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ABSTRACT 

T h e  gene cod ing  f o r  t h e  CAMP f a c t o r  from a strain 

of S t r e p t o c o c c u s  uberis (S. uberis) was c loned  i n  E. coli. 

Chromosomal DNA from S. uberis was used t o  c o n s t r u c t  a gene 

l i b r a r y  i n  plasmid pTZ18R and s i x  CAMP-reaction positive 

c l o n e s  w e r e  ob t a ined  from a  t o t a l  of 1 0 , 0 0 0  t r ans formants .  

One c lone ,  pJLD21, was subcloned and the  CAMP f a c t o r  gene 

(cfu) w a s  l o c a l i z e d  t o  a  3 .2  kb BamHI f ragment .  The 

n u c l e o t i d e  sequence o f  c f u  was determined and the deduced 

amino a c i d  sequence shown t o  be homologous t o  the 

cor responding  S t r e p t o c o c c u s  a g a l a c t i a e  (S. a g a l a c t i a e )  

p r o t e i n .  Immunoblot a n a l y s i s  revealed that t h e  recombinant 

s t r a i n  c o n t a i n i n g  pJLD21 expressed  a p r o t e i n  wi th  a molecular 

weight o f  2 8 , 0 0 0 .  An t ibod i e s  r a i s e d  a g a i n s t  p u r i f i e d  S. 

uberis CAMP f a c t o r  c ro s s - r eac t ed  with S. a g a l a c t i a e  p r o t e i n  

B. Southern  b l o t  a n a l y s i s  demonst ra ted  t h a t  t h e  s i x  CAMP- 

r e a c t i o n  p o s i t i v e  E. coli c lones  con ta ined  t h e  same CAMP 

f a c t o r  gene ,  and t h i s  gene existed i n  t h r e e  ou t  o f  e i g h t  S. 

u b e r i s  s t r a i n s .  

An O W  encoding  a 277-residue p r o t e i n  was 

i d e n t i f i e d  upstream of t h e  CAMP f a c t o r  gene. Sequence 

a n a l y s i s  i n d i c a t e d  that t h e  gene p roduc t  is  p o t e n t i a l l y  a 

p o l a r  amino acid and op ine  b ind ing  p r o t e i n  of a n  ABC-type 
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t r a n s p o r t  system. 

T h e  i n t e r a c t i o n  between S. uberis and bovine 

l a c t o f e r r i n  ( b L f )  has been cha rac t e r i zed .  The b i n d i n g  of  '''1- 

bLf  t o  S. uberis w a s  time-dependent and d i s p l a c e a b l e  by  

u n l a b e l l e d  bLf . Apo-bLf could i n h i b i t  lZ51-b~f b i n d i n g  a s  

ef f e c t i v e l y  as i r o n - s a t u r a t e d  bLf , Bovine t r a n s f e r r i n ,  human 

l a c t o f e r r i n  and human t r a n s f e r r i n  did not  i n t e r f e r e  w i t h  bLf 

b ind ing .  The S c a t c h a r d  p l o t  was l i n e a r  and approx imate ly  7800 

b ind ing  sites were exp re s sed  by  each b a c t e r i a l  c e l l ,  w i t h  an 

af f i n i t y  o f  1 . 0  x IO-' M. Reduced i r o n  a v a i l a b i l i t y  induced  by 

t h e  presence of i r o n  c h e l a t o r s  i n  t h e  growth medium did not  

no t ab ly  modify t h e  s a t u r a t i o n  o f  S. uberis by b L f .  Heat- o r  

p r o t e a s e  t r e a t m e n t  of b a c t e r i a l  cells reduced b L f  b i n d i n g  t o  

a g r e a t  deg ree .  Two components wi th  e s t ima ted  molecu la r  

weights  o f  165,000 and  76,000 were o r i g i n a l l y  i d e n t i f i e d  from 

t h e  ce11 w a l l  as t h e  f u n c t i o n a l l y  a c t i v e  b L f  b i n d i n g  

p r o t e i n s .  

The gene cod ing  f o r  t h e  bLf b ind ing  p r o t e i n  (lbp) 

of S. uberis has been c loned and sequenced. A s i n g l e  ORF 

encoding 561 amino acid residues r e s u l t e d  i n  t h e  p r e s e n c e  of 

two p r o t e i n s  i n  t h e  recombinant E. c o l i  ce l l .  These p r o t e i n s  

w e r e  a b l e  t o  b i n d  bovine l a c t o f e r r i n  and had molecu la r  

weights  o f  76,000 and  165,000, s i m i l a r  t o  t h o s e  detected i n  

S. uberis. T h e  165 kDa p r o t e i n  was l i k e l y  a dimer o f  t h e  7 6  

kDa p r o t e i n .  C o n s i s t e n t  with t h i s ,  u rea  t r ea tmen t  resulted i n  

on ly  one p r o t e i n  species, and Northern b l o t  a n a l y s i ç  showed 
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only  one major t r a n s c x i p t  i n  both S. uberis and recombinant 

E. coli. A p u t a t i v e  s i g n a l  pept ide  was found a t  t h e  N 

terminus of t h e  deduced amino ac id  sequence and t h e  C 

terminus had t h e  f e a t u r e s  o f  t h e  membrane anchor motif found 

in o t h e r  s u r f a c e  p r o t e i n s  from Gram p o s i t i v e  b a c t e r i a ,  

Dele t ion  a n a l y s i s  l o c a t e d  t h e  bLf binding domain t o  a 2 0 0  

amino a c i d  r eg ion  a t  t h e  N terminus of t h i s  p r o t e i n .  Ana lys i s  

of the primary and secondary s t r u c t u r e  suggested t h a t  bLf 

b ind ing  p r o t e i n  of S. uberis is  a M-like p r o t e i n .  Cons i s t en t  

w i t h  t h i s ,  a gene (mga) homologous t o  t h a t  coding f o r  t h e  

group A s t r e p t o c o c c a l  Mga, a p o s i t i v e  r e g u l a t o r  o f  M and M- 

l i k e  p r o t e i n s  was found i n  t h e  adjacent  region of t h e  lbp. 

The t r a n s c r i p t  of mga was d e t e c t e d  i n  recombinant E. coli bu t  

n o t  i n  S. uberis. Southern b l o t  ana lys i s  revealed t h a t  mga 

w a s  d i s t r i b u t e d  i n  a l1  S. uberis s t r a i n s  t h a t  contained the 

lbp. However, t h e  r e l a t i o n s h i p  of rnga and lbp needs t o  be 

s t u d i e d .  

The vacc ine  p o t e n t i a l  of recombinant CAMP f a c t o r  

and l a c t o f e r r i n  b ind ing  p r o t e i n  has been evaluated.  Animals 

vacc ina ted  w i t h  CAMP f a c t o r  generated high l e v e l s  of s p e c i f i c  

a n t i b o d i e s  i n  serum and m i l k ,  and possessed normal m i l k  

somat ic  ce11 counts  a f t e r  cha l l enge .  I n  c o n t r a s t ,  l a c t o f e r r i n  

b ind ing  p r o t e i n  d i d  not  induce high l e v e l s  of s p e c i f i c  

a n t i b o d i e s  i n  t h e  vacc ina ted  animals, and t h e  mean somatic 

ce11 count of t h e s e  cows was considerably  higher  than normal 

l e v e l  fol lowing cha l lenge .  
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1.0 INTRODUCTION AND OBJECTIVES 

Streptococcus uberis (S. uberis) i s  an i m p o r t a n t  

cause  o f  b o v i n e  m a s t i t i s ,  a  disease of  c o n s i d e r a b l e  economic 

concern t o  t h e  d a i r y  i n d u s t r y .  T h i s  G r a m  p o s i t i v e  b a c t e r i u m  

i s  wide ly  d i s t r i b u t e d  i n  t h e  environment  and  a n t i m i c r o b i a l  

t r e a t m e n t  i s  g e n e r a l l y  i n e f  f e c t i v e  i n  t r e a t i n g  disease caused 

b y  t h i s  o r g a n i s m .  T h e r e f o r e ,  t h e  development o f  c o n t r o l  

measures  must be b a s e d  on a n  u n d e r s t a n d i n g  o f  v i r u l e n c e  

f a c t o r s  and  p r o t e c t i v e  a n t  i g e n s  invo lved  i n  i n v a s  i o n  and  

p r o t e c t i o n  of t h e  rnammary g l a n d .  I t  is known t h a t  some S. 

uberis s t r a i n s  can p r o d u c e  h y a l u r o n i c  a c i d  c a p s u l e ,  

h y a l u r o n i d a s e ,  R-like p r o t e i n ,  and  a cohemolysin ,  t h e  CAMP 

f a c t o r ,  However, v e r y  l i t t l e  is  known of  t h e i r  ro les  i n  

p a t h o g e n i c i t y  o r  i n d u c i n g  p r o t e c t i o n  a g a i n s t  S. uberis 

m a s t i t i s .  

T h e  research descxibed i n  t h i s  t h e s i s  is  part of a 

l a r g e r  study u n d e r t a k e n  tc i n v e s t i g a t e  t h e  p a t h o g e n e s i s  o f  S. 

uberis i n  b o v i n e  m a s t i t i s  and  t o  i d e n t i f y  p o t e n t i a l  v i r u l e n c e  

f a c t o r s  and  p r o t e c t i v e  a n t i g e n s .  T h e  long  t e r m  g o a l  is  t o  

deve lop  a p r o t e c t i v e  s u b u n i t  v a c c i n e .  T h e  s p e c i f i c  a ims  of 

t h i s  s t u d y  w e r e  to c h a r a c t e r i t e  t he  gene c o d i n g  f o r  S. uberis 

CAMP factor, t o  i d e n t i f y  b o v i n e  l a c t o f e r r i n  b i n d i n g  



p r o t e i n  ( s )  a n d  c h a r a c t e r i z e  the r e s p e c t i v e  gene ( s )  , and :O 

e v a l u a t e  t h e  p r o t e c t i v e  c a p a c i t y  of  t h e  recombinant  CE-!? 

f a c t o r  and l a c t o f e r r i n  b i n d i n g  p r o t e i n  a g a i n s t  c h a l l e n g e  by  

S. uberis. 

T h i s  t h e s i s  describes t h e  achievement  of  our 

s p e c i f i c  o b j e c t i v e s .  I n  a d d i t i o n ,  it d e s c r i b e s  the 

i d e n t i f i c a t i o n  o f  two a d d i t i o n a l  genes ,  abp and mga, i n  the 

upstream r e g i o n s  of t h e  CAMP f a c t o r  g e n e  and l a c t o f e r r i n  

b i n d i n g  p r o t e i n  gene,  r e s p e c t i v e l y  . The abp l o c u s  could 

encode a p r o t e i n  homologous t o  p o l a r  amino a c i d  and opine 

b i n d i n g  p r o t e i n s  of  G r a m  n e g a t i v e  b a c t e r i a ,  and mga is a 

homologue o f  v i r R  ( o r  m r y ) ,  t h e  p o s i t i v e  r e g u l a t o r  gene of 

group  A s t r e p t o c o c c i .  

I n  t h i s  d i s s e r t a t i o n ,  a  l i t e r a t u r e  rev iew precedes  

f o u r  c h a p t e r s  which describe t h e  major  s t u d i e s  i n  manuscr ip t  

form. Therefore, e a c h  c h a p t e r  c o n t a i n s  a summary, a s h o r t  

i n t r o d u c t i o n ,  m a t e r i a l s  and methods, r e s u l t s ,  and a conc i se  

d i s c u s s i o n .  T h e  f o u r  c h a p t e r s  a r e  f o l l o w e d  by a gene ra l  

d i s c u s s i o n  which i n t e r p r e t s  t h e  r e s u l t s  of the e n t i r e  

research pro j ec t  . The references for the t h e s i s  are p r e s e n t e d  

i n  t h e  l a s t  chapter of  the  d i s s e r t a t i o n .  



2-1 Streptococcus uberis 

2 . 1 . 1  Bovine Mastit is 

M a s t i t i s  h a s  been and c o n t i n u e s  t o  be r e c o g n i z e d  a s  

one o f  t h e  ma jo r  d i s e a s e  problems conce rn ing  t h e  d a i r y  

i n d u s t r y .  I t  i s  g e n e r a l l y  ciefined as inf lammat ion  o f  t h e  

marnmary g l a n d  w i t h  a r e s u l t a n t  i n c r e a s e  i n  sorna t ic  ce11 

c o u n t s  i n  e x c e s s  o f  500,00O/ml i n  t h e  mi lk ,  and  a l 1  t h e  

c l i n i c a l  s i g n s  a s s o c i a t e d  w i t h  in f l ammat ion  (Bramley, 1991)  . 

M a s t i t i s  i s  g e n e r a l l y  c o n s i d e r e d  t h e  most c o s t l y  d i s e a s e  of 

d a i r y  cows. Economic l o s s  r e s u l t i n g  from m a s t i t i s  i s  

d i f f i c u l t  t o  e s t i m a t e  because of  t h e  many levels o f  i n f e c t i o n  

and o t h e r  f a c t o r s .  I t  i s  mainly a t t r i b u t e d  t o  d e c r e a s e d  m i l k  

p r o d u c t i o n ,  discarded milk,  ea r ly  c u l l i n g ,  d r u g  c o s t s ,  

v e t e r i n a r y  f e e s ,  and  i n c r e a s e d  l a b o u r  (Fetrow, 1980)  . 

