusion reaction in agar.

The elucidation of the mechanism of the function of the outer bacterial membrane is closely connected
with the study of the structure and properties of the membrane proteins. In the present paper we discuss the
isolation, fractionation, and preliminary characterization of the proteins of the pseudotuberculos1s microbe
Yersinia pseudotuberculosis, which are associated with a peptidoglycan (PG).

To obtain the protein—PG complex, the microbial cells were extracted with a 2% solution of sodium do-
decyl sulfate (SDS) by Rosenbusch's method [1]. The protein—PG complex dissociates at 37°C under the action
of 0.5 M NaCl in the presence of SDS [2] and on boiling in a 1-2% solution of the detergent [1].

we used both methods of isolating the proteins, treating the protein —PG complex successively with the
reagents mentioned. This yielded two fractions, B-1 and B-2, the analytical characteristics of which are given
below:

Fraction Reagent Temperature, Time, Yield of pro-
°C min tein, %
B~1 1% solution of SDS 37 30 20
0.5 NaCl
B-2 2% solution of SDS 160 7 80

As we can see, the yield of proteins extractable by 0.5 M NaCl was five times lower than those extract-
able by a solution of detergents at 100°C. It must be mentioned that, according to electrophoresis, even after
twofold treatment of the protein— PG complex with a 2% solution of SDS a certain amount of protein remained
bound to the PG. The membrane proteins are obviously strongly bound to the PG and with a mild method of
treatment only part of the protein is extracted.

We give the yields and analytical characteristics of the protein—PG complex and of fraction B-1 and B-2

%): )
. Y1e1d( Monosac- .. 2-Keto-3- 3,6-Dideoxy- Nncieic
Fraction § of Momosac Protein deaxyoc-  hexoses acids
rmcro bia tonic acid
mass
Protein—PG
complex 12 8.9 90,9 0.3 01 6.2
B-1 0.1 17,4 62.1 8.5 0.8 Not det,
B-2 0.4 8.7 69,5 Tr. 0,2 Not det,

The presence of a certain amount of carbohydrate in the protein fraction is due to the strong interaction
of the lipopolysaccharide (LPS) and the protein in the outer membrane of the bacterium [3]. For example,
Henning {4] and Reithmeier [5] have also detected an LPS impurity in fractions of membrane proteins. Frac-
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Fig. 1. SDS-PAAG electrophoresis of the protein fractions from Y.
pseudotuberculosis: A) 10% gel, Tris-borate buffer, pH 9.25; 1) -
B-2 (without heating); 2) B-1 (kept in a solution of SDS at room
temperature); 3) B~1 (100°C, 5 min); 4) B~2 (100°C, 5 min); 5)
PP*~1.(100°C, 5 min); 6) PP-2 (100°C, 5 min); B) 14% gel, with
Tris~glycine buffer, pH 8.3. To the gel was added 0.07 M NaCl
(1'-3"); to the samples was added 0.1 M MgCl, (4!, 5'); 1') B-1
(without heating); 2') B-1 (100°C, 5 min); 3') B~2 (100°C, 5 min);
4"y PP*-1 (100°C, 5 min); 5') PP-2 (100°C, 5 min),

tion B-1 contained the largest amount of carbohydrate. As was established by GLC, the carbohydrate compo-
nents included paratose, fucose, mannose, glucose, galactose, a heptose, and glucosamine, i.e., the monosac-
charides characteristic for the I.PS of the IB serovar of Y. pseudotuberculosis [6].

Fractions B-1 and B-2 were investigated with the aid of electrophoresis in polyacrylamide gel in the
presence of SDS (SDS-PAAG electrophoresis) under various conditions. The results are presented in Fig. 1.

As can be seen from Fig. 1A (3, 4) and B (2', 3'), the polypeptide compositions of B~1 and B~2 were
identical (provided that the samples had first been heated in SDS at 100°C). They consisted predominantly of
two polypeptides PP*-1 and PP-2 with molecular masses of 41,000 and 14,500, respectively (Fig. 2). However,
the ratios of PP¥-1 and PP-2 in the fractions were different: in B-~1it was 2:1, and in B-2 4: 1. An unheated
sample of B-1 had, in place of PP*-1, a polypeptide band with a mobility corresponding to a molecular mass of
33,500 (PP-1) (Fig. 1A (1) and B (1'), Fig. 2). Such a change of electrophoretic mobility as a function of the
temperature of previous treatment of the sample is characteristic for certain proteins of the bacterial mem-
brane [3].

