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ABSTRACT 

Countercurrent chromatography w a s  used t o  sepa ra t e  c e l l s  of 
Salmonella typhimurium whose su r faces  w e r e  i d e n t i c a l  except f o r  
t he  propor t ion  of l ipopolysaccharide molecules wi th  long versus  
s h o r t  chain polysaccharide chains.  Large d i f f e rences  i n  p a r t i t i o n  
p rope r t i e s  r e s u l t e d  from s l i g h t  d i f f e rences  i n  polysaccharide com- 
pos i t i on ,  and the  r e s u l t s  suggest t h a t  t h e  phys ica l  state of t he  
molecules, a s  w e l l  as t h e i r  composition, can a f f e c t  the  p a r t i t i o n  
of such c e l l s .  

INTRODUCTION 

As i s  w e l l  known, countercur ren t  d i s t r i b u t i o n  wi th  s u i t a b l e  poly- 

m e r  phase systems can separa te  p a r t i c l e s  on t h e  b a s i s  of charge 

and hydrophobicity (1, 2 ) .  The r ecen t ly  described methods of 

countercurrent chromatography ( 3 ,  4 )  should provide a powerful 

method of separa t ing  p a r t i c l e s  t h a t  d i f f e r  on ly  s l i g h t l y  i n  the  

hydrophobicity and/or charge of t h e i r  su r f aces ,  and t e s t i n g  the  

e f f e c t  of s l i g h t  v a r i a t i o n  i n  the  macromolecules of t he  c e l l  
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404 LEIVE ET AL. 

sur face  on these  p rope r t i e s .  To test t h i s  p o s s i b i l i t y ,  w e  used 

Salmonella typhimurium, which normally produces a sur face  com- 

p l e t e l y  covered with l ipopolysaccharide (LPS) molecules containing 

long carbohydrate chains [ see  (5) f o r  review of 29s s t r u c t u r e ] .  

Mutants de fec t ive  i n  UDP galactose-4-epimerase cannot synthesize 

galactose,  a sugar required f o r  synthes is  of t he  complete poly- 

sacchar ide  of S, typhimurium, and the re fo re  i n  t h e  absence of 

added ga lac tose  w i l l  make LPS molecules with a very sho r t  chain 

polysaccharide. I f  ga lac tose  is  then added, LPS molecules syn- 

thesized subsequently w i l l  have a long polysaccharide (6).  
S tendaN and coworkers ( 7 - 9 ) ,  using countercurrent d i s t r i b u t i o n ,  

w e r e  t h e  f i r s t  t o  no te  tha t  LPS determines t h e  p a r t i t i o n  of S, 

typhimurium on countercur ren t  d i s t r i b u t i o n ,  s o  t h a t  b a c t e r i a  

covered wi th  long chain LPS p a r t i t i o n  as hydrophilic uncharged 

p a r t i c l e s ,  and those covered with sho r t  chain LPS p a r t i t i o n  as 

hydrophobic, charged p a r t i c l e s .  They a l s o  found that growth of 

these  mutant bac te r i a  i n  a medium conta in ing  ga lac tose  r e su l t ed  

i n  a change i n  the  e l u t i o n  p rope r t i e s  of t h e  cel ls  from a hydro- 

phobic charged p a r t i c l e  t o  one which w a s  hydrophi l ic  and neu t r a l  

(10). 
growth of t he  bac te r i a ,  w e  reasoned t h a t  growth of mutant bac te r i a  

i n  the presence of ga lac tose  f o r  var ious  t i m e s  should provide 

paztricles wi th  defined percentages of long cha in  U S ,  and thus  

defined proportions of both types  of LPS on t h e i r  sur faces .  

would thus be  ab le  t o  test the  reso lv ing  power o f  t h e  counter- 

cur ren t  chromatography apparatus wi th  p a r t i c l e s  of known, s l i g h t l y  

d i f f e r e n t  p rope r t i e s  and a l s o  determine whether t h e  d i s t r i b u t i o n  

of the p a r t i c l e s  r e f l e c t s  s o l e l y  t h e i r  LPS composition. 

