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The dissociat ion of the protein-peptidoglyean (PPG) complex f rom the outer  membrane of 
y e r s i n i a  p seudotuberculosis  has  given two protein fract ions consist ing predominantly of two polypep-  
tides. A decrease  in the e lect rophoret ic  mobility of the h igh-molecular-weight  p01ypeptide on 
t rea tment  wi th  detergent  and on heating is connected with conformational  t ransi t ions:  fl f o r m - -  
a -he l ix .  The polypeptides were obtained in the individual state by gel f i l trat ion on Bio-Gel. 
They a re  immunogenic for rabbits and exhibit antigenic relationship in the double immunodif- 
fusion react ion in agar .  

The elucidation of the mechanism of the function of the outer  bacter ia l  membrane  is c losely connected 
with the study of the s t ruc ture  and proper t ies  of the membrane  proteins.  In the present  paper  we discuss  the 
isolation, fractionation, and pre l iminary  charac ter iza t ion  of the proteins of the pseudotuberculosis  microbe 
Yersinia .pseudotuberculosis,  which a re  associa ted with a peptidoglycan (PG) 

To obtain the p r o t e i n - P G  complex, the microbial  ceils 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 NaC1 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,  t reating the p r o t e i n - P G  complex success ively  with the 
reagents  mentioned. This yielded two fractions,  B-1 and B-2, the analytical  charac te r i s t i c s  of which a re  given 

Fraction Reagent Temperature, Time, Yield of pro- 
°C min tein, % 

B-I 1% solution of SDS 37 30 20 
0.5 ~ NzCI 

B-2 2% solution of SDS 100 7 80 

below: 

As we can see, the yield of proteins extractable by 0.5 M NaCI was five t imes lower than those ext rac t -  
able by a solution of detergents  at  100°C. It must  be mentioned that, according to e lec t rophores is ,  even af ter  
twofold t rea tment  of the p r o t e i n - P G  complex with a 2% solution of SDS a cer ta in  amount of protein remained 
bound to the PG. The membrane  proteins a re  obviously s t rongly bound to the PG and with a mild method of 
t rea tment  only par t  of the protein is extracted.  

We give the yields and analytical  cha rac te r i s t i c s  of the p r o t e i n - P G  complex and of fract ion B-1 and B-2 
(%): 

Fraction Yield (g) Monosae- Protein 2-Keto-3- 3,6-Dideoxy- Nucleic 
from log  of eharides deoxyoc- hexoses acids 
microbial tonic acid 
mass 

Protein - PG 
complex I 2 8.9 90.9 0.3 0 I 6.2 
B-I 0.! 17,4 6~.1 0,5 0.8 Not det. 
B-2 0.4 8,7 69,5 Tr. 0.2 Not det. 

The p resence  of a cer ta in  amount of carbohydrate  in the protein fract ion is due to the strong interaction 
of the l ipopolysaecharide (LPS) and the protein in the outer  membrane  of the bac ter ium [3]. For  example, 
Henning [4] and Rei thmeier  [5] have also detected an LPS impuri ty in fract ions of membrane  proteins.  F r a c -  
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Fig. 1. SDS-PAAG e l ec t ropho re s i s  of the pro te in  f rac t ions  f r o m  Y. 
pseudotuberculos is :  A) 10°Io gel ,  T r i s - b o r a t e  buffer ,  pH 9.25; 1) 
B-2 (without heating);  2) B-1 (kept in a solution of SDS at  r oom 
t e m p e r a t u r e ) ;  3) B-1 (100°C, 5 rain);  4) B-2  (100°C, 5 min) ;  5) 
P P * - I  (100°C, 5 rain);  6) P P - 2  (100°C, 5 min) ;  B) 14%gel, with 
T r i s - g l y c i n e  buffer ,  pH 8.3. To the gel was added 0.07 M NaCI 
( 1 ' - 3 ' ) ;  to the s amp le s  was added 0.1 M MgC12 (4',  5 ') ;  1 T) B-1 
(without heat ing);  2 T) B-1 (100°C, 5 rain); 3') B-2  (100°C, 5 rain);  
4 ' )  P P * - I  (100°C, 5 rain);  5') P P - 2  (100°C, 5 min) .  

tion B-1 contained the l a r g e s t  amount  of ca rbohydra te .  As was es tabl i shed by GLC, the ca rbohydra te  compo-  
nents i nc ludedpara tose ,  fucose,  mannose ,  glucose,  ga lac tose ,  a heptose,  and g lucosamine ,  i .e . ,  the monosac-  
char ides  c h a r a c t e r i s t i c  for  the LI)S of the IB s e r o v a r  of Y. pseudotubercu los i s  [6]. 