Apart from the polypeptides mentioned, electrophoretograms of B-1 and B-2 also showed the presence
of narrow protein zones with mobilities less than that of PP*-1, but their concentrations were insignificant in
comparison with the main polypeptide. When samples were stored in a solution of the detergent or in the lyo~
philized state, a decrease in the intensity of these bands was observed, It is possible that they were dimers or
trimers of PP¥-1 the appearance of which is due to the strong protein—proteininteraction whichis character-
istic for the outer membranes of bacteria [17]. However, the degree of such interaction is not the same for
individual representatives of the family Enterobacteriaceae [9]. On the addition of salts increasing the resolu~-
tion of low-molecular-weight polypeptides (0,07 M NaCl to the gel [9] and 0.1 M MgCl, to the samples of the
protein fractions {10]), an increase in the number of bands was observed for PP-2, i.e., its heterogeneity was
revealed (Fig. 1B). Treatment with g-mercaptoethanol did not affect the electrophoretic patterns of B-1 and
B-2, which indicates the absence of disulfide bonds in the protein molecules. The absence of cysteine from the
composition of PP*-1 and PP~2 confirmed these results.

The polypeptide composition of B~1 as a function of previous treatment of the sample was studied in more
detail,

As can be seen from Fig. 3, at 50°C a gradual transition of the '"thermolabile’’ form of the polypeptide
PP-1 into the temperature-stable form PP*-1 began. This transition was complete at 70°C, and boiling the
sample did not change the electrophoretic pattern further, The presence of PP*~1 together with PP~1 was also
observed in samples of B-1 kept in SDS solution at room temperature for several days [Fig. 1A (2)]. However,
in B-2 only PP*-1 was detected, regardless of the thermal treatment,
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Fig. 2. Determination of the molecular masses of the polypeptides
~ present in the composition of B-1 and B-2 from Y. pseudotubercu-~
losis: PP-1— 33,500; PP*-1 41,000; PP-2 — 14,500, Markers: 1)
bovine serum albumin (67,000); 2) egg albumin (45,000); 3)

chymotrypsin A (25,000); 4) cytochrome ¢ (12,000).

Fig. 3. SDS-PAAG electrophoresis of fraction B-1 treated with de~
tergent at various temperatures. The samples of B-1 were heated
for 5 min at: 1) 30°C; 2) 50°C; 3) 70°C; 4) 100°C. The gels were
stained with Coomassie Blue and were scanned at 600 nm,

It has been shown that a decrease in the electrophoretic mobility of membrane proteins after boiling in
detergent solution is connected with conformational changes: an increase in the proportion of ¢-helices as
compared with the native proteins, which are distinguished by a high content of g-structure [11]. In view of
this it is obvious that the ''thermolabile!" form of PP-1 corresponds to the more native protein (B-1); it is un-
stable in detergent solution even at room temperature and passes into the heat-stable PP*~1 form on heating,
in detergent at 100°C (B-2).

The conformational transitions of the peptide PP*-1 obtained on the gel filtration of B-2 on Bio-Gel P~
150 (Fig. 5B)asfunctions ofthe temperature and the presence of detergent were studied with the aid of the
method of circular dichromism (CD) (Fig. 4). Calculation from the CD spectra [12] showed that in 1% SFS
solution PP*-1 contained 22% of o~helix and 23% of the 3 form (Fig. 4, curve 1). With a rise in the tempera~
ture of the solution the CD spectrum scarcely changed, which shows the stability of the secondary structure of
PP*-1 under these conditions,

Elimination of the detergent by dialysis led to a change of the conformation of the protein: If had 43% of
pg~structure and 8% of o~helix (Fig. 4, curve 5). Heating such a sample in buffer was accompanied by a grad-
ual increase in the proportion of ¢~helix and a decrease inthe amount of g-structure (Fig. 4, curve 4-2). In the
final account, the CD spectrum of PP*-1 eluted at 100°C without detergent was almost identical with the CD
spectrum of a sample in a solution of detergent.