Since synthes is  of LPS i s  continuous during s teady-s ta te  

W e  

W e  show he re in  t h a t  when w e  f r a c t i o n a t e  bac te r i a  t h a t  have 

increas ing  percentages of long chain LPS, t h e r e  are discontinuous 

changes i n  the  pos i t i on  of these  b a c t e r i a  t h a t  do not  r e f l e c t  

s o l e l y  t h e i r  percentages of su r face  cons t i t uen t s .  Some b a c t e r i a  

containing as l i t t l e  as 20% long chain LPS f r a c t i o n a t e  a t  t h e  

pos i t i on  of b a c t e r i a  containing 100% long chain LPS. We pos tu l a t e  
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SEPARATION OF BACTERIA 405 

t h a t  the  d i s t r i b u t i o n  of t he  LPS on t h e  su r face  of t h e  c e l l  and 

no t  s o l e l y  i t s  composition can a l s o  a f f e c t  p a r t i t i o n  i n  counter- 

cu r ren t  chromatography. 

MATERIALS AND METHODS 

Reagents 
3 [3,4,5- HILeucine (110 Ci/mmol) w a s  from New England Nuclear 

Co. (Boston, Massachusetts). [l-14C]Galactose w a s  from New 

England Nuclear Co. (56.5 mCi/mmol) o r  Amersham-Searle Co. 

. (Ar l ing ton  Heights, I l l i n o i s )  (49.4 mCi/mmol). Proteose Peptone 

No. 3 and beef e x t r a c t  were from Difco Laboratories (Det ro i t ,  

Michigan). 

Carbide Corp. (Oak Ridge, Tennessee) and dext ran  500 from Sigma 

Chemical Co. (St.  Louis, Missouri) .  A l l  o the r  reagents  w e r e  from 

standard sources. 

Polyethylene g lyco l  6000 w a s  obtained from Union 

Growth of Bacter ia  

- S. typhimurium G30, a mutant lacking UDP galactose-4-epi- 

merase, w a s  t he  kind g i f t  of D r .  Paul Rick, Uniformed Serv ices  

Univers i ty  of t he  Health Sciences,  Bethesda, Maryland. I t  w a s  

grown a t  37OC with shaking on proteose peptone beef e x t r a c t  

medium (PPBE) (11) which had been deple ted  of  r e s i d u a l  ga lac tose  

by allowing the  b a c t e r i a  t o  grow f o r  s eve ra l  genera t ions ,  c e n t r i -  

fuging down the  bac te r i a ,  and s t e r i l i z i n g  t h e  medium by f i l t r a -  

t i on .  Fresh b a c t e r i a  t h a t  had been grown only on depleted PPBE 

were then used f o r  t he  experiment. Galactose w a s  added as ind i -  

ca ted  f o r  each experiment. When ga lac tose  w a s  t o  be added f o r  

only sho r t  t i m e s ,  t he  cells  were previously grown f o r  several 

genera t ions  i n  the  presence of 0.01 mM g-fucose, which induces 

t h e  synthes is  of enzymes of ga lac tose  t r anspor t  and metabolism. 

Radioactive ga lac tose  t o  l a b e l  LPS and r ad ioac t ive  leuc ine  t o  

l a b e l  p ro t e in  were added as ind ica t ed  f o r  each experiment. 

were grown t o  between 2 and 6 x lo8 b a c t e r i a  per m l ,  as measured 

by OD530 a f t e r  c a l i b r a t i o n  of o p t i c a l  dens i ty  t o  b a c t e r i a l  counts 

by standard methods. 

8,000 x g f o r  5-10 minutes a t  4OC i n  the  presence of 0.005% NaN3 

C e l l s  

Cells were harvested by cen t r i fuga t ion  a t  
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406 LEIVE ET AL. 

t o  prevent  f u r t h e r  growth and metabolism. Samples w e r e  washed 

wi th  0.03 M Tris -ch lor ide ,  pH 7.0, c o n t a i n i n g  0.005% NaN3,  and 

resuspended i n  t h e  same b u f f e r  a t  4 o r  5 t i m e s  t h e  i n i t i a l  c e l l  

concent ra t ion .  F r a c t i o n s  w e r e  o f t e n  p r e c i p i t a t e d  i n  t r i c h l o r o -  

a c e t i c  a c i d  (5%) p r i o r  t o  count ing  i n  a s c i n t i l l a t i o n  counter ;  

f o r  a l l  samples o t h e r  than  t h o s e  l a b e l e d  f o r  < 3 minutes  i n  

g a l a c t o s e ,  t o t a l  and a c i d - p r e c i p i t a b l e  c o u n t s  were v i r t u a l l y  

i d e n t i c a l .  