Economic i o s s e s  from m a s t i t i s  of $200 p e r  cow per y e a r  o r  $2 

b i l l i o n  p e r  y e a r  have  been e s t i m a t e d  f o r  t h e  Uni ted  States 

( J a s p e r  e t  a l . ,  1982; P h i l p o t ,  1 9 8 4 )  . 
A s  e a r l y  as t h e  1920s a n d  30s,  Streptococcus  

uberis ,  a l o n g  w i t h  S. a q a l a c t i a e  a n d  S .  d y s g a l a c t i a e  were 

i d e n t i f  ied a s  t h e  t h r e e  common s p e c i e s  of  s t r e p t o c o c c i  



a s s o c i a t e d  w i t h  b o v i n e  m a s t i t i s .  The wide a p p l i c a t i o n  of  

m a s t i t i s  c o n t r o l  measures ,  s u c h  as  p o s t - m i l k i n g  teat 

d i s i n f e c t i o n  and dry-cow a n t i b i o t i c  t h e r a p y ,  h a s  led t o  a 

f a 1 1  i n  t h e  i n c i d e n c e  o f  m a s t i t i s  caused  by c o n t a g i o u s  S. 

a g a l a c t i a e ,  b u t  t h e  n o n a g a l a c t i a e  s t r e p t o c o c c i  a r e  now 

r e s p o n s i b l e  f o r  a  greater p r o p o r t i o n  of c l i n i c a l  d i s e a s e .  

R e p o r t s  .on t h e  f r e q u e n c y  of  i s o l a t i o n  of n o n a g a l a c t i a e  

s t r e p t o c o c c i  i n d i c a t e d  S. uberis t o  be most common (Brarnley, 

1990; Bramley, 1 9 8 4 ;  Smith et al., 1 9 8 5 ) .  I t  c o n s t i t u t e s  

a round 33% o f  t h e  i s o l a t e s  o b t a i n e d  from c l i n i c a l  c a s e s  of  

bov ine  mast i t i s  ( H i l l e r t o n  et a l . ,  1 9 9 3 ) .  

S. u b e r i s  i s  n o t  dependen t  upon t h e  rnamrnary g l a n d  

f o r  s u r v i v a l  i n  n a t u r e .  I n s t e a d ,  it is  wide ly  d i s t r i b u t e d  i n  

t he  envi ronments ,  s u c h  as bedding ,  p a s t u r e s  a n d  many si tes on 

t h e  cow, i n c l u d i n g  t h e  body s u r f a c e ,  gut, t o n s i l s  and  

u r o g e n i t a l  t r a c t  (Bramley,  1982;  K r u z e  and B r a m l e y ,  1982) . 

However, t h i s  organism does  n o t  c o n t r i b u t e  s i g n i f i c a n t l y  t o  

d i s e a s e s  o u t s i d e  t h e  marnmary gland. I t  a p p e a r s  t h a t  S. uberis 

is a  s p e c i a l i s e d  o p p o r t u n i s t ,  t a k i n g  advan tage  of weakness 

w i t h i n  a  marnrnary q u a r t e r  f a v o u r a b l e  t o  i t s  s u r v i v a l .  The ra te  

o f  new intramarnmary i n f e c t i o n  c a u s e d  by S. uberis i s  h i g h e r  

i n  t h e  d r y  p e r i o d  than d u r i n g  t h e  l a c t a t i o n ,  a n d  i s  h i g h e s t  

d u r i n g  t h e  f i r s t  two weeks of t h e  d r y  p e r i o d  a n d  a g a i n  d u r i n g  

t h e  two weeks before p a r t u r i t i o n  (Harmon and C r i s t ,  1 9 9 4 ) .  

M a s t i t i s  r e s u l t i n g  from i n f e c t i o n  w i t h  S. uberis i s  

commonly s u b c l i n i c a l ,  c h a r a c t e r i z e d  by  a p p a r e n t l y  normal m i l k  



w i t h  a n  i n c r e a s e  i n  s o m a t i c  ce11  c o u n t s  due  t o  t h e  influx of 

l e u k o c y t e s .  T h e  chemica l  c o m p o s i t i o n  of  m i l k  i s  changed d u e  

s u p p r e s s i o n  secret i o n  w i t h  t h e  t r a n s f e r  sodium 

c h l o r i d e  and b i c a r b o n a t e  fro-G*blood t o  milk b r i n g i n g  about a  

s h i f t  o f  p H  t o  a more a l k a l i n e  l e v e l .  S. uberis m a s t i t i s  may 

a l s o  t a k e  t h e  form o f  a n  a c u t e  c l i n i c a l  c o n d i t i o n ,  with 

o b v i o u s  s i g n s  o f  disease s u c h  as c l o t s  o r  d i s c o l o u r a t i o n  o f  

t h e  m i l k ,  s w e l l i n g  o r  h a r d n e s s  o f  the  mammary g l a n d .  Some 

c a s e s  o f  the c l i n i c a l  d i s e a s e  can  be s e v e r e  and p y r e x i a  may 

b e  p r e s e n t .  T h e  c l i n i c a l  forms o f  S. uberis mast i t i s  were 

r e v i e w e d  by Bramley (1991)  and Schalm et a l .  (1971)  . 
T h e  p a t h o g e n e s i s  of S. uberis i n f e c t i o n  is poor ly  

u n d e r s t o o d .  G e n e r a l l y ,  f o r  a n  o r g a n i s m  t o  i n f e c t  and  p e r s i s t  

w i t h i n  t h e  mammary g l a n d ,  it must be a b l e  t o  g a i n  a c c e s s  t o  

the g l a n d  and m u l t i p l y  a t  a  r a t e  s u f f i c i e n t  t o  p r e v e n t  i ts 

e l i m i n a t i o n  d u r i n g  m i l k i n g .  Adherence of b a c t e r i a  t o  host 

ce l l s  i s  an e s s e n t i a l  f e a t u r e  i n  t h e  process o f  c o l o n i z a t i o n .  

S t u d i e s  showed t h a t  S. uberis was c a p a b l e  o f  a d h e r i n g  t o  

e x t r a c e l l u l a r  m a t r i x  p r o t e i n s  such  as c o l l a g e n ,  f i b r o n e c t i n ,  

a n d  l amin in ,  p l u s  b o v i n e  mammary e p i t h e l i a l  cel ls  (Almeida e t  

a l . ,  1993) . More i n t e r e s t i n g l y ,  S. uberis was obse rved  i n  

membrane-bound v a c u o l e s  w i t h i n  t h e  cy top lasm o f  e p i t h e l i a l  

ce l l s  (Matthews e t  a l  - , 1994b) , s u g g e s t i n g  a  post-adherence 

ce11 i n v a s i o n ,  a common e v e n t  among p a t h o g e n i c  b a c t e r i a  t h a t  

a r e  n o t  g e n e r a l l y  c o n s i d e r e d  a s  " c l a s s i c a l  i nvad ing  b a c t e r i a m  

(Donnenberg e t  a l . ,  1990; Ewanovich et al., 1989; Janda  et 



al., 1991; Sreenivasan et al., 1993) . Entry of the pathogen 

into host cells and further invasion of tissue underlying 

mucosal membranes enable pathogenic bacteria to spread and 

avoid host defense mechanisms and the action of most 

antimicrobial agents (Falkow, 1991) . Invasion of bovine 

mammary secretory epithelial cells may also affect secretory 

ce11 function, and this may be related to decreased milk 

production associated with mastitis. 

Phagocytosis and killing of bacteria by neutrophils 

constitutes a major defence mechanism of the mammary gland. 

This system is responsible for controlling infections caused 

by S. aureus (Schalm et al., 1976) and the elimination of 

infections caused by E. coli (Hill et al., 1978) . The role of 

phagocytic cells in control of infection by S. uberis appears 

less clear (Thomas et al., 1990) . However, a strain of S. 

uberis which was able to resist phagocytosis in vitro was 

also found to be more capable of establishing an infection in 

the lactating gland than an organism which was readily 

.phagocytosed and killed (Hill, 1988a; Leigh et al., 1990) . 

Infection of the mammary gland with virulent strains of S. 

uberis results in the rapid growth of bacteria and the 

concomitant appearance of large numbers of neutrophils in 

secretions (Hill et al., 1994) . However, unlike infection 

with E. coli, the presence of neutrophils does not reduce the 

number of S. uberis present in the secretions. Microscopie 

examination of milk and tissues from animals infected with S. 



u b e r i s  confirms these findings, as free bac te r i a  are clearly 

detected in the secretion but are only rarely found in 

association with phagocytic cells (Thomas et al., 1990) . 
Information on the therapy of S. u b e r i s  infection 

is not extensive. Usually, intramammary therapy with 

antibiotics is the first treatrnent for acute mastitis. S. 

uberis is very sensitive in vitro to many antibiotic agents, 

especially penicillin. In one study, 100% of S. u b e r i s  

isolates were sensitive to this antibiotic (McDonald et al., 

1976) . The rates for successful treatment of clinical S. 

u b e r i s  mastitis are generally high. Using penicillin or 

semisynthetic penicillins, cure rates exceeding 70% have 

usually been obtained (Grif f in et al., 1982) . However, Tyler 
et al. (1992) stated that response of clinical S. uber is  

infections to antibiotic therapy during lactation is poor, 

although a combination of parenteral and intramammary 

erythromycin appears to be ef f icacious . 

The approaches to control S. uberis mastitis must 

involve prevention by ei ther  decreased exposure to pathogens 

or enhanced resistance of the dairy cow. Post-milking teat 

dipping with germicidal dips, dry cow therapy with 

antibiotics and other hygienic milking techniques which 

reduce the residual contamination of teat skin by pathogens 

only have limited efficacy against S. uberis infection (Crist 

and Harmon, 1991; Oliver et al., 1989). This is likely 

related to the constant exposure of the teat to the 



ext ramammary environment, the prirnary reservoir of S. uberis. 

Vaccination is one of the approaches that enhances 

the resistance of the rnarnrnary gland to new infection and can 

reduce clinical severity of the disease. The prospects for 

the control of S. u b e r i s  infection by means of vaccination 

would appear promising. Previous studies showed that a 

primary infection with S. uberis can considerably reduce the 

rate of infection following a second challenge with the same 

strain (Hill, 1988b) - Local vaccination with killed S. u b e r i s  

protects the bovine rnarnrnary gland against intramamrnary 

challenge with the homologous strain (Finch et al., 1994) . 
Similarly, subcutaneous vaccination with live S. u b e r i s  

caused a dramatic modification of the pathogenesis of 

m a s t i t i s  with the same strain (Hill et al., 1994). Animals 

vaccinated in this way shed many fewer bacteria in their milk 

and many quarters remained free of infection. 

The potential application of cytokines for disease 

prevention in dairy cattle has been described (Babiuk et al., 

1991; Daley et al., 1991; Kehrli et al., 1991) . With the 
production of recombinant interf erons, colony-stimulating 

factors, and interleukins, considerable research is in 

progress to address their effects on modulating the disease 

process in the mammary gland. Although this area shows 

promise for future application to animal health, many details 

of the mechanisms involved must be investigated. 



2.1.2 Identification 

S. uberis is Gram stain positive, with cells being 

spherical and occurring in short chains. They grow readily on 

blood agar at 30 to 37°C. Most S. u b e r i s  strains are non- 

haemolytic or show slight a-haemolysis, and, after 24 to 48 

h incubation, colonies are 1 to 2 mm in diameter. 

Identification is aided by the addition of 0.1% aesculin to 

the blood agar. S. u b e r i s  hydrolyses aesculin and this is 

detectable as a darkening or browning of the medium around 

the colony . Detailed physiological and biochernical 

characteristics of S. u b e r i s  were reviewed by Bramley (1984). 

S .  u b e r i s  is serologically heterogeneous . The 

serological grouping of S. u b e r i s  with Lancefield grouping 

sera has primarily resulted in approximately 20% of these 

organisms reacting with group E-specif ic serum (Sweeney, 

1964) . Occasional reactions, however, have been reported with 

groups B r  G r  P, and U (Garvie and Brarnley, 1979; Roguinsky, 

1969; Roguinsky, 1971; Shuman e t  al ., 1969; Shuman et al., 

1972a; 1972231. At least 3, and as many as 11 or more, 

different serological subtypes within the species have been 

detected by slide agglutination and precipitation tests 

(Cullen, 1969) . Therefore, serology is of little value in the 
identification or classification of S. uberis. 

A comon antigen was dernonstrated by rocket-line 

inununoelectrophoresis from S. u b e r i s  isolates, but was not 

further characterized (Jones and Norcross, 1983) . Other study 



showed t h a t  S. uberis s t r a i n s  e x h i b i t e d  alrnost i d e n t i c a l  

immunoblot f i n g e r p r i n t s  o f  t h e  m a j o r  a n t i g e n s  o f  

a p p r o x i m a t e l y  40-41, 59-61 and  118-122 kDa f o l l o w i n g  r e a c t i o n  

w i t h  r a b b i t  hyperimmune s e r a  (Groschup e t  a l . ,  1991)  . 
However, v a r i a t i o n s  i n  t h e  m o l e c u l a r  we igh t  of  p a r t i c u l a r  

bands w e r e  t o o  u n e v e n l y  d i s t r i b u t e d  t o  p e r m i t  f o r m a t i o n  of  

subgroups .  

DNA o r  genome f i n g e r p r i n t i n g  h a s  been u s e d  t o  

d i s t i n g u i s h  between i s o l a t e s  o f  S. uberis. Comparison o f  t h e  

r e s t r i c t i o n  p a t t e r n s  from S. uberis showed t h a t  t h e  f ragment  

l e n g t h  o f  t h e  d i s c r i r n i n a t i n g  r e g i o n  was between 9 a n d  2 3  kb 

( H i l l  and Leigh, 1989)  . Hence, s u f f i c i e n t  s e p a r a t i o n  of l a r g e  

chromosomal f r a g m e n t s  i s  r e q u i r e d  t o  o b t a i n  p r e c i s e  

comparison.  