F rac t ions  B-1 and B-2  were  invest igated with the aid of e l e c t ropho re s i s  in po lyac ry lamide  gel in the 
p r e sence  of SDS (SDS-PAAG e l ec t ropho re s i s )  under  var ious  conditions. The r e su l t s  a r e  p resen ted  in Fig. 1. 

As can be seen  f r o m  Fig. 1A (3, 4) and B (2 v, 3 ' ) ,  the polypeptide composi t ions  of B-1 and B-2  were  
ident ical  (provided that the s amp le s  had f i r s t  been heated in SDS a t  100°C). They consis ted  predominant ly  of 
two p01ypeptides Pl>*-I  and P P - 2  with mo lecu l a r  m a s s e s  of 41,000 and 14,500, r e spec t ive ly  (Fig. 2). However,  
the ra t ios  of 1o1>*-1 and 1o9-2 in the f rac t ions  were  different :  in B-1 i t  was 2:  1, and in B-2  4:  1. An unheated 
sample  of B-1 had, in place of  P P * - I ,  a polypeptide band with a mobi l i ty  cor responding  to a mo lecu l a r  m a s s  of 
33,500 (PP-1 )  (Fig. 1A (1) and B (1 ' ) ,  Fig. 2). Such a change of e lec t rophore t i c  mobi l i ty  as a function of the 
t e m p e r a t u r e  of previous  t r ea tmen t  of the sample  is c h a r a c t e r i s t i c  for  ce r t a in  pro te ins  of the bac te r i a l  m e m -  
b rane  [ 3]. 

Apar t  f r o m  the polypeptides mentioned,  e l e c t r o p h o r e t o g r a m s  of B-1 and B-2  a lso  showed the p r e s e n c e  
of na r row  pro te in  zones with mobi l i t ies  l e s s  than that of lOP * -  1, but the i r  concentra t ions  were  insignif icant  in 
c o m p a r i s o n  with the main  polypeptide.  When s amp le s  were  s to red  in a solution of the de te rgen t  o r  in the Iyo-  
phil ized s ta te ,  a d e c r e a s e  in the intensi ty  of these  bands was observed.  It is  poss ib le  that they were  d i m e r s  or  
t r i m e r s  of P P * - I  the appearance  of which is due to the s t rong  p r o t e i n - p r o t e i n i n t e r a c t i o n w h i c h i s  c h a r a c t e r -  
i s t ic  for  the outer  m e m b r a n e s  of bac t e r i a  [ 17 ]. However ,  the degree  Of such in te rac t ion  is  not the s ame  for  
individual r e p r e s e n t a t i v e s  of the family  En te robac t e r i aceae  [9].  On the addition of sa l t s  inc reas ing  the r e so lu -  
tion of l ow-molecu l a r -we igh t  polypeptides (0.07 M NaC1 to the gel [9] and 0.1 M MgC12 to the s amp le s  of the 
pro te in  f rac t ions  [ 10]), an i nc rea se  in the number  of bands was obse rved  for  P P - 2 ,  i .e. ,  i ts  he terogenei ty  was 
revea led  (Fig. 1B). T r e a t m e n t  wi th / J -mercap toe thano l  did not affect  the e lec t rophore t i e  pa t t e rns  of B-1 and 
B-2,  which indicates  the absence  of disulfide bonds in the pro te in  molecules .  The absence  of cys te ine  f rom the 
composi t ion  of P P * - I  and P P - 2  conf i rmed these  resu l t s .  

The polypeptide composi t ion of B-1 as  a function of p rev ious  t r e a t m e n t  of the sample  was studied in m o r e  
detai l .  

As can be seen  f r o m  Fig. 3, at  50°C a gradual  t rans i t ion  of the 'T thermolab i le"  f o r m  of the polypeptide 
P P - 1  into the t e m p e r a t u r e - s t a b l e  f o r m  P P * - I  began. This t rans i t ion was comple te  at  70°C, and boiling the 
sample  did not change the e lec t rophore t ic  pa t te rn  fur ther .  The p r e s e n c e  of lap * -  1 together  with P P -  1 was  also 
observed  in samples  of ]3-1 kept in SDS solution a t  room t e m p e r a t u r e  for  s e v e r a l  days [Fig. 1A (2)]. However,  
in B-2  only PP*-1  was detected,  r e g a r d l e s s  of the t he rma l  t r ea tment .  
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Fig. 2. Determinat ion of the molecular  masses  of the polypeptides 
presen t  in the composition of B-1 and B-2 f rom _I7. pseudotubercu- 
los is :  P P - 1  - 33,500; P l ~ - I  41,000; P P - 2 -  14,500. Markers :  1) 
bovine se rum albumin (67,000); 2) egg albumin (45,000); 3) 
chymotryps in  A (25,000); 4) cytochrome c (12,000). 