Apparatus 

Countercur ren t  chromatography w a s  performed w i t h  t h e  most 

r e c e n t  model of t h e  nonsynchronous f lowthrough c o i l  p l a n e t  c e n t r i -  

fuge without  r o t a t i n g  seals ( 4 ) .  The a p p a r a t u s  s u b j e c t s  t h e  

c o i l e d  column assembly t o  a p l a n e t a r y  motion which c o n s i s t s  of 

slow r o t a t i o n  (0-50 rpm) around i t s  own a x i s  and h i g h  speed 

r e v o l u t i o n  (500-1,000 rpm) around t h e  c e n t r a l  a x i s  of t h e  appara- 

t u s .  The r e v o l u t i o n  produces a s t r o n g  c e n t r i f u g a l  f o r c e  f i e l d  

(maximum 150 x g) while t h e  slow r o t a t i o n  of t h e  c o i l  assembly 

provides  e f f i c i e n t  mixing of t h e  two polymer phases  and r e t e n t i o n  

of t h e  s t a t i o n a r y  phase i n  t h e  c o i l .  Both r e v o l u t i o n a l  and 

r o t a t i o n a l  speeds of t h e  c o i l  are made independent ly  a d j u s t a b l e  

t o  meet t h e  requirements  f o r  t h e  aimed s e p a r a t i o n .  The c o i l e d  

column w a s  prepared from a s i n g l e  p i e c e  of  1 mm i . d .  PTFE tubing  

(Zeus I n d u s t r i a l  Products ,  R a r i t a n ,  New J e r s e y )  by winding i t  

onto  6 u n i t s  of 20 c m  long,  0.6 cm 0.d. stainless steel p i p e  

c o r e s  i n  a series t o  make about  600 h e l i c a l  t u r n s  w i t h  a t o t a l  

c a p a c i t y  of approximately 15 m l .  Both i n l e t  (head) and o u t l e t  

( t a i l )  t e r m i n a l s  of t h e  c o i l  were each connected t o  a p i e c e  of 

0.4 mm i .d .  PTFE tubing  which w a s  l e d  t o  t h e  o u t s i d e  of t h e  r o t o r  

wi thout  t h e  u s e  of r o t a t i n g  seals. This  s e a l - f r e e  r o t o r  des ign  

makes t h e  e n t i r e  e l u t i o n  system leak-proof t o  provide  a safeguard 

i n  s e p a r a t i o n  of hazardous agents .  

P r e p a r a t i o n  of Polymer Phase System 

The polymer phase system employed i n  t h i s  s t u d y  i s  based on 

t h e  work of S tendahl  e t  a l .  (7-9) and is composed of 6.2% (w/w) 
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SEPARATION OF BACTERIA 40 7 

dext ran  500, 4.4% (w/w) polyethylene g lycol  6000, 0.05 M T r i s -  

ch lo r ide  (pH 7 . 0 ) ,  10 mM potassium phosphate (pH 7.0), and 0.01% 

sodium azide.  The so lvent  system w a s  prepared by mixing equal 

volumes of t he  following two s tock  so lu t ions  (A and B) i n  a 

separatory funnel a t  room temperature. 

s t r eng th  polymer so lu t ion)  w a s  prepared by d isso lv ing  124 g of 

dextran 500 and 88 g of polyethylene g lycol  6000 i n  788 g of w a r m  

d i s t i l l e d  water. Stock so lu t ion  B (double s t r eng th  buf fer  solu- 

t i o n )  w a s  prepared by mixing 200 m l  of 0.5 M Tris -ch lor ide  (pH 

7.0) , 200 m l  of 0 .1  M potassium phosphate (pH 7.0), and 20 m l  of 

1% sodium az ide ,  i n  a 1-liter volumetric f l a s k  and adding water 

t o  br ing  the f i n a l  volume t o  1 liter. Stock so lu t ion  A, because 

i t  forms two l a y e r s ,  should be thoroughly mixed i n t o  homogeneous 

suspension before each use. S t r i c t l y  speaking, t h i s  method gives 

a concentration of each polymer s l i g h t l y  lower than t h e  nominal 

va lue  (on the  order of 0.1%). However, i t  is  simple and g ives  

h ighly  reproducible r e s u l t s .  