DNA-DNA h y b r i d i z a t i o n  has r e v e a l e d  two s u b t y p e s  

( d e s i g n a t e d  t y p e  1 and t y p e  I I )  of S. u b e x i s ,  w i t h  80-100% 

homology among members of  a g i v e n  s u b t y p e  a n d  45-65% homology 

between t h e m  ( C o l l i n s  et a l . ,  1984; G a r v i e  and  Bramley, 

1979) . Comparison of  1 6 s  rRNA sequences  h a s  confi r rned this 

d i s t i n c t i o n ,  and t y p e  II  s t r a i n s  have now been a s s i g n e d  t o  a 

s e p a r a t e  s p e c i e s ,  S. parauberis ( W i l l i a m s  a n d  C o l l i n s ,  1990)  . 
Methods t o  d i f f e r e n t i a t e  t h e  two s p e c i e s  based  on S o u t h e r n  

h y b r i d i z a t i o n  a n a l y s i s  of chromosomal d i g e s t s ,  po lymerase  

c h a i n  r e a c t i o n  (PCR) a m p l i f i c a t i o n  o f  16s r i b o s o m a l  DNA 

f o l l o w e d  by a n a l y s i s  of r e s t r i c t i o n  f ragment  l e n g t h  

polymorphisms (Jayarao e t  a l . ,  19911, h y b r i d i z a t i o n  by u s i n g  



oligonucleotide probes specific for 16s rRNA of each species 

(Bentley et al., 1993). and PCR amplification of 235  

ribosomal DNA followed by hybridization with probes specific 

for 23s SRNA gene sequences of each species (Harland et al., 

1993) have been described. Biochemical and serological 

differentiation of S. parauberis from S. u b e r i s  is not 

possible at present. 

Potential Virulence Factors and 2.1.3 

pathogenicity 

The research into the pathogenic determinants of S. 

u b e r i s  is in its infancy compared to that on other mastitis- 

causing bacteria such as S. aureus and E .  c o l i ,  and therefore 

the influence of S. uberis virulence factors on host defense 

rnechanisms and mammary gland physiology is poorly defined. 

Known virulence factors associated with S. uberis include a 

hyaluronic acid capsule, hyaluronidase, R-like protein, 

plasminogen activator and CAMP factor. 

Exopolysaccharide capsule or slime is a major 

virulence factor of many Streptococcus species (Van de Ri jn, 

1983) . Few reports have described encapsulated S. u b e r i s  

isolated f rom bovine mammary secret ions (Hill, 1988a; L e i g h  

and Field, 1991). The capsule of S. uberis appears to be 

composed of hyaluronic acid, a linear polysaccharide composed 

of p 1-4-linked repeating disaccharide units of glucuronic 

acid, p 1-3 - l inked  to N-acetylglucosamine (Van de Ri jn, 



1983). H i l l  (1988a) i n v e s t i g a t e d  t h e  p a t h o g e n i c i t y  of  two 

s t r a i n s  o f  S. uberis, one  o f  which w a s  c l e a r l y  e n c a p s u l a t e d ,  

t h e  o t h e r  had  no demons t r ab le  c a p s u l e .  The e n c a p s u l a t e d  

s t r a i n  w a s  more p a t h o g e n i c  and  more r e s i s t a n t  t o  n e u t r o p h i l  

p h a g o c y t o s i s  t h a n  t h e  u n e n c a p s u l a t e d  s t  r a i n  . T h e  removal o f  

t h e  c a p s u l e  l a y e r  from t h e  b a c t e r i a l  ce11 by t r e a t m e n t  w i t h  

h y a l u r o n i d a s e  s i g n i f i c a n t l y  r e d u c e d  the a b i l i t y  o f  S. uberis 

t o  r e s i s t  p h a g o c y t o s i s  by n e u t r o p h i l s  (Thomson and  Leigh,  

1993) . Evidence  would t h e r e f o r e  s u g g e s t  t h a t  t he  c a p s u l e  is 

t h e  m e d i a t o r  o f  p h a g o c y t i c  r e s i s t a n c e  f o r  S. uberis. However, 

t h e  mechanism by which t h e  c a p s u l a r  p o l y s a c c h a r i d e  med ia t e s  

r e s i s t a n c e  o f  S. uberis t o  p h a g o c y t o s i s  has n o t  been  

i d e n t i f i e d .  S t u d i e s  found t h a t  t h i s  r e s i s t a n c e  e v e n  o c c u r r e d  

i n  t h e  p r e s e n c e  of  p o t e n t i a l l y  o p s o n i c  immunoglobulin bound 

t o  t h e  b a c t e r i u m  (Leigh a n d  F i e l d ,  1 9 9 4 )  . Both t h e  phagocyte-  

r e s i s t a n t  ( w i t h  c a p s u l e )  a n d  - s u s c e p t i b l e  ( w i t h o u t  c a p s u l e )  

phenotypes  of  i n d i v i d u a l  s t r a i n s  bound  e q u a l  q u a n t i t i e s  o f  

a n t i b o d y .  I n  e a c h  c a s e  t h i s  bound a n t i b o d y  is i n t a c t ,  i s  i n  

t h e  c o r r e c t  o r i e n t a t i o n  a n d  p r e s e n t s  t h e  F c  t e r m i n u s  f o r  

i n t e r a c t i o n  w i t h  immunoglobulin r e c e p t o r s  on t h e  n e u t r o p h i l .  

I t  i s  c l e a r  t h a t  t h e  c a p s u l e  l aye r  o f  S-uberis d o e s  n o t  d e t e r  

immunoglobulin from b i n d i n g  t o  the  b a c t e r i u m  a n d  does  n o t  

behave i n  a  s i m i l a r  manner a s  the c a p s u l e s  o f  E. coli 

(Horowitz and  S i l v e r s t e i n ,  1 9 8 0 )  a n d  S-aureus ( S u t r a  e t  a l . ,  

1 9 9 0 ) ,  b o t h  of  which p r e v e n t  t h e  b i n d i n g  o f  p o t e n t i a l l y  

opson ic  l i g a n d s  t o  s u b c a p s u l a r  components  . Fur the rmore ,  it i s  



unlikely that the capsule structure of S. uberis acts as a 

significant barrier to the interaction between the bound 

immunoglobulin and receptors on the neutrophils. Therefore, 

it is not yet known how the presence of the capsule on S. 

uberis determines resistance to opsonophagocytosis by 

neutrophils. 

Hyaluronidase was isolated and characterized from 

S. uberis by Schaufuss et al. (1989) . It is an enzyme that 
depolymerizes hyaluronic acid, which is an essential 

component of connective tissues. Although hyaluronidase has 

been confirmed as an invasiveness factor of pneumococci 

(Volkova et al., 1994), its pathogenic role in bovine 

mastitis is not clear. It has been suggested that the 

hyaluronidase produced by S. uberis may influence mammary 

epithelial ce11 proliferation (Matthews et al., 1994a), which 

could be important during the periparturient period, when 

mammary tissue undergoes rapid differentiation and growth . 
Streptococcal R antigens are surface proteins that 

were first described on the group A Streptococcus pyogenes 

(Lancefield and Perlmann, 1952) . They have also been observed 
on groups B, C, F, G, and L (Lancefield and Perlmann, 1952; 

Maekawa et al., 1978; Maxted, 1948; Wilkinson, 1972) . Like 

the R-antigens from al1 these groups, the R-like protein of 

S. uberis is pepsin-sensitive and trypsin-resistant (Groschup 

and Timoney, 1993). It has a molecular mass of 65 kDa and a 

similar amino acid composition to that reported for the R 



a n t i g e n  of  g roup  C s t r e p t o c o c c i  (Groschup and Timoney, 1 9 9 3 )  . 

F o r  a l o n g  p e r i o d  of t i m e ,  R a n t i g e n s  had been 

t h o u g h t  t o  have no b i o l o g i c a l  s i g n i f i c a n c e  o r  a c t i v i t y ,  s i n c e  

a n t  i - R  a n t  ibody was n o t  p r o t e c t i v e  a g a i n s t  r e i n f e c t  i o n  

( L a n c e f i e l d  and Perlmann, 1952; Johnson,  1975) . However, i n  

t h e  c a s e  o f  group B t y p e  I I I  s t r e p t o c o c c i  (Linden,  1983;  

Linden e t  a l ,  1983) , c l i n i c a l  s t u d i e s  and mouse protection 

exper imen t s  i n d i c a t e  t h a t  R a n t i g e n  c o n t r i b u t e s  t o  v i r u l e n c e .  

On t h e s e  organisms it e x t e n d s  a s  f i l a m e n t o u s  p r o t r u s i o n s  from 

t h e  ce11 s u r f a c e  (Wagner e t  a l . ,  1 9 8 2 ) .  Group B type  I I I  

s t r a i n s  e x p r e s s i n g  R p r o t e i n  a r e  s i g n i f i c a n t l y  more a b l e  t o  

c o l o n i z e  t h e  pharynx of  t h e  mouse t h a n  s t r a i n s  t h a t  lack t h i s  

antigen (Kur l  et a l . ,  1 9 8 4 )  . I t  is n o t  known whe the r  the R- 

l i k e  a n t i g e n  of S. uberis has a f u n c t i o n  i n  c o l o n i z i n g  t h e  

b a c t e r i u m  t o  t h e  e p i t h e l i a l  s u r f a c e  of mamrnary g l a n d .  

However, it h a s  been found t h a t  t h i s  p r o t e i n  c o u l d  s t i m u l a t e  

o p s o n i c  a n t i b o d y  i n  g u i n e a  p i g s  (Groschup and Timoney, 1993) ,  

and r e a c t  w i t h  sera from i n f e c t e d  cows, i n d i c a t i n g  t h a t  it 

may p l a y  a r o l e  i n  promot ing  t h e  p r o t e c t i v e  r e s p o n s e  of t h e  

c o n v a l e s c e n t  mammary g l a n d .  

S. uberis i s  capable of  a c t i v a t i n g  bovine 

plasminogen t o  t h e  c a s e i n o l y t i c  enzyme plasmin (Leigh ,  1993) . 
T h i s  a c t i o n  i s  brought  a b o u t  by the plasminogen a c t i v a t o r ,  an  

e x t r a c e l l u l a r  p r o t e i n  wi th  a molecular  weight of 

approx imate ly  57 kDa which i s  cornposed of t w o  s u b u n i t s  of 2 9  

kDa (Leigh, 1994) . The plasminogen a c t i v a t o r  of  S. uberis is 



markedly  d i f f e r e n t  f rom t h e  s t r e p t o k i n a s e s  i s o l a t e d  from 

group A (Ohkuni e t  a l . ,  1992) and  C s t r e p t o c o c c i  ( J a c k s o n  and  

Tand, 1982), which ac t iva te  human p l a s m i n o g e n  and e x i s t  a s  

monomeric s t r u c t u r e s .  I t  is  a l s o  d i f f e r e n t  from t h e  

s t a p h y l o k i n a s e ,  a human p lasminogen  a c t i v a t o r  from S. a u r e u s ,  

which has a subunit m o l e c u l a r  w e i g h t  o f  be tween  23  ( J a c k s o n  

e t  a l , ,  1981)  and 1 5  kDa (Sako a n d  T s u c h i d a ,  1983). 

T h e  r o l e  o f  p lasminogen  a c t i v a t o r s  i n  t h e  

p a t h o g e n e s i s  o f  i n f e c t i o n  i s  n o t  clear, a l t h o u g h  a variety o f  

p o t e n t i a l  mechanisrns have been suggested. These i n c l u d e  

f a c i l i t a t i n g  i n v a s i o n  of t h e  pa thogen  d u e  t o  t h e  i n d i r e c t  

l y s i s  of f i b r i n  barriers d e p o s i t e d  a r o u n d  the  f o c i  o f  

i n f e c t i o n  ( T i l l e t  e t  a l . ,  l934), and  t h e  i n a p p r o p r i a t e  

a c t i v a t i o n  o f  t h e  complement cascade l e a d i n g  t o  the 

i n i t i a t i o n  o f  a l o c a l i z e d  i n f l a m m a t o r y  r e s p o n s e  w i t h  

c o n s e q u e n t  p a t h o l o g i c a l  changes  (Holm e t  a l . ,  1988)  . The r o l e  

of  t h e  p l a sminogen  a c t i v a t o r  o f  S. uberis i n  t h e  p a t h o g e n e s i s  

of b o v i n e  m a s t i t i s  i s  not clear,  a l t h o u g h  s u c h  an a c t i v i t y  

might f a c i l i t a t e  bac ter ia l  growth i n  t h e  b o v i n e  marnmary g land  

due t o  i n d i r e c t  p r o t e o l y s i s  o f  h o s t  p r o t e i n s  (Le igh ,  1 9 9 3 )  o r  

i n i t i a t e  t h e  in f l ammato ry  r e s p o n s e s  c h a r a c t e r i s t i c  o f  t h i s  

d i s e a s e .  



2 . 2  CAMP factor 

A l y t i c  phenomenon e x h i b i t e d  b y  group B 

s t r e p t o c o c c i  (GBS; Streptococcus a g a l a c t i a e )  on sheep o r  cow 

e r y t h r o c y t e s  was f i r s t  descr ibed by C h r i s t i e  e t  a l .  ( 1 9 4 4 )  . 

These a u t h o r s  had found t h a t  GBS induced a  d i s t i n c t  zone of 

complete hemolysis  when grown near the d i f f u s i o n  zone of t h e  

p-toxin of Staphylococcus aureus. L a t e r  on, t h i s  phenomenon 

was c a l l e d  the CAMP r e a c t i o n  after t h e  i n i t i a l s  of t h e  l a s t  

names of i t s  d i s c o v e r e r s  (Murphy e t  a l . ,  1 9 5 2 )  . CAMP r e a c t i o n  

has been shown t o  be a s soc ia t ed  wi th  most group B i s o l a t e s  

( P h i l l i p s  et al., 1980) . In a d d i t i o n  t o  GBS, S. u b e r i s  

(Skalka and Smola, 1 9 8 1 )  and a  few o t h e r  b a c t e r i a ,  inc lud ing  

L i s t e r i a  monocytogenes and L i s t e r i a  seeligeri  (Rocourt and 

Grimont, 1983) , Aeromonas sp .  (F igu ra  and Gugl ie lmet t i ,  

1987) , Rhodococcus equi  (Fraser,  1 9 6 1 )  , Act inobac i l lu s  

pleuropneumoniae (Ki l ian,  1 9 7 6 )  , and c e r t a i n  V i b r i o  spp.  