Fig. 3. SDS-PAAG elec t rophores is  of fraction B-1 treated with de- 
tergent  at var ious 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 e lectrophoret ic  mobility of membrane  proteins af ter  boiling in 
detergent  solution is connected with conformational changes: an increase  in the proport ion of a -he l ices  as 
compared with the native proteins,  which a re  distinguished by a high content of f l - s t ruc ture  [ 11]. In view of 
this it is obvious that the " the rmo lab i l e "  form of PP-1  corresponds  to the more  native protein (B- l ) ;  it is un- 
stable in detergent  solution even at room tempera ture  and passes  into the heat-s table  PI  >*- 1 form on heating, 
in detergent  at 100°C (B-2).  

The conformational  t ransi t ions of the peptide P I ~ - I  obtained on the gel fi l tration of B-2 on Bio-Gel P-  
150 (Fig. 5]3)asfunetions of the tempera ture  and the presence  of detergent  were studied with the aid of the 
method of c i r cu la r  d ich romism (CD) (Fig. 4). Calculation from the CD spect ra  [12] showed that in 1% SFS 
solution P P * - ]  contained 22% of a -he l i x  and 23% of the fl form (Fig. 4, curve 1). With a r i se  in the tempera-  
ture of the solution the CD spec t rum sca rce ly  changed, which shows the stabflity of the secondary s t ruc ture  of 
P P * - I  under these conditions. 

Elimination of the detergent  by dialysis  led to a change of the conformation of the protein: It had 43% of 
~ - s t r u c t u r e  and 8% of a - h e l i x  (Fig. 4, curve 5). Heating such a sample in buffer was accompanied by a g rad-  
ual increase  in the proport ion of s - h e l i x  and adec rea se  inthe amount of ~ - s t r uc tu r e  (Fig. 4, curve 4-2) .  In the 
final account, the CD spect rum of PI>*-I eluted at 100°C without detergent  was a lmost  identical with the CD 
spect rum 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,, fu r thermore ,  this p rocess  is revers ib le  when the detergent  is removed.  

Some authors [13] have observed a renaturat ion of " the rmolab i l e "  proteins under the action of a LPS. 
However, the addition of the LPS to a solution of PP*-1 immediately before e lec t rophores is ,  and also exposure 
in the presence  of the LPS, did not lead to the appearance of a polypeptide zone in the P P - 1  region. 

The value of the molecular  mass  Of 41,000 obtained for P l ~ - I  is extremely close to the molecular  mass  
of one of the polypeptides included in the l ipopolysacchar ide--prote in  complex (LPPC) f rom Y. pseudotubercu- 
losis  [14]. So far  as concerns PP-2 ,  judging f rom its molecular  mass ,  it may be a protein analogous to 
Braun ' s  l ipoprotein [ 15]. However, a special investigation is necessa ry  for a definitive conclusion. 
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Fig. 4. CD spect ra  of P P * - I .  The samples were d is-  
solved in 0.01 M Tris-HCl  buffer, pH 8, 0.1 iVI NaCI, 
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 tempera ture  depen- 
dence of the amount of s - h e l i x  (o) and of /3-s t ruc ture  
(e) in P P - 1  is shown. 
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Fig. 5. A) Gel fi l tration of fract ion B-2 on Bio-Gel P -  
150 (Tr is -HCl  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 P l  >*- 
1: 1) in t e rms  of protein; 2) according to the pheno l -  
sulfuric acid method. 

The separat ion of P P * - I  and P P - 2  was ca r r i ed  out with the aid of the gel fi l tration of B-2 on Bio-Gel 
P-150 in the presence  of SDS at an elevated tempera ture  (Fig. 5A, B). The individuality of the polypeptides 
isolated was confirmed by the resul ts  of e lec t rophores is  [Fig. ]A (5, 6); 1B (4', 5')] and of N- terminal  analy-  
sis:  TheN- te rmina l  amino acid of PP*-1  was ser ine  and that of P P - 2  proline. 