Separation Procedure 

Stock so lu t ion  A (double 

Separation of b a c t e r i a l  c e l l s  was performed a s  follows: The 

co i l ed  column i s  f i r s t  f i l l e d  wi th  approximately equal amounts of 

t he  upper and the  lower phases of t he  polymer phase system de- 

sc r ibed  above. This i s  done by de l ive r ing  the  so lvents  from a 

ho r i zon ta l ly  posit ioned syr inge  (20 m l  capac i ty)  conta in ing  10 

m l  of each phase. After t he  f i l l i n g  process i s  completed, 1 m l  

of t he  sample suspension i n  equal  amounts of t he  two phases is  

i n j e c t e d  i n t o  the column through the  sample p o r t  loca ted  a t  t h e  

pump o u t l e t .  

a slow column r o t a t i o n  of 5 rpm while t he  upper mobile phase i s  

pumped i n t o  the  column a t  a rate of 8.5 ml/h with an FMI Lab Pump 

(Fluid Metering Inc. ,  Oyster Bay, New York). 

o u t l e t  of the column i s  co l l ec t ed  with an LKB f r a c t i o n  c o l l e c t o r  

t o  ob ta in  1 m l  f r a c t i o n s  f o r  f u r t h e r  ana lys i s .  

number of f r a c t i o n s  (30 f r a c t i o n s )  are co l l ec t ed ,  t h e  cen t r i fuge  

run i s  terminated and the  column contents  (15 ml) are f u r t h e r  

Then the  apparatus i s  run a t  600 rpm combined with 

The e f f l u e n t  from the  

Af te r  t h e  des i red  
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408 LEIVE ET AL. 

f r ac t iona ted  by e l u t i n g  the  s t a t i o n a r y  column w i t h  an equal 

volume mixture of t he  two phases wi th  a syr inge  d r i v e r  as de- 

sc r ibed  i n  f i l l i n g  t h e  column. Then the  column is  emptied by 

pushing with a i r  followed by washing wi th  d i s t i l l e d  water. 

column i s  f i n a l l y  f i l l e d  with 1 N NaOH and l e f t  overnight.  

column cleaning procedure prevents  adhesion of c e l l s  t o  t h e  

column w a l l ,  r e s u l t i n g  i n  near 100% c e l l  recovery. 

The 

This 

RESULTS 

Stendahl and coworkers devised a method f o r  s epa ra t ing  & 
typhimurium t h a t  conta in  long chain LPS from those  t h a t  conta in  

s h o r t  chain LPS on countercur ren t  d i s t r i b u t i o n  (7) ;  i n  t h e i r  

work, t h e  peaks containing t h e  two types  of c e l l s  w e r e  separated 

by 15 f r a c t i o n s .  When w e  used t h e i r  so lven t s  t o  sepa ra t e  such 

c e l l s  by countercur ren t  chromatography, the  c e l l s  conta in ing  long 

chain LPS d i s t r i b u t e d  almost e n t i r e l y  i n t o  t h e  mobile phase as 

expected and e lu t ed  o u t  quickly from the column, but  cells  wi th  

s h o r t  chain LPS remained i n  t h e  column, even a f t e r  chromatography 

was c a r r i e d  out f o r  s eve ra l  days o r  500 f r a c t i o n s  w e r e  co l l ec t ed  

(da t a  not  shown). For t h i s  reason, it w a s  necessary t o  modify 

the  method: After t he  c e l l s  containing long chain LPS had been 

e lu t ed  and 30 f r a c t i o n s  co l l ec t ed ,  t h e  cen t r i fuge  run  w a s  termi- 

nated and t h e  column contents  containing re ta ined  c e l l s  w e r e  

f r ac t iona ted  as described e a r l i e r .  The r e s u l t s  a r e  shown i n  Fig. 

1. Very sharp peaks, corresponding t o  c e l l s  conta in ing  long 

chain LPS (designated peak I ,  a t  l e f t )  and c e l l s  conta in ing  shor t  

chain LPS (designated peak 11, a t  r i g h t )  were obtained. There 

w a s  no overlap,  and 93-98% of t he  cells  pu t  i n t o  t h e  column were 

recovered, a s  measured by recovery of r ad ioac t iv i ty .  

Having obtained a c l e a r  separa t ion ,  w e  t e s t ed  the  e f f e c t  

of s l i g h t  d i f f e rences  i n  t h e  propor t ion  of long chain LPS on 

the e l u t i o n  p rope r t i e s  of the bacteria. During s teady-s ta te  

logarithmic growth a t  a given temperature, S, typhimurium synthe- 

s i z e s  LPS continuously,  and t h e  r a t i o  of LPS molecules t o  c e l l  

p ro t e in  is known (12) .  When S, typhimurium G30 is t r ans fe r r ed  

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
2
0
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