(Kohler, 1988) produce r eac t ions  s i m i l a r  t o  t h e  CAMP effect. 

Bernheimer e t  a l .  (1979 )  c h a r a c t e r i z e d  t h e  CAMP 

f a c t o r  r e s p o n s i b l e  for t h i s  r eac t ion  as an e x t r a c e l l u l a r  

p r o t e i n  w i t h  a molecular weight of 23,500.  They descr ibed  i t s  

mode of a c t i o n  as an i n t e r a c t i o n  wi th  ce11 membranes 

p r e t r e a t e d  wi th  t h e  s taphylococcal  P-toxin i a 

sphingomyelinase) leading t o  i n s t a b i l i t y  and subsequent l y s i s  

of e r y t h r o c y t e  membranes. Conversion of membrane 

sphingomyelin t o  ceramide by  a sphingomyelinase w a s  



considered to be a prerequisite for ce11 lysis induced by the 

CAMP factor. Fehrenbach and CO-workers (1984; 1988; Sterzik 

et al., 1984; l985), using liposomes as artificial membranes, 

demonstrated that the action of the CAMP factor on membranes 

was dependent on the ratio of cholesterol to phospholipid and 

that sphingomyelin could be replaced by other phospholipids 

in this reaction. 

The existence of CAMP factor-inactivating 

antibodies in immunized rabbits and experimentally infected 

cows (Brown et al., 1974) indicated that CAMP factor is an 

antigen and is produced during the course of infection. 

fiowever, the CAMP factor-induced lysis of target cells in 

vitro remained rather an epiphenomenon and was not considered 

to be of relevance in vivo. Hence, the CAMP factor has long 

been considered to be of no relevance for pathogenicity. In 

1981, Skalka and Smola (1981) reported that a partially 

purified CAMP factor preparation w a s  lethal for experimental 

animals, especially for rabbits, when in jected intravenously . 

It was also found that intraperitoneal injection of purified 

CAMP factor into mice significantly raised the pathogenicity 

of a sublethal dose of GBS (Fehrenbach et al., 1988). These 

data suggest that CAMP factor is a potential virulence 

determinant . The role of CAMP factor in pathogenicity was 
further supported by the findings of Jürgens et al. (1987), 

who showed that the CAMP factor binds to the Fc sites of 

immunoglobulins in a w a y  similar to that of protein A of 



Staphylococcus aureus. By ana logy  t o  p r o t e l n  A, t h e  CAMP 

f a c t o r  was named p r o t e i n  8. 

CAMP f a c t o r  h a s  been p u r i f i e d  from t h e  c u l t u r e  

s u p e r n a t a n t  of S. agalactiae by hydrophobic  i n t e r a c t i o n  

chromatography and chromatofocus ing ,  and c h a r a c t e r i z e d  as  a 

p o l y p e p t i d e  w i t h  an a p p a r e n t  m o l e c u l a r  weight of 2 5  kDa and 

an i s o e l e c t r i c  p o i n t  of  8 . 9  ( J ü r g e n  e t  a l . ,  1985) . The 

comple te  amino acid sequence was d e t e r m i n e d  and compared w i t h  

sequences  of  o t h e r  Fc-binding p r o t e i n s  (Rühlmann e t  a l . ,  

1 9 8 8 )  . Partial sequence  hornology w a s  f o u n d  between p r o t e i n  B 

and t he  Fc-b inding  r e g i o n  of  p r o t e i n  A .  

The g e n e t i c  d e t e r m i n a n t  o f  t h e  CAMP f a c t o r  from a 

s t r a i n  o f  GBS w a s  c l o n e d  and e x p r e s s e d  i n  E. coli (Schneewind 

et a l , ,  1988)  . The E. coli c l o n e s  c o n t a i n i n g  t h e  CAMP f a c t o r  

gene could cause  a weak CAMP r e a c t i o n  i n  the c o n v e n t i o n a l  

CAMP t e s t  and t h e  expxessed  CAMP p r o t e i n  coufd be r e c o g n i z e d  

b y  a s p e c i f i c  r a b b i t  a n t i s e r u m  a g a i n s t  p u r i f i e d  CAMP f a c t o r .  

However, i n  c o n t r a s t  t o  n a t i v e  GBS, where t h e  CAMP f a c t o r  is  

r e a d i l y  e x c r e t e d ,  t h e  CAMP p r o t e i n  was not e x c r e t e d  i n  E .  

coli c l o n e s  but was found a s s o c i a t e d  w i t h  t h e  cy toplas rn ic  and  

p e r i p l a s m i c  f r a c t i o n s .  

The CAMP f a c t o r  gene of  A. pleuropneumoniae was 

a l s o  cloned and e x p r e s s e d  i n  E .  c o l i  ( F r e y  et a l . ,  1 9 8 9 ) .  The 

recombinant  E. coli s t r a i n  showed a p o s i t i v e  CAMP r e a c t i o n  

and e x p r e s s e d  a  p r o t e i n  w i t h  a m o l e c u l a r  mass o f  2 7 , 0 0 0  Da, 

s i m i l a r  in s i z e  t o  t he  CAMP p r o t e i n  o f  GBS. Rabbi t  a n t i b o d i e s  



a g a i n s t  t he  CAMP* c l o n e  n e u t r a l i z e d  t h e  CAMP r e a c t i o n  

rnediated b y  t h e  E.  coli s t r a i n  c o n t a i n i n g  t h e  c loned  CAMP 

gene a s  w e 1 1  a s  t h a t  of A. pleuropneumoniae. A n t i b o d i e s  

r a i s e d  a g a i n s t  t h e  c l o n e d  CAMP p r o t e i n  c r o s s - r e a c t e d  w i t h  S. 

a g a l a c t i a e  CAMP f a c t o r .  

2.3 Extracellular solute-binding receptors o f  bacteria 

B a c t e r i a  may u s e  d i f f e r e n t  t y p e s  o f  t r a n s p o r t  

systems t o  scavenge  s o l u t e s  from t h e  su r round ing  medium 

(Poolman e t  al., 1 9 9 4 )  . The b inding  p ro te in -dependen t  uptake 

systems h a v e  been found t o  t r a n s p o r t  a wide v a r i e t y  o f  

s u b s t r a t e s ,  i n c l u d i n g  s u g a r s ,  amino a c i d s ,  op ines ,  p e p t i d e s ,  

o r g a n i c  a n d  i n o r g a n i c  phosphate  esters, i n o r g a n i c  i o n s  and 

v i t a m i n s  ( T a m  and S a i e r ,  1 9 9 3 ) .  T h e s e  b i n a i n g  p r o t e i n -  

dependent  t r a n s p o r t  systems belong t o  t h e  ATP b i n d i n g  

c a s s e t t e - t y p e  (ABC-type) , which t y p i c a l l y  c o n s i s t  of one o r  

two transmembrane p r o t e i n s  which span  t h e  membrane f i v e  o r  

s i x  t i m e s  each ;  one o r  two p e r i p h e r a l  membrane ATP-binding 

p r o t e i n s  l o c a l i z e d  t o  the cytoplasmic  s i d e  of t h e  membrane, 

which may be anchored  t o  t h e  membrane v i a  a  s i n g l e  

transmembrane h e l i x ;  and an e x t r a c y t o p l a s m i c  s o l u t e - b i n d i n g  

p r o t e i n  ( H i g g i n s ,  1992; Hoshino et  al., 1992; Kerppola and 

Ames, 1992)  . The transmembrane p r o t e i n  components are 

b e l i e v e d  t o  form s o l u t e - s p e c i f i c  c h a n n e l s ;  t h e  p e r i p h e r a l  



membrane ATP-binding p r o t e i n s  hydrolyse  ATP and e n e r g i z e  t h e  

sys tems a n d  sometimes serve r e g u l a t o r y  r o l e s  (Dean et al., 

1 9 9 0 ) ,  and t h e  s o l u t e - b i n d i n g  p r o t e i n s  are known t o  s e r v e  a s  

t h e  i n i t i a l  r e c e p t o r s  for t r a n s p o r t ,  d e l i v e r i n g  s u b s t r a t e  t o  

t h e  i n t e g r a l  membrane components . 
I n  Gram n e g a t i v e  b a c t e r i a ,  t h e  s u b s t r a t e - b i n d i n g  

p r o t e i n  i s  s o l u b l e  and p e r i p l a s m i c  (Berge r ,  1973; B e r g e r  and 

Heppel, 1974; Higg ins ,  1992)  . S e v e r a l  b i n d i n g  p r o t e i n s  have 

been  c r y s t a l l i z e d  and t h e i r  t h ree -d imens iona l  s t r u c t u r e s  

de termined  ( r e v i e w e d  i n  A d a m s  and Oxender, 1 9 8  9; Quiocho, 

1990; Vyas  e t  a l . ,  1 9 9 1 ) .  A l 1  have a s i m i l a r  s t r u c t u r e  with 

two g l o b u l a r  domains and a c l e f t  i n  between t h a t  forms t h e  

s u b s t r a t e - b i n d i n g  s i t e .  Whatever t h e  n a t u r e  o f  the s u b s t r a t e  

(i .e. cha rged ,  hydrophobic ,  e tc)  it a p p e a r s  t o  be bound v i a  

hydrogen bonds  (Quiocho,  1 9 8 6 ;  P f l u g r a t h  and Quiocho ,  1988) . 

The p r o t e i n s  undergo  a confo rmat iona l  change upon b i n d i n g  of 

s u b s t r a t e .  T h i s  c o n f o r m a t i o n a l  change t r a p s  t h e  s u b s t r a t e  i n  

t h e  c l e f t  be tween t h e  two domains (Sack e t  a l . ,  1989;  Mao e t  

a l . ,  1982) and e n a b l e s  the b ind ing  p r o t e i n  t o  i n t e r a c t  with 

t h e  a p p r o p r i a t e  complex o f  membrane p r o t e i n s ;  t h i s  

i n t e r a c t i o n  d o e s  n o t  seem t o  occur i n  t h e  a b s e n c e  o f  bound 

s u b s t r a t e  ( P r o s s n i t z  e t  al., 1988) . I t  a p p e a r s  t h a t  t h e  

l igand-bound b i n d i n g  p r o t e i n s  confe r  s p e c i f i c i t y  a n d  high 

a f f i n i t y  f o r  t h e  s u b s t r a t e  t o  t h e  t r a n s p o r t  sys tems.  

C o n s i s t e n t  w i t h  this, mutant  forms o f  two ABC-type uptake 

systems,  t h o s e  s p e c i f  i c  f o r  mal tose and h i s t i d i n e ,  could 



f u n c t  i o n  without t h e  pe r ip l a smic  b ind ing  p r o t e i n ,  b u t  w i t h  

low e f f i c i e n c y  ( P e t r o n i l l i  and Ames, 1 9 9 1 ;  Treptow and 

Shuman, 1988) .  

T h e  p resence  of t h e  ABC-type t r a n s p o r t  s y s t e m s  i n  

G r a m  p o s i t i v e  b a c t e r i a  has  o n l y  r ecen t  l y  been documented. 

G i l s o n  et a l .  (1988) provided evidence f o r  t h e  p resence  of 

such a system i n  Streptococcus pneumoniae (S. pneumoniae). 

T h e  gene f o r  a so lu t e -b ind ing  p r o t e i n ,  MalX, has been 

sequenced.  T h e  MalX is a  mal todextr in-binding p r o t e i n  w h i c h  

i s  27% i d e n t i c a l  t o  t h e  pe r ip l a smic  MalE-binding p r o t e i n  of 

E. coli. The amino-terminal p a r t s  of both E. coli malE and S. 

pneumoniae nalX gene p roduc t s  r e p r e s e n t  s i g n a l  p e p t i d e s  

c h a r a c t e r i s t i c  of p r o t e i n s  which a r e  e x p o r t e d  through t h e  

cy top lasmic  membrane. For MalE, it was d i r e c t l y  shown t h a t  

t h e  f i rs t  2 6  r e s idues  a r e  c l eaved  from t h e  remainder o f  t h e  

p r o t e i n  fol lowing expo r t  (Duplay et  al., 1984) . In MalX, 

however, t h e  region of the p o t e n t i a l  c l eavage  site belongs t o  

a wel l -def ined ca tegory;  it c a r r i e s  a sequence,  L-V-A-C-G-S, 

co r responding  t o  t h e  consensus sequence f o r  t h e  l i p o p r o t e i n  

p r e c u r s o r s  (reviewed i n  Wu, 1987; Yamaguchi e t  al., 1988) . 
Thus, t h e  mature MalX p r o t e i n  appears  l i k e l y  t o  be a 

l i p o p r o t e i n  . 
It is  w e l l  known t h a t  some l i p o p r o t e i n s  a r e  

e x p o r t e d  through the cytoplasmic  membrane, as a r e  o t h e r  

s e c r e t e d  p ro t e in s ,  b u t  fo l lowing cleavage t h e  amino-terminal 

c y s t e i n e  is t h i o a c y l a t e d  t o  give a l ipoamino ac id .  T h i s  



l i p o p h i l i c  m o d i f i c a t i o n  is t h o u g h t  t o  be r e s p o n s i b l e  f o r  

membrane anchorage  of a  nurnber o f  e x p o r t e d  p r o t e i n s  ( N i e l s e n  

a n d  Lampen, 1982) . On t h e  basis  of  t h e  observed  sequence  

cornparisons a n d  t h e  b iochemica l  r e q u i r e m e n t s  of t h e  system, 

membrane a t t a c h m e n t  of M a l X  is l i k e l y  t o  o c c u r  t h r o u g h  t h e  

same mechanism. MalX c o u l d  t h u s  be exposed t o  t h e  o u t e r  f a c e  

o f  t h e  membrane a s  an anchored  b u t  o t h e r w i s e  wa te r - so lub le  

p r o t e i n .  T h i s  rnembrane-anchored s o l u t e - b i n d i n g  p r o t e i n  would 

be e x p e c t e d  t o  f u n c t i o n  p r o p e r l y ,  s i n c e  a  mutant  E. coli MalE 

p r o t e i n  which i s  anchored by i t s  unc leaved  amino-terminal  

s i g n a l  p e p t i d e  t o  t h e  e x t e r n a l  f a c e  o f  t h e  c y t o p l a s m i c  

membrane can  s t i l l  f u n c t i o n  i n  t r a n s p o r t  ( F i k e s  and B a s s f o r d ,  

1 9 8 7 ) .  