The presence of detergent and heating obviously lead to the same changes in the conformation of the poly-
peptide and, furthermore, this process is reversible when the detergent is removed,

Some authors [13] have observed a renaturation of ''thermolabile'’ proteins under the action of a LPS,
However, the addition of the LPS to a solution of PP*-1 immediately before electrophoresis, and also exposure
in the presence of the LPS, did not lead to the appearance of a polypeptide zone in the PP-1 region.

The value of the molecular mass of 41,000 obtained for PP*-1 is extremely close to the molecular mass
of one of the polypeptides included in the lipopolysaccharide —protein complex (LPPC) from Y. pseudotubercu-
losis [14]. So far as concerns PP-2, judging from its molecular mass, it may be a protein analogous to
Braun's lipoprotein [15]}. However, a special investigation is necessary for a definitive conclusion.
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Fig. 4. CD spectra of PP*-1, The samples were dis-
solved in 0.01 M Tris-HCI buffer, pH 8, 0.1 M NacCl,
1% SDS (1). The samples were heated in the above-
mentioned buffer without a detergent at 25°C (5), 50°C
(4), 70°C (3), and 95°C (2). The temperature depen-
dence of the amount of ¢-helix (0) and of g~structure
(®) in PP-1 is shown,

A B

Fraction No,

Fig. 5. A) Gel filtration of fraction B-2 on Bio-Gel P-
150 (Tris-HCI buffer, pH 8, 1% SDS) at 37°C. The
hatched region is PP-2. B) Rechromatography of B-2
under the same conditions. The hatched region is PP*-
1: 1) in terms of protein; 2) according to the phenol—
sulfuric acid method.

The separation of PP*~1 and PP-2 was carried out with the aid of the gel filtration of B-2 on Bio-Gel
P-150 in the presence of SDS at an elevated temperature (Fig. 5A, B). The individuality of the polypeptides
isolated was confirmed by the results of electrophoresis [Fig. 1A (5, 6); 1B (4', 5')] and of N-terminal analy-
sis: The N-terminal amino acid of PP*-1 was serine and that of PP-2 proline.

In view of this, the heterogeneity of the P-2 under the conditions of SDS and disc electrophoresis in the
presence of NaCl and MgCl, that has been mentioned above may be a consequence of the heterogeneity of the
PP-2—-SDS complex under these conditions [16]. Both polypeptides contain a certain amount of carbohydrates.
It was obvious thatthe LPS—protein interaction also exists in detergent solutions, Nevertheless, an elimina-~
tion of the LPS was observed in the gel filtration process. While in the initial B-2 fraction there was 0.13 mg
of LPS to 1 mg of protein, in PP*-1 (after two cycles of gel filtration) there was only 0,05 mg of LPS to 1 mg

of protein,
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The amino acid compositions of PP*-1 and PP-2 were as follows (mole %):

Amino acid PP*-1 PP-2
Lysine 5,10 6,32
istidine 1,41 P08
Arginine 5,39 5,44
Aspartic acid 12.43 10,65
Glutamic acid 11,99 11,91
Valine 6,90 6.88
Methionine 0.0 0.0
Isoleucine 4,54 4,29
Leucine 9,26 7.33
Tyrosine 1,81 1,21
Phenylalanine 3,85 5.70
Threonine 5 53 4,68
Serine 6.22 6.86
Proline 3,95 2,83
Glycine 11,04 10,30
Alanine 10,53 14.42
1/2 cystine 0,0 ¢.c

7 The polypeptides isolated were distinguished by a high content of acidic and hydrophobic amino acids,
and also by the absence of cysteine, which is characteristic for membrane proteins [14].

The protein fractions obtained were immunogens for rabbits. PP*-1and PP-2 gave a trace in the pre-
cipitation reaction with antiserum to P-2, which indicates their antigenic relationship. '

EXPERIMENTAL

Strain 2602 of Yersinia pseudotuberculosis serovar IB was isolated from a patient with Far Eastern
scarletina~like fever, The microorganisms were grown at 33°C in the nutrient medium described previously

{6] for 18 h and were separated from the culture liquid by centrifugation and washed with physiological solu-
tion,

Extraction of the Protein—PG Complex. The microbial mass (10 g) was extracted with 25 ml of a 2%
solution of SDS in 0,03 M Tris~HCI buffer, pH 8, at 50-60°C for 45 min, The undisrupted cells were separated
by centrifugation at 5000 rpm for 7 min, The supernatant was centrifuged at 45,000 X g for 1.5 h. The precipi-
tate obtained (the protein—PG complex) was washed with 0.3 M Tris-HCl buffer, pH 8, and the suspension was
dialyzed successively against 50% ethanol (to eliminate SDS) and distilled water for 2 days and 4 days, respec~
tively. Then the suspension was lyophilized; yield 1.2 g,