SEPARATION OF BACTERIA 

1200 

800 

40- 

409 

I 
II 

- I1 
I I  
I I  
I \  
I I  

I - 1200 

- 800 I t  
; I  
; I  
r ;  
1 ’  
j , ‘1, I I / I  

- 

-400 

1600 1 1  1600 

t 
FRACTION NUMBER 

FIGURE 1. S e p a r a t i o n  o f  cells o f  g.- typhimurium G30 con- 
t a i n i n g  l o n g  c h a i n  LPS f r o m  those c o n t a i n i n g  short c h a i n  LPS b y  
c o u n t e r c u r r e n t  chromatography. C e l l s  were grown either w i t h o u t  
g a l a c t o s e  and w i t h  [ 3 H ] l e u c i n e  (1 W i / m l ) ,  or i n  the p r e s e n c e  o f  
0.1 m~ [14C]ga lac tose  (1 m C i / m o l ) .  T h e  cells were h a r v e s t e d  and 
washed, and 3 x l o 9  cells o f  e a c h  were m i x e d  and s u b j e c t e d  t o  
c o u n t e r c u r r e n t  chromatography a s  d e s c r i b e d .  In this and other 
f i g u r e s ,  the arrow on the bottom a x i s  i n d i c a t e s  the p o i n t  a t  
wh ich  the c e n t r i f u g e  run was t e r m i n a t e d  t o  s t a r t  f r a c t i o n a t i o n  o f  
the column contents. A l s o ,  the l e f t  peak  w i l l  be r e f e r r e d  t o  a s  
p e a k  I and the r i g h t  p e a k  as peak  II .  I d e n t i c a l  r e s u l t s  were 
ob ta ined  i f  the c u l t u r e  c o n t a i n i n g  g a l a c t o s e  was l a b e l e d  w i t h  
[ 1 4 C ] l e u c i n e  i n s t e a d  o f  [14C]ga lac tose .  

from media lacking galactose,  where i t  makes sho r t  chain LPS, t o  

one containing galactose,  a l l  newly synthesized molecules of LPS 

have long chain polysaccharide, but pre-existing shor t  chain LPS 

molecules a r e  no t  modified o r  converted t o  long chain; fu r the r -  

more, t he re  is no turnover of LPS (13,  14).  By growing t h i s  

murant f o r  many generations i n  rad ioac t ive  ga lac tose ,  which 

l a b e l s  only long chain LPS, and rad ioac t ive  leucine,  which l a b e l s  

p ro te in  and not  LPS, we can measure the  steady-state s p e c i f i c  

a c t i v i t y  (ga lac tose  r e l a t i v e  to  leucine,  i.e. , LPS/protein) of 

bac te r i a  completely covered with long chain LPS. It is  then 

poss ib le  to  ca l cu la t e  t he  proportion of long chain LPS r e l a t i v e  
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4 10 LEIVE ET AL. 

t o  t o t a l  LPS i n  ce l l s  grown cont inuously i n  l abe led  l euc ine  

wi thout  ga l ac tose ,  and then given l abe led  g a l a c t o s e  f o r  va r ious  

s h o r t  l eng ths  of t i m e .  LPS i s  made on t h e  inne r  membrane and 

t r a n s f e r r e d  s h o r t l y  t h e r e a f t e r  (w i th in  1-2 minutes) t o  t h e  out- 

s i d e  of t he  o u t e r  membrane (13 ) ,  s o  f o r  a l l  t i m e s  of exposure t o  

ga l ac tose  except  those  less than  - 3 minutes ,  t h e  percent  of 

l abe led  long  cha in  LPS p resen t  i n  t h e  organism w i l l  a ccu ra t e ly  

r e f l e c t  t h e  percent  of such molecules i n  t h e  o u t e r  membrane. It 

i s  t h e r e f o r e  p o s s i b l e  t o  prepare  Salmonella of known p ropor t ions  

of long and s h o r t  cha in  LPS on t h e i r  s u r f a c e  and t o  test  t h e  

e f f e c t  of t hese  on t h e  f r a c t i o n a t i o n  of t h e  b a c t e r i a  by counter-  

cu r ren t  chromatography. 

The r e s u l t s  of such an  experiment a r e  shown i n  Fig. 2 and 

Table  1. Af te r  s e v e r a l  gene ra t ions  of growth i n  t h e  presence  of 

[ Hlleuc ine  and no ga lac tose ,  [ 

c e l l s  harves ted  a t  0 t o  5 minutes  t h e r e a f t e r .  Table  1 shows t h e  

percent  of long chain  LPS r e l a t i v e  t o  t o t a l  LPS p resen t  on t h e  

su r face  of  t h e  b a c t e r i a .  F igures  a r e  no t  given f o r  0-3 minutes ,  

s i n c e  a t  those  e a r l y  t i m e s  a l a r g e  p ropor t ion  of t h e  LPS is 

i n t e r n a l ,  having n o t  been t r ans loca ted  t o  t h e  o u t e r  membrane; 

however, by 4 minutes  more than  85% of a l l  ga lac tose-conta in ing  

LPS should be  i n  the  o u t e r  membrane. 