The gene  f o r  a second  s o i u t e  b i n d i n g  p r o t e i n ,  A m i A ,  

w a s  a l s o  sequenced  from S. pneumoniae ( G i l s o n  e t  al., 1 9 8 8 ) .  

T h i s  p r o t e i n  e x h i b i t s  2 4 %  i d e n t i c a l  r e s i d u e s  w i t h  t h e  

o l i g o p e p t i d e - s p e c i f i c  p e r i p l a s m i c  b i n d i n g  p r o t e i n  OppA of 

Salmonella typhimurium ( H i l e s  e t  al., 1987)  . In OppA, an  N- 

t e r m i n a l  p e p t i d e  of  2 3  r e s i d u e s  i s  c l e a v e d  from t h e  remainder  

of the  p r o t e i n  fo l lowing  e x p o r t  ( H i l e s  and  Higgins ,  1 9 8 6 ) .  

For AmiA o f  S. pneumoniae, t h e  r e g i o n  of  t h e  p o t e n t i a l  

c l e a v a g e  s i t e  carries t h e  sequence  L-A-A-C-S-S, cor respond ing  

e x a c t l y  t o  t he  consensus of  t h e  l i p o p r o t e i n  p r e c u r s o r s .  

R e c e n t l y ,  an operon encoding a nove l  ABC-type amino acid 

t r a n s p o r t  sys t em was f u l l y  c h a r a c t e r i z e d  i n  Bacillus subtilis 

(Rodrigue2 and Grandi, 1 9 9 5 ) .  Orfl, r e p r e s e n t i n g  t h e  s o l u t e -  



binding cornponent of the system, shares 3 1 U d e n t i t y  w i t h  the 

glutamine-binding subunit GlnH of E. coli, 26% and 25% 

identity with the arginine- and histidine-binding subunits 

ArgT and H i s J  of Salmonella typhimurium respectively, and 21% 

identity with the glutamine-binding subunit of Bacillus 

stearothermophilus. As expected, Orfl has a typical leader 

sequence for secretion and the potential cleavage site (L-A- 

A-C-G-A) corresponds to the consensus sequence for the 

precursors of lipoproteins. 

Since Gram positive bacteria lack an outer membrane 

and consequently have no periplasrn, the solute-specific 

binding proteins are lipoproteins with an N-terminal 

glyceride-cysteine, which allows them to be tethered to the 

external surface of the ce11 membrane. This hydrophobic 

anchor maintains the binding protein in the proximity of the 

external face of the integral ce11 membrane components of the 

transport system. 

Tam and Saier (1993) have recently reviewed the 

structural, functional and evolutionary characteristics of 

the extracellular solute-binding receptors upon 50 sequenced 

periplasmic binding proteins of Gram negative bacteria and 

homologous lipoproteins of Gram positive bacteria. The vast 

ma jority of these solute-binding proteins (46 proteins) were 

grouped into eight families or clusters, which generally 

correlated with the sequence similarities, molecular sizes 

and solute-binding specificities. A particular example is 



c l u s t e r  3,  i n  which  b i n d i n g  p r o t e i n s  a r e  s p e c i f i c  f o r  p o l a r  

amino acids a n d  o p i n e s  and  e x i s t  i n  t h e  s i z e  r ange  o f  248 t o  

2 8 3  r e s i d u e s .  T h e  s i m i l a r i t y  p l o t  f o r  t h i s  g r o u p  o f  p r o t e i n s  

r e v e a l e d  r e g i o n s  o f  s t r o n g  c o n s e r v a t i o n  i n  t h e  N- te rmina l  

domains .  A selected p o r t i o n  o f  t h e  m u l t i p l e  a l i g n m e n t  f o r  t h e  

s i x  c l u s t e r  3 b i n d i n g  p r o t e i n s  showed that 9  o u t  o f f  57 

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

s e q u e n c e  s i m i l a r i t y  was e x h i b i t e d  between t h e s e  p r o t e i n s .  Two 

s i g n a t u r e  s e q u e n c e s  which c h a r a c t e r i z e  c l u s t e r  3 b i n d i n g  

p r o t e i n s  have  been derived f r o m  t h e  p o r t i o n  i n  a l i g n m e n t  . 

2 . 4  Lactoferrin binding proteins in bacteria 

L a c t o f e r r i n  (Lf) i s  a mammalian i r o n - b i n d i n g  

g l y c o p r o t e i n  secreted b y  t h e  po lymorphonuc l ea r  l e u k o c y t e s  

( P M N s )  and v a r i o u s  e x o c r i n e  g l a n d s  ( B a g g i o l i n i  et a l . ,  1970; 

Masson e t  a l . ,  1 9 6 6 ) .  T h i s  p r o t e i n  is found a t  h i g h  

c o n c e n t r a t i o n s  i n  m i l k  and  a l s o  a t  mucosa l  s u r f a c e s  (Masson 

e t  a l . ,  1966; Reiter and O r a m ,  1967)  . A r e g u l a t o r y  f u n c t i o n  

f o r  L i  i n  v a r i o u s  p h y s i o l o g i c a l  pa thways  ( B i r g i n s ,  l 9 8 4 ) ,  

i n c l u d i n g  t h e  a d h e s i o n  o f  PMNs t o  t h e  e n d o t h e l i a l  s u r f a c e  

(Oseas e t  a l . ,  1 9 8 1 ) ,  f e e d b a c k  i n h i b i t i o n  o f  t h e  g r a n u l o c y t e -  

monocyte c o l o n y - s t i m u l a t i n g  f a c t o r  (Broxrneyer and P l a t z e r ,  

1984; Broxmeyer e t  a l . ,  1 9 7 8 )  , and t h e  r e g u l a t i o n  o f  a n t i b o d y  

p r o d u c t i o n  (Duncan and  McArthur,  1 9 8 1 )  , has been s u g g e s t e d .  

S p e c i f i c  i n t e r a c t i o n  o f  Lf w i t h  c e r t a i n  rnammalian c e l l s  seems 



t o  be i n v o l v e d  i n  t h e  above pathways,  and,  a c c o r d i n g l y ,  

s p e c i f i c  r e c e p t o r s  f o r  Lf w e r e  i d e n t i f i e d  on macrophages, 

monocytes,  B lymphocytes ,  PMNs, a c t i v a t e d  T lymphocytes ,  and 

h e p a t o c y t e s  (Bennet  a n d  Davis,  1981; Dehanne e t  a l . ,  1985; 

Maneva e t  a l . ,  1983; Rochard e t  a l . ,  1989; van S n i c k  and 

Masson, 1 9 7 6 ) .  

L f  i n h i b i t s  t h e  growth of E. coli and c e r t a i n  o t h e r  

microorganisms i n  v i t r o  ( B u l l e n  et  a l . ,  1 9 7 2 ) .  T h i s  Lf- 

media ted  a n t i m i c r o b i a l  a c t i o n  has mainly been  a t t r i b u t e d  t o  

i t s  i r o n  d e p r i v a t i o n  c a p a c i t y  w i t h  b a c t e r i a  (Arnold e t  a l . ,  

1 9 7 7 ;  L a w  and R e i t e r ,  1977; O r a m  and R e i t e r ,  1968) . I t  is 

w e l l  known t h a t  w i t h  few e x c e p t i o n s ,  i r o n  is e s s e n t i a l  f o r  

m i c r o b i a l  g rowth  (Weinberg, 1 9 7 8 ) .  Even though i r o n  is 

abundant  w i t h i n  mamrnalian t i s s u e s ,  the  envi ronment  which 

c o n f r o n t s  b a c t e r i a l  pa thogens  has v e r y  l i t t l e  free i r o n ,  far 

below c o n c e n t r a t i o n s  r e q u i r e d  t o  s u p p o r t  b a c t e r i a l  growth 

(Weiberg, 1978) , V i r t u a l l y  a l 1  i r o n  w i t h i n  t h e  mammalian body 

i s  h e l d  i n t r a c e l l u l a r l y  a s  f e r r i t i n  o r  a s  heme compounds, 

p o o l s  which are g e n e r a l l y  i n a c c e s s i b l e  t o  i n v a d i n g  

microorganisms . A d d i t  i o n a l l y ,  the s m a l l  amount of  i r o n  

p r e s e n t  i n  e x t r a c e l l u l a r  s p a c e s  i s  e f f e c t i v e l y  c h e l a t e d  b y  

h i g h - a f f i n i t y  i r o n - b i n d i n g  h o s t  g l y c o p r o t e i n s :  t r a n s f e r r i n  

(Tf )  p r e s e n t  i n  serum and lymph, and Lf i n  s e c r e t o r y  f l u i d s  

and milk  ( O t t o  e t  a l . ,  1992) . I r o n  scavenging  caused  by t h e s e  

p r o t e i n s  r e d u c e s  t h e  f r e e - i r o n  c o n c e n t r a t i o n  below 1 0 - ' ~ p ~  

(Bu l l en ,  1981) ,  which is much lower than t h e  i r o n  



concentration required for bacterial growth (0.05 to 0.5 PM) . 

To overcome this deficiency, bacterial pathogens have 

developed specific iron uptake mechanisms. In many bacterial 

species, these mechanisms are based on the synthesis and 

secretion of small compounds usually of cl, 000 Da, called 

siderophores, which display high affinity for ferric iron 

(FeIII) . More than 200 natural siderophores have been 

described. The majority of them are either hydroxamates or 

catecholates-phenolates . They are capabf e of removing 

transferrin- or lactoferrin-bound iron to form 

ferrisiderophore complexes which in turn are recognized by 

specif ic iron-repressible membrane receptors and internali zed 

into the bacterium where the iron is released (Crosa, 1989) . 

This iron uptake mechanism has been described in many 

bacterial species, such as V i b x i o  anguillarum (Crosa, 1989), 

E. coli (Koster and Braun, l989), Klebsiella pneumoniae 

(Perry and Clemente, 1979) , and Pseudomonas aeruginosa (Poole 

et al., 1990) . Some bacteria, such as Neisseria gonorrhoeae 
(McKenna et al., 1988; Norrod and Williams, 1978), Neisseria 

meningitidis (Schryvers, 1988; Tsai et al., 1988) , 

Haemophilus influenzae type b (Morton and Williams, 198 9; 

Schryvers and G o n z a l e z ,  1989), Actinobacill us 

pleuropneumoniae (Gonzales et al., 1990) , and Pasteurella 

haemolytica (Ogunnariwo and Schryvers, 1990) , do not secrete 

detectable siderophores when grown in an iron-deficient 

environment but produce outer membrane proteins that bind 



d i r e c t l y  and s p e c i f  i c a l l y  t o  t r a n s f e r r i n  o r  l a c t o f e r r i n ,  

t h e r e b y  a l l o w i n g  i r o n  t r a n s p o r t  i n t o  t h e  b a c t e r i a l  cell. 

Tf b i n d i n g  a p p e a r s  t o  be m e d i a t e d  by t h e  a c t i v i t y  

o f  two p r o t e i n s  p r e s e n t  i n  t h e  b a c t e r i a l  o u t e r  membranes, 

t r a n s f e r r i n - b i n d i n g  p r o t e i n  1 a n d  2 (Tbpl a n d  Tbp2) ( G o n z a l e z  

e t  a l . ,  1990; Ogunnariwo a n d  S c h r y v e r s ,  1990; S c h r y v e r s ,  

1989; S c h r y v e r s  and Lee, 1989; S c h r y v e r s  a n d  M o r r i s .  1988b) . 
Tbpl v a r i e s  i n  m o l e c u l a r  rnass f rom 98-115 kDa among 

gonococca l  s t r a i n s  t es ted  ( L e e  a n d  Bryan ,  1989; C o r n e l i s s e n  

e t  al., 1992) . The men ingococca l  homologue h a s  a r n o l e c u l a r  

mass o f  93-99 kDa (Rokbi et al., 1993). In H. i n f l u e n z a e ,  

Tbpl i s  s i m i l a r l y  e s t i m a t e d  t o  be 90-105 kDa ( S c h r y v e r s ,  

1989; Wil l iams  a n d  G r i f f i t h s ,  1992) . T h i s  p r o t e i n  c a n  be 

af f i n i t y  p u r i f  ied f rom t o t a l  membrane p r e p a r a t i o n s  by Ti 

a f  f i n i t y  p r o c e d u r e s  ( S c h r y v e r s ,  1989; S c h r y v e r s  and L e e ,  

1989; C o r n e l i s s e n  e t  al., 1992; W i l l i a m s  a n d  G r i f  f i t h s ,  

1992) . Sequence a n a l y s i s  o f  t h e  s t r u c t u r a l  g e n e  e n c o d i n g  Tbpl 

s u g g e s t s  that t h i s  p r o t e i n  is a n  i n t e g r a l ,  TonB-dependent 

o u t e r  membrane p r o t e i n  ( C o r n e l i s s e n  e t  a l , ,  1992; L e g r a i n  et 

al., 1 9 9 3 ;  Gray-Owen et a l . ,  1995) . Tbp2 c a n  a l s o  be a f f i n i t y  

p u r i f i e d  u s i n g  T f  a s  t h e  l i g a n d  ( S c h r y v e r s ,  1989; S c h r y v e r s  

and L e e ,  1989). U n l i k e  T b p l  ( S c h r y v e r s ,  1989; S c h r y v e r s  and  

L e e ,  1989; C o r n e l i s s e n  e t  a l . ,  1992), T b p 2  b i n d s  Tf f o l l o w i n g  

SDS-PAGE and  e l e c t r o b l o t t i n g  ( S c h r y v e r s ,  1989; S c h r y v e r s  a n d  

L e e ,  1989; C o r n e l i s s e n  et  al., 1992; Anderson et al., 1994) . 