In view of this, the heterogeneity of the P -2  under the conditions of SDS and disc e lec t rophores is  in the 
presence  of NaCI and MgC12 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 cer tain amount of carbohydrates .  
It was obvious that the  LPS--protein  interaction also exists in detergent  solutions. Nevertheless,  an el imina-  
tion of the LPS was observed in the gel f i l trat ion process .  While in the initial B-2 fraction there was 0.]3 mg 
of LPS to 1 mg of protein, in P P * - I  (after two cycles  of gel filtration) there was only 0.05 nag of LPS to 1 mg 
of protein. 
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The amino acid composit ions of P P * - I  and P P - 2  were as follows (mole %): 

Amino acid PP *-1 PP-2 
h~isine 5.10 6.32 

tidine I. 41 ;, O~ 
A rginine 5,39 5.44 
Aspar tic acid 12,43 10,65 
Glutamic acid l 1,93 11.9I 
Valine 6.90 6.88 
Methionine 0.0 0. o 
Isoleucine 4,54 4.29 
Leucine 9.26 7 3% 
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 0.0 

The polypeptides isolated were distinguished by a high content of acidic and hydrophobic amino acids, 
and also by the absence of cysteine,  which is charac te r i s t ic  for membrane proteins [ 14]. 

The protein fract ions obtained were immunogens for rabbits.  P P * - I  and P P - 2  gave a t race  in the p re -  
cipitation react ion with ant iserum to P-2 ,  which indicates their antigenic relationship. 

E X P E R I M E N T A L  

Strain 2602 of Yersinia pseudotuberculosis  s e rova r  IB was isolated f rom a patient with Far  Eas te rn  
scar le t ina- l ike  fever.  The mic roorgan i sms  were grown at 33°C in the nutrient medium descr ibed previously 
[6] for 18 h and were separated f rom the culture liquid by centrifugation and washed with physiological solu- 
tion. 

Extract ion of the P r o t e i n - P G  Complex. The microbial  mass  (10 g) was extracted with 25 ml of a 2% 
solution of SDS in 0.03 M Tris-HC1 buffer,  pH 8, at  50-60°C for 45 rain. The undisrupted cells were separated 
by centrifugation at 5000 rpm for 7 rain. The supernatant was centrifuged at 45,000 x g for  1.5 h. The precipi -  
tate obtained (the prote in--PG complex) was washed with 0.3 M Tris-HCl  buffer, pH 8, and the suspension was 
dialyzed success ive ly  against  50% ethanol (to eliminate SDS) and distilled water  for 2 days and 4 days, r e spec -  
tively. Then the suspension was lyophilized; yield 1.2 g. 

Extract ion of the Pro te in  with 0.5 M NaC1 in the P resence  of SDS. A suspension of 400 mg of the prote in--  
PG complex in 20 ml of 0.03 M Tris-HC1 buffer, pH 8, 1% SDS, 0.5 M NaCI, was kept at 37°C for 30 rain. Then 
it was centrifuged at 77,000 × g for  1 h. The supernatant (B-1) was dialyzed against  50% ethanol and distilled 
water  and was then lyophHized. Yield 33 rag. The precipitate was used for extraction with 2% SDS at 100°C. 

Extract ion of the Pro te in  with 2% SDS Solution. The precipi tate  af ter  extract ion with 0.5 M NaC1 was 
suspended in 20 ml of 0.03 IV[ Tr i s -HCl  buffer, pH 8, 2%. Extraction was ca r r i ed  out in the boiling water bath 
for  7 rain. The suspension was centrifuged at 150,000 × 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 rag. The remainder  of the super-  
natant was used for  fract ionation on Bio-Gel P-150. 

Gel Fi l t rat ion of Bio-Gel P-150. A 5-ml port ion of the B-2 fract ion was deposited on a 1.2× 100 cm col- 
umn filled with Bio-Gel P-150 (Bio-Rad Labora tor ies )  equilibrated with 0.03 M Tris-HC1 buffer, pH 8, 1% 
SDS, at  37°C. Elution was per formed with the same buffer at  the same tempera ture  at a rate of 5-6 ml/h.  The 
fract ions (2-ml) were collected, analyzed for their  protein and monosacchar ide contents, combined in a c c o r -  
dance with ~,he peaks on the elution curve,  and concentrated by ultrafi l tration. They were s tored a t -  20 o C. 