3 14 Clgalac tose  was added and t h e  

When t h e  d i s t r i b u t i o n  of  such ce l l s  on coun te rcu r ren t  chro- 

matography i s  examined, t h e  fo l lowing  obse rva t ions  w e r e  made. A s  

expected,  t h e  p o s i t i o n  of cells  wi th in  t h e  f i r s t  2 minutes  of 

exposure t o  ga l ac tose  is i d e n t i c a l  t o  t h a t  of  ce l l s  grown without  

ga l ac tose ,  s i n c e  l i t t l e  of t h e  new LPS would b e  on t h e  su r face  of 

t h e  cel l .  

t h e  long cha in  LPS appears  i n  t h e  o u t e r  membrane (-- 2-3 minutes ) ,  

two phenomena appear .  F i r s t ,  he t e rogene i ty  appears  i n  peak 11, 

i n d i c a t i n g  that the presence of some molecules  of long cha in  LPS 

a r e  a f f e c t i n g  t h e  mob i l i t y  of  t hese  ce l l s .  Second, a s u b s t a n t i a l  

p ropor t ion  of t h e  cells  appear  i n  t h e  p o s i t i o n  of  peak I, even 

though they  d i f f e r  on ly  s l i g h t l y  i n  percent  long cha in  LPS from 

t h e  ce l l s  i n  l a t e r  f r a c t i o n s .  

However, a t  the t i m e  when a s i g n i f i c a n t  p ropor t ion  of 

The change is e s p e c i a l l y  s t r i k i n g  
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FIGURE 2.  S e p a r a t i o n  o f  cells  of 5 typhimrtrium G30 grown 
0-5 m i n u t e s  w i t h  f l 4 C ] g a l a c t o s e  and c o n t i n u o u s l y  w i t h  13HlLeucine.  
C e l l s  were grown w i t h o u t  g a l a c t o s e  and w i t h  [ 3 H ] l e U C i R e  (1 V C i / d )  
t o  a d e n s i t y  o f  3 x 108/m1 and [14C]ga lac tose  added (3 m C i / m o l ) .  
Samples  were c h i l l e d  and h a r v e s t e d  a t  0 ,  1 ,  2 ,  3 ,  4 ,  and 5 m i n u t e s  
t h e r e a f t e r  a s  d e s c r i b e d  i n  F ig .  1 and M a t e r i a l s  and Methods.  T h e  
arrows a t  the t o p  of the f i g u r e  i n d i c a t e  the p o s i t i o n  of p e a k s  I 
( l e f t  peak )  and peak 11 ( r i g h t  p e a k ) .  
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412 LEIVE ET AL. 

TABLE 1 

P r o p e r t i e s  of C e l l s  Grown Varying S h o r t  Times i n  Galac tose  

t 
Experiment g a l a c t o s e  LPS ( r e l a t i v e  
shown i n  (min) t o  t o t a l )  * Peak I Peak I1 

Durat ion of 
exposure t o  % Long c h a i n  % T o t a l  c e l l s  i n  

F igure  2 3 
4 
5 

15 
19 
22 

F i g u r e  3 4 3 1  
5 35 
6 36 
7 39 

7 93 
3 1  69 
63 37 

32 68 
56 44 
60 40 
67 33 

* 
The p e r c e n t  of  long  c h a i n  LPS w a s  c a l c u l a t e d  as d e s c r i b e d  i n  

t h e  t e x t .  

d i v i d i n g  t h e  l e u c i n e  cpmfpeak by t h e  t o t a l  l e u c i n e  cpm recovered 
i n  a l l  f r a c t i o n s .  

'The percent  of t o t a l  ce l l s  i n  each peak w a s  c a l c u l a t e d  by 

i n  comparing t h e  4-minute t o  t h e  5-minute sample: a l though t h e  

t o t a l  p e r c e n t  of long  c h a i n  LPS went up o n l y  3% from 19% t o  22% 

(Table l), t h e  p e r c e n t  of t o t a l  c e l l s  i n  t h e  area of  peak I went 

from 31% t o  63%. N o  s i g n i f i c a n t  d i f f e r e n c e  i n  p e r c e n t  of long  

c h a i n  LPS i s  seen  i n  peaks I and I1 a t  a g iven  t i m e  p o i n t .  

r e s u l t s  sugges t  t h a t  a p r o p e r t y  o t h e r  t h a n  t o t a l  p e r c e n t  of long 

c h a i n  LPS a f f e c t s  t h e  p a r t i t i o n  behavior  of t h e s e  cells i n  counter-  

c u r r e n t  Chromatography. 