Most c l i n i c a l  gonococca l  a n d  men ingococca l  i s o l a t e s  express 



Tbp2 p r o t e i n s  i n  t h e  m o l e c u l a r  mass range  o f  85-88 kDa 

( S c h r y v e r s  a n d  Lee, 1989; Rokbi e t  a l . ,  1993; Anderson e t  

a l . ,  1994) ;  however, a few i s o l a t e s  e x p r e s s  a  low molecu la r  

m a s s  Tbp2 (68-70 kDa) (Lee and  Bryan, 1989; Rokbi e t  a l . ,  

1993)  . Likewise ,  most H. i n f l u e n z a e  i s o l a t e s  e x p r e s s  a 90 kDa 

Tbp2 a l t h o u g h  some e x p r e s s  a T b p 2  o f  70-76 kDa (Wi l l i ams  and 

G r i f f i t h s ,  1992) . Tbp2 is a  sur face-exposed  l i p o p r o t e i n  i n  

t h a t  it can be labelled w i t h  [ 1 4 ~ ] - p a l m i t i c  a c i d  (Anderson e t  

a l . ,  1994 ;  Gerlach et a l . ,  1992) . C o n s i s t e n t  w i t h  t h i s  

o b s e r v a t i o n ,  t h e  N-terminus o f  t h e  p r e d i c t e d  p r o t e i n  sequence  

c o n t a i n s  a consensus  c l e a v a g e  s i t e  for s i g n a l  p e p t i d a s e  II 

which c a t a l y z e s  l i p i d  m o d i f i c a t i o n  o f  b a c t e r i a l  p r o t e i n s  

(Anderson et a l . ,  1 9 9 4 ;  Gray-Owen et a l . ,  1995; Wu and 

Tokunaga, 1986)  . A h i g h l y  s t r u c t u r e d  a n d  ex t r eme ly  s t a b l e  

Tbp2 domain of  about 270 t o  290 amino a c i d s ,  which i s  

i n v o l v e d  i n  t h e  b i n d i n g  t o  t r a n s f e r r i n  h a s  been c h a x a c t e r i z e d  

i n  Neisseria meningitidis (Vonder Haar et a l . ,  1994)  . I n  A .  

pleuropneumoniae,  it w a s  found that t h e  N-terminal h a l f  of 

t he  t r a n s f e r r i n - b i n d i n g  p r o t e i n  (TfbA, Tbp2) is r e s p o n s i b l e  

f o r  t r a n s f e r r i n  b i n d i n g  and t h r e e  domains c o n t a i n i n g  1 3  or 1 4  

amino a c i d s  i n  t h i s  r e g i o n  p o s s e s s e d  t r a n s f e r r i n - b i n d i n g  

a c t i v i t y  ( S t r u t z b e r g  e t  a l . ,  1995)  . Tbp2 and  Tbpl are l i k e l y  

CO-expressed  from t h e  tandernly a r r a n g e d ,  C O - t r a n s c r i b e d  

g e n e s ,  tbpB and tbpA, r e s p e c t i v e l y  ( L e g r a i n  e t  a l . ,  1993; 

Anderson et a l . ,  1 9 9 4 ;  Gray-Owen et a l . ,  1995) . T h e  t bpB  gene 

is preceded  by a consensus  Fur-b inding  s i t e  (Legra in  e t  a l . ,  



1993; Anderson et al,, 1994; Gray-Owen et al., 1995) 

suggesting the involvement of the Fur regulatory protein in 

gene expression. Characterization of isogenic Tbp mutants has 

confirmed the importance of both receptor proteins in Tf- 

mediated iron acquisition and growth. Tbpl appears to play an 

essential role, since Tbpl- Tbp2' mutants are unable to grow 

on media supplemented with T f  as the sole iron source 

(Anderson et al., 1994; Cornelissen et al., 1992; Irwin et 

al., 1993; Gray-Owen et al., 1995) . Tbp2, however, is not 
strictly necessary for growth on Tf but makes iron 

utilization more efficient (Anderson et al., 1994; 

Cornelissen et al., 1992; Gray-Owen et al., 1995) . Hence, the 
primary function of Tbp2 is likely to help bring the large 

host glycoprotein in the external milieu to the ce11 surface, 

thus allowing for the juxtaposition of Tf and Tbpl directly 

on the ce11 surface, at which point iron can be removed. 

The mechanism of iron uptake from Lf has not been 

well characterized. It may resemble that of iron acquisition 

from Tf, A putative 105 kDa receptor for Lf utilization was 

identif ied in the gonococcus by affinity isolation (Schryvers 

and Lee, 1989; Cornelissen et al., 1992; Lee and Bryan, 1989) 

and the structural gene (IbpA) for this Lf-binding protein 

(Lbpl) has been isolated (Biswas and Sparling, 1995). The 

genes for meningococcal lactoferrin receptors have also been 

characterized (Petterson et al., 1993; 1994a; 1994b) . The DNA 
sequence of lbpA and the predicted amino acid sequence of the 



Lbpl i n  t h e  gonococcus and t h e  meningococcus a r e  h i g h l y  

conserved ( 9 4 %  i d e n t i t y )  . Lbpl w a s  4 6 %  i d e n t i c a l  t o  Tbpl 

(Corne l i s s en  et  a l . ,  1992) of t h e  same gonococcal  s t r a i n  but 

only 18% i d e n t i c a l  t o  Tbp2 (Anderson e t  al., 1 9 9 4 )  . Both 

gonococcal and meningococcal genes con t a in  r e l a t i v e l y  we l l -  

conserved Fur boxes and  t h e  p r o t e i n s  are  homologous t o  t h e  

TonB-dependent farnily of r ecep to r s ,  as was true f o r  Tbpl 

(Corne l i s sen  et a l  ., 1992) bu t  no t  f o r  Tbp2 (Anderson et a l . ,  

1 9 9 4 ) .  The s t r o n g  s i m i l a r i t y  between t h e  Lf r e c e p t o r  p r o t e i n  

Lbpl and t h e  T f  r e c e p t o r  p r o t e i n  Tbpl s u g g e s t s  t h a t  t h e  

b inding o f  L f  t o  b a c t e r i a l  c e l l s  might be s i m i l a r  t o  T i  

b inding.  C o n s i s t e n t  w i t h  t h i s ,  t h e  p u t a t i v e  p r o t e i n  encoded 

by t h e  open r e a d i n g  frame (1bpB) upstream of lbpA shows 

e x t e n s i v e  homology t o  Tbp2 ( P e t t e r s s o n  e t  a l . ,  1994b) ,  

sugges t i ng  t h a t  i r o n - a c q u i s i t i o n  from L f ,  l i k e  from Tf, 

r e q u i r e s  two s p e c i f i c  p r o t e i n s  i n  t h e  o u t e r  membrane. 

I n  c o n t r a s t  t o  Our knowledge of  t h e  i r o n  uptake 

s y s t e m s  of G r a m  n e g a t i v e  b a c t e r i a ,  there is  comparat i v e l y  

litt l e  i n fo rma t ion  concern ing  t h e  mechanisms by which G r a m  

p o s i t i v e  pathogens  a c q u i r e  i r o n  d u r i n g  growth i n  

e x t r a c e l l u l a r  body f l u i d s .  Both S. a u r e u s  and t h e  coagulase-  

nega t ive  s t a p h y l o c o c c i  have been r e p o r t e d  t o  produce 

s i de ropho re s  (Konetschny-Rapp et al., 1991; M e i w e s  e t  a l . ,  

1 9 9 0 ) .  O f  t h e s e ,  a carboxyla te- type  s i d e r o p h o r e  termed 

s t a p h y l o f e r r i n  A h a s  been i s o l a t e d  and chemica l ly  

c h a r a c t e r i z e d .  The a b i l i t y  of s t a p h y l o f e r r i n  t o  compete f o r  



t r a n s f e r r i n - b o u n d  i r o n  was n o t  , however, r e p o r t e d .  S. a u r e u s  

a p p e a r s  capab le  o f  b ind ing  b o t h  hurnan and bovine  Lfs and 

human Tf (Naidu e t  al., 1991a; 1991b; 1992; Modun e t  a l . ,  

1 9 9 4 ) ,  whi le  coagu lase -nega t ive  s t aphy lococc i  from bovine  

m a s t i t i s  and human p e r i t o n i t i s  can  bind bov ine  Lf and human 

t r a n s f e r r i n  r e s p e c t i v e l y  (Naidu et a l . ,  1 9 9 0 ;  Modun e t  a l . ,  

1994) . The i n t e r a c t i o n  of L f  w i t h  a  bov ine  S. a g a l a c t i a e  

s t r a i n  ha s  a l s o  been r e p o r t e d  (Rainard,  1992) . However, t h e  

i r o n  a c q u i s i t i o n  f u n c t i o n s  o f  t h e s e  T f -  o r  L f -  b i n d i n g  

p r o t e i n s  need t o  be  s t u d i e d .  

2 . 5  Streptococcal M and M-like proteins 

The group A s t r e p t o c o c c a l  M p r o t e i n  i s  cons ide red  

one of t h e  major v i r u l e n c e  f a c t o r s  of t h i s  organism by virtue 

of i t s  a b i l i t y  t o  impede a t t a c k  by human phagocytes 

( L a n c e f i e l d ,  1962 ) .  T h e  b a c t e r i a  p e r s i s t  i n  t h e  i n f e c t e d  

t i s s u e  u n t i l  a n t i b o d i e s  a r e  produced against t h e  M molecule .  

Type-spec i f i c  a n t i b o d i e s  t o  t h e  M p r o t e i n  are a b l e  t o  r e v e r s e  

the a n t i p h a g o c y t i c  ef fect of  the molecule and a l l o w  e f f i c i e n t  

c l e a r a n c e  of  t h e  i nvad ing  organism.  

M p r o t e i n s  form d i m e r i c  f i b x i l s  pro j e c t i n g  from the 

ce11  w a l l  of group A s t r e p t o c o c c a l  ce11 s u r f a c e s  ( F i s c h e t t i ,  

1 9 8 9 ;  Robinson and Kehoe, 1992) . With the excep t ion  of t h e  

domain t h a t  spans t h e  ce11 w a l l  and membrane, and  a  s h o r t  

random c o i 1  sequence a t  t h e  extreme amino terminus ,  M 



p r o t e i n s  c o n t a i n  a  seven-res idue  p e r i o d i c i t y  t h a t  produces an  

a - h e l i c a l  c o i l e d - c o i 1  secondary structure th roughout  the 

molecu le  ( F i s c h e t t i ,  1 9 8 9 )  . T h i s  p e r i o d i c i t y  t o l e r a t e s  

c o n s i d e r a b l e  v a r i a t i o n  i n  t h e  pr imary  sequence ,  w h i l e  

m a i n t a i n i n g  t h e  a - h e l i c a l  c o i l e d - c o i 1  s t r u c t u r e .  I t  has been  

found t h a t  M p r o t e i n s  s h a r e  phys icochemica l  p r o p e r t  ies and  

s i g n i f i c a n t  sequence  homology w i t h  a number o f  mammalian 

f i b r i l l a r  p r o t e i n s  c o n t a i n i n g  a-helical c o i 1  s t r u c t u r e s .  F o r  

example,  t h e  M 5, M 6, M 1 2  and M 24 p r o t e i n s  have up t o  3 0 %  

o v e r a l l  sequence homology wi th  myosin heavy c h a i n  and t y p e  1 

k e r a t i n s ,  and M 5, M 6 and M 2 4  s h a r e  a s i m i l a r  l eve l  of  

homology w i t h  human a-tropomyosin ( F i s c h e t t i ,  1 9 8 9 )  . M 

p r o t e i n s  have a l s o  been shown t o  have  l i m i t e d  homology w i t h  

desmin,  l a m i n i n  and v iment in ,  b u t  l a c k  homology wi th  human 

f i b r i n o g e n  a-cha in ,  a c t i n  o r  t y p e  II k e r a t i n s  ( F i s c h e t t i ,  

1989 ;  McFadden e t  al., 1991) .  T h e s e  p a t t e r n s  of homology 

p r o v i d e  a s t r u c t u r a l  b a s i s  t o  e x p l a i n  t h e  i n d u c t i o n  of c r o s s -  

r e a c t i v e  a n t i b o d i e s  a s s o c i a t e d  w i t h  p o s t - s t r e p t o c o c c a l  

autoimmune disease. 