Extraction of the Protein with 0.5 M NaCl in the Presence of SDS. A suspension of 400 mg of the protein—
PG complex in 20 ml of 0.03 M Tris-HCl buffer, pH 8, 1% SDS, 0.5 M NaCl, was kept at 37°C for 30 min, Then
it was centrifuged at 77,000X g for 1 h, The supernatant (B-1) was dialyzed against 50% ethanol and distilled
water and was then lyophilized. Yield 33 mg, The precipitate was used for extraction with 2% SDS at 100°C.

Extraction of the Protein with 2% SDS Solution. The precipitate after extraction with 0.5 M NaCl was
suspended in 20 m!l of 0.03 M Tris~HCl buffer, pH 8, 2%. Extraction was carried out in the boiling water bath
for 7 min, The suspension was centrifuged at 150,000 x g for 1 h. A 5-ml portion of the supernatant (B-2) was
dialyzed against 50% ethanol and distilled water, and was lyophilized. Yield 35 mg. The remainder of the super-
natant was used for fractionation on Bio-Gel P-150,

Gel Filtration of Bio-Gel P-150, A 5-ml portion of the B-2 fraction was deposited on a 1.2X 100 cm col-
umn filled with Bio-Gel P-150 (Bio-Rad Laboratories) equilibrated with 0.03 M Tris-HC1 buffer, pH 8, 1%
SDS, at 37°C. Elution was performed with the same buffer at the same temperature at a rate of 5-6 ml/h. The
fractions (2-ml) were collected, analyzed for their protein and monosaccharide contents, combined in accor-
dance with fhe peaks on the elution curve, and concentrated by ultrafiltration. They were stored at —20°C.

SDS-PAG electrophoresis wasperformed in 1) Tris-borate buffer according to [17] and 2) by disc elec~
trophoresis in Tris-glycine buffer according to [18]. Samples of the protein fractions (1 mg) were dissolved in
the corresponding buffers (0.1 ml) containing 2% SDS, and the solutions were heated in the boiling water bath
for 5 min. Of the resulting solutions, 10 ul (100 pg of protein) was deposited on a gel and electrophoresis was
carried out at I = 5 mAper column of gel. The gels were stained with Coomassie Brilliant Blue to indicate the
protein zones [19] and with the Schiff—periodic acid reagent to detect the carbohydrate component [19]. The
gels stained for proteins were scanned on a Shimadzu CS-900 double-beam scanner at 600 nm, The ratio of
PP*-1and PP-2 in B-1 and B-2 were determined from the areas of the corresponding peaks.

The molecular masses of the polypeptides were determined by a method described in the literature [20]

using as standards cytochrome ¢ (12,000), chymotrypsin A (25,000), egg albumin (45,000) and bovine serum
albumin (67,000).
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Serological Methods. The serological properties of the protein fractions were studied with the aid of
double immunodiffusion in agar in the presence of 3% of polyethyleneglycol [21]. The precipitation reaction
was carried out with rabbit antiserum to fraction BO2 obtained as described by Ichihara and Mizushima [22],

Analytical Methods, 1) Protein was determined by a modified Lowry method [23], the yields of proteins
being calculated as the ratios of the extracted proteins to the total amount of extracted proteins.

2. Monosaccharides were determined by the method of Dubois et al, [24], and 2-keto-3-deoxyoctonic
acid and 3,6~dideoxyhexose by that of Burtzeva et al, [25].

3. The nucleic acid content was determined by Spirin's method [26].

4. To determine their amino acid compositions, samples of the protein fractions were hydrolyzed with
6 N HCl in sealed tubes at 110°C for 24 h, and the products were worked up as described by Bondarenko et al.
[14]. Amino acid analyses were performed on a LKB Biocal 3201 instrument.