These 

To i n v e s t i g a t e  t h e s e  f i n d i n g s  f u r t h e r ,  t h e  experiment w a s  

repea ted ,  except  t h a t  samples were removed a t  4 t o  7 minutes  

a f t e r  g a l a c t o s e  a d d i t i o n  (F ig .  3 ) .  I n  t h i s  experiment t h e  percent  

of long  c h a i n  LPS i n  t h e  cells  i n c r e a s e d  from 31% t o  39% over  t h e  

t i m e  per iod  surveyed. Once aga in ,  c o u n t e r c u r r e n t  chromatography 

showed cells f a l l i n g  i n  t h r e e  areas: 

p o s i t i o n  of  peak 11, and a series of s h o u l d e r s  forming a l e a d i n g  

edge t o  peak 11. Once aga in ,  t h e r e  is a dramat ic  s h i f t  i n  per-  

c e n t  of cells  f a l l i n g  i n  peak I between 4 and 5 minutes  of 

the p o s i t i o n  of  peak I, t h e  
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FIGURE 3. S e p a r a t i o n  of cells of t y p h i n m i u m  G 3 0  grown 
4-7 m i n u t e s  w i t h  [14C]ga lac tose  and c o n t i n u o u s l y  w i t h  [ 3 H ] l e u c i n e .  
Procedure e x a c t l y  a s  for F i g .  2 e x c e p t  t h a t  cells were harvested 
a t  4 ,  5, 6 ,  and 7 m i n u t e s  a f t e r  a d d i t i o n  o f  g a l a c t o s e .  
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414 LEIVE ET AL. 

exposure t o  ga lac tose  (from 32% t o  56%), and the  percent  of c e l l s  

i n  peak I continues t o  increase, somewhat more s lowly ,  over t he  

next few minutes. A s  with  the  previous experiment, t he  percent 

of long chain LPS present  i n  cells  of peak I and peak I1 a t  a 

given t i m e  po in t  a r e  s u b s t a n t i a l l y  the  same. In another experi-  

ment (da ta  no t  shown), approximately 90% of c e l l s  were i n  peak I 

a f t e r  11 minutes of exposure t o  ga lac tose ,  and 100% i n  peak I 

a f t e r  20 minutes. These r e s u l t s  confirm t h a t  some property of 

the  cells  o the r  than a c t u a l  percent of long chain LPS i n  the  

ou te r  membrane a f f e c t s  t h e i r  d i s t r i b u t i o n  i n  countercur ren t  

chroma t o  graphy . 
DISCUSSION 

The ou te r  membrane of gram-negative b a c t e r i a  and the  synthe- 

sis of i t s  LPS i s  d iagramed i n  Fig. 4 .  

t he  inner  membrane ( 1 3 )  and is  t rans loca ted  t o  the  ou te r  membrane 

a t  a l a r g e  number of po in ts ,  a f t e r  which i t  spreads over t he  

su r face  (14-17). 

galactose-4-epimerase provide an exce l l en t  t o o l  f o r  studying the  

e f f e c t  of changes s o l e l y  i n  LPS on the  mobi l i ty  of c e l l s  in 

countercurrent chromatography. When ga lac tose  i s  added to  such 

mutants, the only change i n  the  outer  membrane i s  the  add i t ion  

during subsequent growth of LPS t h a t  conta ins  long polysaccharide 

s i d e  chains in s t ead  of LPS wi th  sho r t  chains.  The t o t a l  propor- 

t i o n s  of all ou te r  membrane components s t a y  t h e  same. 

only a t i n y  percentage of t o t a l  LPS is found a t  one t i m e  i n  t he  

inner  membrane (perhaps 2 % ) ,  and t r ans loca t ion  of a newly synthe- 

s ized  molecule to  the  ou te r  membrane is  rap id  (13, 16), s o  t h a t  

a t  37'C, 3-4 minutes a f t e r  add i t ion  of labe led  ga lac tose  t o  the  

- S. typhimurium mutant, v i r t u a l l y  a l l  l a b e l  w i l l  r e f l e c t  molecules 

assoc ia ted  with the outer  membrane. I n  c o n t r a s t ,  spread of t he  

LPS to  cover the  sur face  i s  much slower, taking 10-20 minutes t o  

reach homogeneity (16-18). It is  not  known whether spreading of 

ou ter  membrane molecules occurs from t r u e  l a t e r a l  d i f f u s i o n  or 

from growth. 