DNA sequenc ing  and h y b r i d i z a t i o n  s t u d i e s  of c l o n e d  

M p r o t e i n  genes  have shown t h a t  t h e  carboxy- terminal  h a l v e s  

o f  M p r o t e i n s  proximal  t o  t h e  s t r e p t o c o c c a l  ce11 s u r f a c e  a r e  

h i g h l y  conserved  between d i f  f e r e n t  M p r o t e i n s ,  whereas t h e  

amino-terminal  h a l v e s ,  which p r o t r u d e  from t h e  cell ,  a r e  

h i g h l y  v a r i a b l e  ( F i s c h e t t i ,  1989; Kehoe, 1 9 9 1 ;  S c o t t  e t  a l . ,  

1986) . D e t a i l e d  amino a c i d  sequence comparisons and an t ibody  



r e a c t  i v i t  ies revealed l i m i t e d  dif ferences w i t h i n  the 

conserved carboxy-terminal  r e g i o n s ,  sugges t  i ng  that there Ray 

be two major  c l a s s e s  ( c l a s s  1 and  c l a s s  11) of M proteins 

(Bessen and  F i s c h e t t i ,  1990b; Bessen e t  al., 1 9 8 9 )  . However, 

t h e  much more ex tens ive  v a r i a b i l i t y  a t  t h e  amino terminus  

forrns t h e  b a s i s  f o r  s e r o l o g i c a l  t y p i n g  of M p r o t e i n s ,  w i t h  

ove r  100 d i s t i n c t  M types b e i n g  i d e n t i f i e d  t o  d a t e  (Kehoe, 

1 9 9 1 ) .  

A s t r i k i n g  s t r u c t u r a l  f e a t u r e  of a l 1  M p r o t e i n s  

s t u d i e d  t o  d a t e  i s  t h e  p r e sence  of ex t ens ive  r e g i o n s  of  

tandem r e p e a t s ,  i n  both the  conserved  and v a r i a b l e  haives o f  

t h e  molecule  ( F i s c h e t t i ,  1989) . T h e  number of d i s t i n c t  

r e p e a t s  and  t h e i r  s i z e  Vary between M t ypes .  The M 6  p r o t e i n ,  

whose gene was f i r s t  c loned and sequenced i n  E .  c o l i  (Sco t t  

and F i s c h e t t i ,  1983; Hol l ingshead et al., 1986) ,  is  composed 

of fou r  r e p e a t  blocks,  each d i f f e r i n g  i n  s i z e  and sequence 

( F i s c h e t t i  e t  a l . ,  1988; Hol l ingshead  et al., 1 9 8 6 )  . The A 

r e p e a t s  are composed of 1 4  amino a c i d s  each i n  which t h e  

c e n t r a l  b l o c k s  a r e  i d e n t i c a l  and t h e  end b locks  s l i g h t l y  

d i v e r g e  from t h e  c e n t r a l  consensus  r e p e a t s .  The B r e p e a t s ,  

composed o f  25 amino a c i d s  each ,  are ar ranged t h e  same a s  t h e  

A r e p e a t s .  T h e  C r epea t s ,  composed of 2 . 5  b locks  o f  4 2  amino 

a c i d s ,  a r e  n o t  a s  i d e n t i c a l  t o  e a c h  o the r  a s  a r e  t h e  A and  B 

r e p e a t s .  T h e r e  a r e  a l s o  f o u r  s h o r t  D r e p e a t s  which show some 

homology. These repeat  r e g i o n s  make up t h e  c e n t r a l  h e l i c a l  

rod  region of t h e  M molecule because of the high h e l i c a l  



potential ascribed to the arnino acids found in this region as 

determined by conformational analysis (Fischetti et al., 

1988; Phillips et al., 1981) . 
Analysis of the DNA sequence of the C-terminal 

region of the M6 molecule reveals a stretch of 20 essentially 

hydrophobic amino acids that could act as a membrane anchor 

and a proline- and glycine-rich region adjacent to the D- 

repeat blocks that is likely to be located within the 

streptococcal ce11 wall (Hollingshead et al., 1986) . A short 

six-amino acid sequence L-P-S-T-G-E is close to the 

hydrophobic region. Hence, the M protein appears to embody 

the comon characteristics shared by many Gram positive 

bacterial surface proteins (Fischetti et al., 1991) . 
M proteins are one of the key virulence factors of 

S. pyogenes, due to their involvement in mediating resistance 

to phagocytosis (Kehoe, 1991) and their ability to induce 

potentially harmful host immune responses via their 

superantigenicity and their capacity to induce host-cross- 

reactive antibody responses (Bisno, 1991; Froude et al., 

1989; Stollerman, 1991). 

Inhibition of nonimmune opsonization is due 

principally to the ability of M proteins to bind fibrinogen 

(Poirier et al., 1989) or the complement control protein 

factor H (Horstmann et al., 1988), although other 

s treptococcal ce11 surface structures, including the 

hyaluronic acid capsule (Wessels et al., 1991) , contribute to 



t h e  a b i l i t y  of  s t r e p t o c o c c i  t o  resis t  p h a g o c y t o s i s ,  It has 

been s u g g e s t e d  t h a t  t h e  i n t e r a c t i o n  o f  plasma f i b r i n o g e n  with 

M p r o t e i n s  masks C3b-binding sites on t h e  s t r e p t o c o c c a l  

s u r f a c e  ( P o i r i e r  e t  a l . ,  1 9 8 9 ) ,  and t h a t  b i n d i n g  o f  f a c t o r  H 

t o  M p r o t e i n s  leads t o  i n h i b i t i o n  o f  t h e  a l t e r n a t i v e  C 3  

c o n v e r t a s e  and  t h e  c l a s s i c a l  C 5  c o n v e r t a s e  of  complement 

(Hong e t  a l . ,  1 9 9 0 )  : i n  each case, subsequent p h a g o c y t o s i s  b y  

C 3 b  r e c e p t o r - b e a r i n g  n e u t r o p h i l s  would be r e d u c e d  o r  

p r e v e n t e d .  

S u p e r a n t i g e n s  are p r o t e i n s  t h a t  p o l y c l o n a l l y  

a c t i v a t e  T ce l ls  by a n  MHC c l a s s - I I -dependen t ,  b u t  hap lo type -  

u n r e s t r i c t e d ,  mechanism. P r o l i f e r a t  i v e  r e s p o n s e s  t o  

s u p e r a n t  i g e n s  a r e  l i m i t e d  t o  T ce l l s  e x p r e s s i n g  pa r t  i c u l a r  

TCR Vb gene  f a m i l i e s  and  a r e  independent  o f  a n t i g e n  

s p e c i f i c i t y  (Herman et a l . ,  1991) . T h e  p r o l i f e r a t i o n  o f  human 

T ce l l s  t o  pepM5 ( t h e  amino- te rminal  h a l v e s  of  M5 p r o t e i n  

c l e a v e d  from s t r e p t o c o c c i  w i t h  p e p s i n )  is MHC class I I  

dependent  b u t  n o t  MHC h a p l o t y p e  r e s t r i c t ed  (Tomai e t  a l . ,  

l99O), i n d i c a t i n g  that pepM5 has  some o f  t h e  p r o p e r t i e s  of 

s u p e r a n t i g e n s .  

Many M p r o t e i n s  e l i c i t  a n t i b o d i e s  t h a t  c r o s s - r e a c t  

w i t h  mamrnalian t i s s u e s ,  and such c r o s s - r e a c t i v e  a n t i b o d i e s  

a r e  p r e s e n t  i n  t h e  sera of p a t i e n t s  w i t h  a c u t e  rheumat i c  

f e v e r  and p o s t - s t r e p t o c o c c a l  g l o m e r u l o n e p h r i t i s  (Kehoe, 1 9 9 1 ;  

Froude et a l . ,  1 9 8 9 ) .  Sera from exper imen ta l  anirnals 

immunized w i t h  pepM f r a g m e n t s  o r  w i t h  s y n t h e t i c  p e p t i d e s  from 



MS and  M6 p r o t e i n s ,  a s  w e l l  as s e r a  from rheumat i c  fever 

p a t i e n t s ,  c o n t a i n  a n t i b o d i e s  t h a t  b i n d  M p r o t e i n s  and c ross -  

r e a c t  w i t h  human heart t i s s u e  ( F i s c h e t t i ,  1989; Froude e t  

a l . ,  1989; Cunningham e t  a l . ,  1989; D e l l  e t  a l . ,  1 9 9 1 ) .  T h i s  

c r o s s - r e a c t i v i t y  has  been  l o c a l i z e d  t o  myosin ( F i s c h e t t i ,  

1989; Froude e t  a l . ,  1989; D e l l  e t  a l . ,  l g g l ) ,  and  t o  a  40-50 

kDa p r o t e i n  o f  t h e  sarcolemmal membrane (Beachey et a l . ,  

1988; S a r g e n t  et a l . ,  1 9 8 7 ) .  S e r a  from p a t i e n t s  w i t h  pos t -  

s t r e p t o c o c c a l  g l o m e r u l o n e p h r i t i s  c o n t a i n  a n t i b o d i e s  a g a i n s t  

basement  membrane a n t i g e n s  ( F i l l i t  et a l . ,  1985) , and s e r a  

f rom r a b b i t s  immunized w i t h  s y n t h e t i c  p e p t i d e s  f rom Ml and 

Ml2 p r o t e i n s  have been shown t o  react w i t h  mesang ia l  cells of 

human r e n a l  g l o m e r u l i  (Kraus et al., 1989a) . Furthermore,  

t h e s e  a n t i - p e p t i d e  a n t i b o d i e s  react w i t h  e i t h e r  v i m e n t i n  ( 5 6  

kDa) o r  a  d i s t i n c t  4 3  kDa p r o t e i n  i s o l a t e d  from mesangial  

ce l ls  (Kraus et a l . ,  1989a; 1989b) . 
Attempts  have been  made t o  a p p l y  t h e  knowledge o f  

t h e  M p r o t e i n ' s  s t r u c t u r e  and f u n c t i o n  t o  t h e  development o f  

a v a c c i n e  f o r  p r e v e n t i n g  s t r e p t o c o c c a l  i n f e c t i o n .  There is 

e x t e n s i v e  e v i d e n c e  t o  s u g g e s t  t h a t  o p s o n i c  a n t i b o d y  e p i t o p e s ,  

which c o n f e r  sys t emic  p r o t e c t i o n  a g a i n s t  group A 

s t r e p t o c o c c a l  i n f e c t i o n s  and which are l e a s t  l i k e l y  t o  c ross -  

r e a c t  w i th  t h e  h o s t ,  a r e  l o c a t e d  i n  t h e  ex t reme amino- 

t e r m i n a l  r e g i o n  of M p r o t e i n  m o l e c u l e s  ( F i s c h e t t i ,  1 9 8 9 ;  

Kehoe, 1991) . However, t h e s e  p r o t e c t i v e  an t ibody  e p i t o p e s  axe  

M t y p e - s p e c i f i c ,  so  t h a t  e f f e c t i v e  v a c c i n e  w i l l  r e q u i r e  t h e  



inclusion of epitopes from several important M types. 

Opsonic, non-host-cross-reactive epitopes can c l ea r ly  be 

separated from host-cross-reactive epitopes in M5 and M6 

proteins, with the former located in the amino terminal ten 

or so arnino acids, and the latter largely confined to the 

central region of the molecule (Kehoe, 1991; Beachey et al., 

1988; Jones and Fischetti, 1988) . Few attempts have been made 
to test streptococcal vaccines in humans. PepM fragments of 

the non-host-cross-reactive M24 protein, or synthet ic 

peptides from the amino terminus of a number of M proteins, 

have been shown to induce opsonic antibodies in human 

volunteers (Kehoe, 1991). Rabbits immunized with synthetic 

peptides, including a combination of antibody epitopes from 

the amino terminus of M5, M6 and M24, produced type-specif ic 

opsonic antibodies (Beachey et al., 1987) . An alternative 
strategy has taken advantage of the conserved region of the 

M molecule that are not buxied within the ce11 wall or 

membrane. Antibody epitopes located in the carboxy-terminal 

half of M proteins can induce non-type-specific mucosal 

immunity in rodent models when delivered to the mucosal 

surface (Fischetti, 1989) . Immunization with peptides £rom 
the carboxy-terminal half of M6 coupled to cholera toxin 

induced non-type-specific protection of mice against 

pharyngeal colonization by streptococci (Bessen and 

Fischetti, 1988). These epitopes are thought to be distinct 

f rom host-cross-reactive epitopes, which have not been 



r e p o r t e d  i n  t h i s  r e g i o n  t o  d a t e .  Hence, it seems p o s s i b l e  t o  

s e n s i t i z e  t h e  a n i m a l s r  immune sys tems a g a i n s t  t h e  c o n s e r v e d  

r e g i o n s  o f  M p r o t e i n s .  By p r e v e n t i n g  t h e  i n i t i a l  c o l o n i z i n g  

s t e p  o f  a n  i n f e c t i o n ,  it s h o u l d  b e  p o s s i b l e  t o  c i r c u m v e n t  t h e  

need for t y p e - s p e c i f  i c  a n t  i b o d i e s  . Type-specif i c  a n t  i b o d i e s  

become n e c e s s a r y  f o r  overcoming t h e  i n f e c t i o n  o n l y  a f t e r  

s t r e p t o c o c c a l  have c o l o n i z e d  and  invaded  t i s s u e s .  