5. The monosaccharide composition of B-1 was determined with the aid of the GLC of the acetates of the
corresponding polyols on a Pye-Unicam 104 chromatograph with a flame-ionization detector (4.25% of QF-1
and 0.75% of SE-30 on Chromosorb W, 100~200 mesh) at 175-215°C, 5 deg/min,

6. N-terminal amino acid analysis was performed according to [27].
7. CD spectra were recorded on a Dichrographe III (Jobin-Yvon) in the 250-190 my region at a protein
concentration of 1 mg/ml in a cell 0.01 cm thick.
SUMMARY

1. The protein —PG complex has been isolated from the outer membrane of Yersinia pseudotuberculosis.
Dissociation of the complex has given two protein fractions, B-1 and B-2,

2. According to SDS-PAAG electrophoresis, B-1 includes polypeptides with molecular masses of 33,500
(PP-1) and 14,500 (PP-2), and B-1 includes polypeptides PP*-1 with a molecular mass of 41,000 and PP-2,

3. It has been shown that PP-1 and PP*-1 are two conformational forms of one and the same polypeptide
differing by their amounts of -helices and g form, Treatment with detergent and heating causes the transi-
tion of PP-1 into PP*-1,

4, PP*-1 and PP-2 were obtained in the individual states by gel filtration on Bio-Gel in the presence of
detergent,

5. PP*-1and PP-2 are immunogenic for rabbits and exhibit antigenic relationship in the double immuno-
diffusion reaction in agar.

LITERATURE CITED

1. J. P. Rosenbusch, J, Biol, Chem., 249, 8019 (1974).
2. K. Hiroshi, T. Mizuno, and S, Mizushima, J. Bacteriol. 140, 843 (1979).
3. J. Dirienzo, K. Nakamura, and M. Inouye, Annu. Rev. Biochem., 47, 481 (1978).
4, M. Schweizer, I, Hindennach, W, Garten, and U. Henning, Eur. J. Biochem., 82, 210 (1978).
5. R. A. F. Reithmeier and P, D. Bragg, FEBS Lett., 41, 195 (1974).
6. Yu. S. Ovodov, R. P. Gorshova, and S. V. Tomshich, Immunochemistry, 11, 777 (1974).
7 F. Yu. S. Ichichara and S. Mizushima, FEBS Lett., 100, 71 (1979).
8. R. Hancock, R. T. Irvin, J. W. Costerton, A. M. Carey, J. Bacteriol., 146, 628 (1981).
9. M. DeMartini and M. Inouye, J. Bacteriol., 133, 329 (1978).
10. R. Hancock and A, M. Carey, J. Bacteriol., 140, 902 (1979).
11, K. Nakamura and S. Mizushima, J. Bacteriol., 80, 1411 (1976).
12, J. H, Chen, J, T. Jang, and H, M, Martinez, Biochemistry, 11, 4120 (1972),
13. R. Hancock and H. Nikaido, J. Bacteriol., 136, 381 (1978).
14. O. D, Bandarenko, T, F, Solov'eva, and Yu, S, Ovodov, Khim, Prir, Soedin., 92 (1980).
15, V. Braun, Biochim, Biophys. Acta, 415, 335 (1975).
16. K. B, Heller, J. Bacteriol., 134, 1181 (1978).
17. Z. Ogita and C, L, Markert, Anal, Biochem., 99, 233 (1979). >
18. H. R. Maurer, Disc-Electrophoresis and Related Techniques of Polyacrylamide Gel Electrophoresis,
De Gruyter (1971).

344



20,
21,
22,
23.
24,
25,
26.
27.

B, Filippovich, T. A. Egorova, and T, A, Sevast'yanova, Prakt. Obsch, Biokhim., 85 (1975).
C. Harrington, J. W, Fenton, and J. H. Pert, Immunochemistry, 8, 413 (1971).
Ichihara and 8. Mizushima, Eur. J. Biochem., 100, 320 (1979).

K. Markwell, S, M, Heas, L, L. Bieber, and N, E, Tolbert, Anal. Biochem., 87, 206 (1978).

Burtzeva, L. I. Glebko, and Yu. S. Ovodov, Anal. Biochem., 64, 1 (1975),
Spirin, Blokhunlya, 23, 656 (1958).
Belen'kii, E S. Gankma, and V, V. Nestérov, Dokl. Akad, Nauk SSSR 172, 91 (1967).

Y.

dJ.

S.

M, A,

M, Dubois, K. A, Gilles, J. R, Hamiton, P, A, Rebers, and F, Smith, Anal, B10chem,,28 350 (1956).
T. L

A, 8.

V. T,