LPS i s  synthesized i n  

Mutants of & typhimurium de fec t ive  i n  UDP- 

In genera l ,  
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Spread - 
415 

Outer 
Membrane 

7 Translocation 

Biosynthesis 

FIGURE 4. Diagram o f  s t r u c t u r e  o f  the o u t e  membrane o f  S, 
typhimurium and b i o s y n t h e s i s  o f  US. Symbols:  f = u s ;  P = 
p h o s p h o l i p i d ;  0 = p r o t e i n .  
i s  the f i n a l  d e s t i n a t i o n  of LPS, which i s  s y n t h e s i z e d  i n  the 
inner membrane, t r a n s l o c a t e d  t o  the o u t e r  membrane, and spreads  
t o  cover the s u r f a c e .  T r a n s l o c a t i o n  probab ly  t a k e s  p l a c e  a t  
be tween  50 and 200 a d h e s i o n  p o i n t s  between the two membranes 
(diagrammed b y  a n  arrow,  b u t  not p i c t u r e d ) .  I t  i s  not known 
whether spread OCCUTS b y  d i f f u s i o n  w i t h i n  the b i l a y e r  or b y  
growth or both. 
the inner membrane and /or  the inner f a c e  o f  the o u t e r  membrane 
d u r i n g  b i o s y n t h e s i s  and t r a n s l o c a t i o n  (not p i c t u r e d ) .  

T h e  o u t e r  f a c e  of the o u t e r  membrane 

LPS may appear t r a n s i e n t l y  on the o u t e r  f a c e  of 

We f ind  with countercurrent chromatography t h a t  c e l l s  wi th  

v i r t u a l l y  the  same propor t ion  of LPS molecules conta in ing  long 

chain LPS ( i n  the range of 15-40%) can f r a c t i o n a t e  e i t h e r  i n  peak 

I ( the  pos i t i on  of c e l l s  covered e n t i r e l y  with long chain LPS) o r  

i n  the  pos i t i on  of peak I1 ( t h e  pos i t i on  of c e l l s  covered e n t i r e l y  

wi th  sho r t  chain LPS). The percentage of cells t h a t  f r a c t i o n a t e s  

i n  each peak changes during the  period of 3-11 minutes a f t e r  

add i t ion  of ga lac tose  to  the  S, typhimurium G30 mutant. The 

changes i n  f r ac t iona t ion  p a t t e r n  do not r e f l e c t  synthes is  of LPS 

wi th  a d i f f e r e n t  average s i d e  chain length  immediately a f t e r  

ga lac tose  addi t ion ,  relative t o  c e l l s  grown continuously wi th  

galactose,  s ince  Palva and m k e l 3  (19) showed t h a t  t he  d i s t r i b u -  

t i o n  of s ide  chain lengths  i n  LPS w a s  t h e  same a t  1 minute a f t e r  

ga lac tose  add i t ion  as i n  c e l l s  grown continuously with ga lac tose .  

W e  can bes t  expla in  these  r e s u l t s  by the  following hypothesis: 

Bac ter ia  with low (15-40%) percentages of long chain LF'S i n  

t h e i r  ou ter  membrane can f r a c t i o n a t e  e i t h e r  i n  the  pos i t i on  of 
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416 LEIVE ET AL. 

c e l l s  covered with long chain LPS o r  c e l l s  covered with sho r t  

chain LPS depending on where the  long chain LPS i s  i n  the  outer  

membrane. For a few minutes a f t e r  t r ans loca t ion  t o  the  outer  

membrane the  long chain molecules a r e  "hidden", perhaps because 

they may f ace  inward r a t h e r  than outward on t he  ou te r  membrane, 

o r  perhaps because they may n o t  have spread over the  su r face  from 

the  po in t s  of t h e i r  i n se r t ion .  Although we cannot a s  y e t  d i s t i n -  

guish these  hypothesis,  it i s  c e r t a i n  t h a t  countercur ren t  chro- 

matography provides a t o o l  f o r  separa t ing  bac te r i a  on the  b a s i s  

of phys ica l  p rope r t i e s  of t h e i r  o u t e r  membrane t h a t  have n o t  been 

de tec t ab le  o r  separable  by o the r  means, and thus  may be of g rea t  

h e l p  i n  analyzing s t e p s  i n  membrane biogenesis.  

1. 

2. 

3. 

4 .  

5. 

6. 
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