SDS-PAG e lec t rophores i s  waspe r fo rmed  in 1) Tr i s -bora te  buffer according to [17] and 2) by disc e lec-  
t rophores is  in Tr i s -g lyc ine  buffer  according to [18 ]. Samples of the protein fractions (1 nag) were dissolved in 
the corresponding buffers (0.1 ml) containing 20/0 SDS, and the solutions were heated in the boiling water bath 
for  5 rain. Of the result ing solutions, 10 pl (100 pg of protein) was deposited on a gel and e lect rophores is  was 
ca r r i ed  out at I = 5 reAper  column of gel. The gels were stained with Coomassie  Bril l iant Blue to indicate the 
protein zones [ 19 ] and with the Sch i f f -per iod ic  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 
P P * - I  and P P - 2  in B-1 and B-2 were determined f rom the a reas  of the corresponding peaks. 

The molecular  masses  of the polypeptides were determined by a method described in the l i terature  [20] 
using as s tandards cytoehrome c (12,000), ehymotrypsin A (25,000), egg albumin (45,000) and bovine se rum 
albumin (67,000). 
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Serological  Methods. The sero logica l  p rope r t i e s  of the pro te in  f rac t ions  were  studied with the aid of 
double immunodiffusion in aga r  in the p r e sence  of 30/o of polyethyleneglycol  [21]. The prec ip i ta t ion  reac t ion  
was c a r r i e d  out with rabbi t  a n t i s e r u m  to f rac t ion  BO2 obtained as desc r ibed  by Ichihara  and Mizushima [22]. 

Analyt ical  Methods. 1) Pro te in  was de te rmined  by a modified Lowry method [23], the yields  of prote ins  
being calculated as  the ra t ios  of the ex t rac ted  pro te ins  to the total  amount  of ex t rac ted  prote ins .  

2. Monosacchar ides  were  de te rmined  by the method of Dubois et al. [24], and 2-ke to-3-deoxyoctonic  
acid and 3,6-dideoxyhexose by that of Bur tzeva  et  al.  [25]. 

3. The nucleic acid content was de te rmined  by Spi r in ' s  method [26]. 

4. To de te rmine  their  amino acid composi t ions ,  s amp le s  of the pro te in  f rac t ions  were  hydrolyzed with 
6 N HC1 in sealed tubes a t  110°C for  24 h, and the products  were  worked up as desc r ibed  by Bondarenko et  al. 
[ 14]. Amino acid ana lyses  were  p e r f o r m e d  on a LKB Biocal  3201 ins t rument .  

5. The monosacchar ide  composi t ion  of B-1 was de te rmined  with the aid of the GLC of the ace ta tes  of the 
cor responding  polyols on a P y e - U n i c a m  104 ch roma tog raph  with a f l ame- ion iza t ion  de tec to r  (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 - t e r m i n a l  amino acid ana lys i s  was p e r f o r m e d  accord ing  to [27]. 

7. CD spec t r a  were  r eco rded  on a Diehrographe  III (Jobin-Yvon) in the 250-190 mg region at  a prote in  
concentra t ion  of 1 m g / m l  in a cel l  0.01 c m  thick. 

S U M M A R Y  

1. The p ro t e in - -PG complexhas  been  isola ted f r o m  the outer  m e m b r a n e  of Yers in ia  pseudotuberculos is .  
Dissocia t ion  of the complex  has given two pro te in  f rac t ions ,  B-1 and B-2.  

2. According to SDS-PAAG e lec t rophores i s ,  B-1 includes polypeptides with molecu la r  m a s s e s  of 33,500 
(PP-1 )  and 14,500 ( P P - 2 ) ,  and B-1 includes p01ypeptides P P * - I  with a mo lecu la r  m a s s  of 41,000 and PP-2 .  

3. It  has been shown that P P - 1  and P P * - I  a r e  two conformat ional  f o r m s  of one and the s ame  polypeptide 
di f fer ing by the i r  amounts  of f i -he l ices  and fi fo rm.  T r e a t m e n t  with de te rgen t  and heating causes  the t r ans i -  
tion of P P - 1  into P P * - I .  

4. P P * - I  and P P - 2  were  obtained in the individual s t a t e s  by gel  f i l t ra t ion on Bio-Gel  in the p r e sence  of 
detergent .  

5. P p * - I  and P p - 2  a re  immunogenic  for  rabbi t s  and exhibit  antigenic re la t ionship  in the double immuno-  
diffusion reac t ion  in agar .  
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