T h e  M-like p r o t e i n  farni ly  i s  c o n s t i t u t e d  b y  a 

number o f  s t r e p t o c o c c a l  s u r f a c e  p r o t e i n s  t h a t  h a v e  some 

sequence  and  s t r u c t u r a l  s i m i l a r i t y  t o  M p r o t e i n s  ( F i s c h e t t i ,  

1989; Kehoe, 1 9 9 4 ;  Whatmore a n d  Kehoe, 1994; F r i t h z  e t  al., 

1989; Gomi et  al., 1990; Haanes and C l e a r y ,  1989; Hea th  and 

C lea ry ,  1989; Bessen  a n d  F i s c h e t t i ,  1992; Jeppson  et al., 

1992) . A s  i n  t h e  case o f  M p r o t e i n  i t s e l f ,  t h e  M - l i k e  

p r o t e i n s  have n o n h e l i c a l  e x t r e m e  amino t e r m i n i ,  a n  a h e l i c a l ,  

c o i l e d - c o i 1  confo rma t ion  t h a t  forms c e n t r a l  r o d s ,  p r o l i n e -  

and g l y c i n e - r i c h  r e g i o n s  t h a t  t h r e a d  t h r o u g h  the 

p e p t i d o g l y c a n  layer, hydrophob ic  membrane anchors  a n d  s h o r t  

c y t o p l a s m i c  tails a t  t h e i r  c a r b o x y l  t e r m i n i .  The c e n t r a l  rod 

r e g i o n  is d i v i d e d  i n t o  several i n t e r n a 1  r e p e a t e d  b l o c k s ,  

termed t h e  A, B and  C r e p e a t s ,  which Vary i n  number. S t u d i e s  

showed t h a t  i n  a l 1  g r o u p  A s t r e p t o c o c c a l  s t r a i n s ,  emm and 

emm-like genes  a r e  l o c a t e d  at t h e  same p o s i t i o n  i n  the 

chromosome, between t h e  p o s i t i v e  r e g u l a t o r  v i r R  gene and t h e  

CSa p e p t i d a s e  gene ( s c p A ) ,  i n  a l o c u s  c a l l e d  t h e  v i r  r egu lon  

(Haanes e t  a l . ,  1992; H o l l i n g s h e a d  et al., 1993; P o d b i e l s k i ,  



1 9 9 3 ) .  

M - l i k e  p r o t e i n s  a re  n o t  c o n s i d e r e d  t o  be M p r o t e i n s  

b e c a u s e  an  a n t i p h a g o c y t i c  property h a s  n o t  b e e n  d e m o n s t r a t e d .  

Some o f  t h e s e  p r o t e i n s  b ind f i b r i n o g e n ,  o t h e r s  b i n d  t h e  Fc- 

d o m a i n s  of IgG a n d / o r  IgA rather t h a n  f i b r i n o g e n ,  a n d  some 

b i n d  b o t h  f i b r i n o g e n  a n d  IgG Fc-domains  (Bessen a n d  

F i s c h e t t i ,  1992;  Gomi e t  a l . ,  1990 ;  Heath a n d  C l e a r y ,  1989;  

L i n d a h l  and h e r s t r o m ,  1989;  R e t n o n i n g r u m  e t  al., 1993;  

S c h m i d t  a n d  Wadstrom, 1990; Stenberg et al., 1992)  . The 
p o s s i b l e  r o l e s  o f  these p r o t e i n s  i n  v i r u l e n c e  have been 

r e v i e w e d  r e c e n t l y  b y  C l e a r y  and R e t n o n i n g r u m  (1994) . 

2 . 6  Mga regulatory proteins 

I n  g r o u p  A s t r e p t o c o c c i  ( G A S ) ,  t h e  genes f o r  M 

p r o t e i n  (emm) a n d  C 5 a  p e p t i d a s e  (scpA) a n d ,  i f  present, the 

g e n e s  e n c o d i n g  t h e  M p r o t e i n - r e l a t e d  IgG- and IgA-binding 

p r o t e i n s  ( f c r A  a n d  enn, r e s p e c t i v e l y )  a r e  clustered o n  the 

chromosome ( H a a n e s  et a l . ,  1 9 9 2 ;  H o l l i n g s h e a d  e t  a l . ,  1993;  

P o d b i e l s k i ,  1 9 9 3 )  . E x p r e s s i o n  o f  these v i r u l e n c e - a s s o c i a t e d  

s u r f a c e  p r o t e i n s  is c o r e g u l a t e d  at t h e  l e v e l  o f  t r a n s c r i p t i o n  

by t h e  p r o t e i n  M g a  ( s t a n d s  f o r  m u l t i g e n e  r e g u l a t o r  o f  g r o u p  

A S t r e p t o c o c c u s ~ ) ,  f o r m e r l y  called Mry o r  V i r R  (Caparon a n d  

S c o t t ,  1987;  Chen e t  a l . ,  1 9 9 3 ;  Haanes and C l e a r y ,  1989;  

McIver et al., 1995a ;  P e r e z - C a s a 1  et a l . ,  1991 ;  P o d b i e l s k i  e t  

al., 1995;  P o d b i e l s k i ,  1992;  R o b b i n s  e t  al., 1 9 8 7 ) .  The 



comple t e  c l u s t e r  w a s  t e n t a t i v e l y  termed t h e  v i r  r e g u l o n  f o r  

c o n s i s t e n c y  w i t h  t he  nomenc la tu re  establ ished f o r  o t h e r  

b a c t e r i a l  p a t h o g e n s  ( C l e a r y  e t  al., 1991) . 

With i n c r e a s i n g  d a t a  on t h e  GAS genomic 

o r g a n i z a t i o n  (Haanes  e t  a l . ,  1992; H o l l i n g s h e a d  e t  a l . ,  1 9 9 3 ;  

P o d b i e l s k i ,  1 9 9 3 ) ,  it became o b v i o u s  t h a t  OF' (serum o p a c i t y  

f a c t o r - p r o d u c i n g )  s t r a i n s ,  which e x p r e s s  c lass  II M p r o t e i n s  

and Ig -b ind ing  p r o t e i n s  (Bessen  and F i s c h e t t i ,  1 9 9 0 ;  

Wannamaker, 1970)  e x h i b i t  a  un i fo rm s t r u c t u r e  of  t h e i r  vir 

r e g u l o n s ,  which a lways  ha rbour  f c rA ,  c l a s s  I I  emm, a n d  enn 

g e n e s ,  I n  c o n t r a s t ,  t h e  v i r  r e g u l o n  of OF' (serurn o p a c i t y  

f a c t o r - n o n p r o d u c i n g )  GAS which e x p r e s s  class I M p r o t e i n s ,  

b u t  do n o t  a lways  p roduce  Ig-b inding  p r o t e i n s  (Bessen  and 

F i s c h e t t i ,  1990; Wannamaker, 1970)  could  be a s s o c i a t e d  w i t h  

s e v e r a l  d i f f e x e n t  forms of  a r c h i t e c t u r e .  T h e  l o c i  o f  t h e s e  

s t r a i n s  a lways c o n t a i n  a c l a s s  1 emm gene and f r e q u e n t l y  do 

n o t  i n c l u d e  f c r A  a n d / o r  enn g e n e s .  The r e l a t i o n s h i p  o f  t h e  

genes  i n  r e p r e s e n t a t i v e  GAS v i r  r egu lons  is shown i n  Fig. 2- 

1. 

The v i r R  g e n e s  of  OF- GAS s e r o t y p e s  not h a r b o u r i n g  

f c r A  o r  enn  g e n e s  w e r e  f i rs t  ana lyzed .  I n  a s e r o t y p e  Ml2 

s t r a i n  i s o f  a t e d  f r o m  a p h a r y n g i t i s  p a t i e n t ,  t h e  e x p r e s s i o n  of  

emm a n d  scpA was shown t o  be unde r  t h e  c o n t r o l  of  a  p o s i t i v e  

r e g u l a t o r  gene v i r R  (Robbins e t  a l . ,  1987; Simpson e t  a l . ,  

1 9 9 0 )  . The v i r R  g e n e  was found t o  be l o c a t e d  ups t r eam o f  emm 

and scpA (Simpson a n d  C lea ry ,  1 9 8 7 ) .  In  a d d i t i o n  t o  virRl2, 



OF' (M6, M12) 

T i g u t a  2-1. Maps of  r e p r e s e n t a t i v e  GAS vir r e g u l o n s .  Map of 
a vir r e g u l o n  f rom OF' GAS, e .g. ,  s e r o t y p e s  M 6  and  Ml2 i s  
shown o n  t he  t o p .  The produc t  of t h e  v i r R  gene (equivalent 
name, m r y )  r e g u l a t e s  p o s i t i v e l y  t h e  e x p r e s s i o n  of i t s e l f  a n d  
of  t h e  g e n e s  e n c o d i n g  M p r o t e i n  (emm) and C5a p e p t i d a s e  
(scpA) . Map of a v i r  r e g u l o n  from OF' GAS, e .g. s e r o t y p e  M49 
i s  p r e s e n t e d  a t  t h e  bo t tom.  H e r e  t h e  p roduc t  o f  t h e  v i r R  g e n e  
c o n t r o l s  t h e  e x p r e s s i o n  o f  t h e  genes encoding  t h e  IgG-binding 
p r o t e i n  ( f c r A )  and  IgA-binding p r o t e i n  ( e n n )  i n  a d d i t i o n  t o  
emm, scpA, and p r o b a b l y  v i r R .  

an e q u i v a l e n t  l o c u s  termed mry ( f o r  M p r o t e i n  RNA y i e l d )  was 

i d e n t i f i e d  a s  r e g u l a t i n g  emm e x p r e s s i o n  i n  a s e r o t y p e  M 6  GAS 

s t r a i n  (Caparon and S c o t t ,  1987). Cornparison o f  the 



n u c l e o t i d e  sequence o f  rnry (Perez-Casa1  e t  al., 1991) and 

v i r R l 2  (Chen e t  a l . ,  1993) revealed 97% homology. Also, a  

p a r t i a l  v i r R l  sequence (Haanes -Fr i t z  e t  al., 1988)  was n e a r i y  

i d e n t i c a l  t o  the v i r R 1 2  s e q u e n c e .  The p r e s e n c e  of  v i r R  

geneshomologous t o  rnry h a s  been d e m o n s t r a t e d  i n  one s t r a i n  

each of  s e r o t y p e s  M l  and M3 (Pe rez -Casa l  et a l . ,  1 9 9 3 ) .  

The rnry promoters  w e r e  l o c a l i z e d  subsequen t  t o  t h e  

i d e n t i f i c a t i o n  of  the  5' e n d s  o f  t h e  s p e c i f i c  mRNAs by 

p e r f o r m i n g  S I  n u c l e a s e  p r o t e c t i o n  a s s a y s  (Okada e t  a l . ,  

1993) . T h e  rnry gene was found  t o  p o s s e s s  t w o  p romoters ,  Pl 

and PZ, l o c a t e d  approx ima te ly  410 and  120 bp, r e s p e c t i v e l y ,  

ups t r eam of  t h e  rnry s t a r t  codon.  Pl e x h i b i t e d  a  weak 

c o n s t i t u t i v e  a c t i v i t y ,  whereas P2 w a s  d e m o n s t r a t e d  t o  be a 

c o m p a r a t i v e l y  s t r o n g  promoter  w h i c h  needed  i n d u c t i o n  by  t h e  

Mry p r o t e i n .  Recent ly ,  rnry e x p r e s s i o n  w a s  d e s c r i b e d  a s  b e i n g  

p o t e n t i a l l y  even more complex s i n c e  unde r  s p e c i a l  

e x p e r i m e n t a l  c o n d i t i o n s  t h e  Pl p r o m o t e r  showed no 

c o n s t i t u t i v e  a c t i v i t y  ( G e i s t  et a l . ,  1993)  . 
A recombinant rnry g e n e  w a s  t h e  f i rs t  virR-type gene  

which w a s  expressed  i n  an i n  v i t r o  transcription-translation 

sys tem (Perez-Casa1 e t  al., 1991)  . However, on ly  after 

e s t a b l i s h i n g  recombinant r e p o r t e r  p l a s m i d s  c o n t a i n i n g  t h e  

e m l 2  a n d  scpA12 promoters  i n  the s e r o t y p e  Ml2 GAS c o u l d  t h e  

t r a n s - r e g u l a t i n g  a c t i v i t y  of V i r R  be unambiguously 

d e m o n s t r a t e d  (Podb ie l sk i ,  1992)  . I n  a d d i t i o n ,  p o t e n t i a l  VirR- 

b i n d i n g  boxes  immediately u p s t r e a m  o f  t h e  -35 boxes o f  emn 



a n d  scpd p r o m o t e r s  o f  OF' s t r a i n s  w e r e  i d e n t i f i e d  by 

homology c o m p a r i s o n s .  Sequences  n e a r l y  i d e n t i c a l  t o  such  

b o x e s  w e r e  a l s o  found  i n  i n t e r g e n i c  r e g i o n s  ups t r eam of fcrA, 

emm, enn, a n d  scpA g e n e s  f rom OF' s t r a i n s ,  i n d i c a t i n g  a 

s i m i l a r  c o n t r o l  i n  OF' s t r a i n s .  

I n  OF* GAS s t r a i n s ,  t h e  p r e s e n c e  o f  genomic r e g i o n s  

homologous  t o  v i r R  has been  documented b y  u s i n g  two d i f f e r e n t  

a p p r o a c h e s  : h y b r i d i z a t i o n  w i t h  r ecombinan t  i n t e r n a 1  virR 

f r a g m e n t s  (Haanes  et a l . ,  1992; H o l l i n g s h e a d  et al., 1993) 

a n d  a series of PCR a s s a y s  ( P o d b i e l s k i  et a l . ,  1 9 9 2 ) .  A 

c o n c l u s i o n  of  t h e s e  s t u d i e s  w a s  t h a t  s e q u e n c e s  o f  p o t e n t i a l  

v i r R  g e n e s  f r o m  OF' s t r a i n s  d i v e r g e d  c o n s i d e r a b l y  from 

c o r r e s p o n d i n g  ones ha rboured  by OF' s t r a i n s .  R e c e n t l y ,  the 

v i r R  g e n e  r e g i o n  of t h e  OF' GAS M49 s t r a i n  CS101 was 

a m p l i f i e d  by PCR, and 2 , 6 5 0  bp w e r e  d i r e c t l y  sequenced 

( P o d b i e l s k i  et a l . ,  1995) . An open r e a d i n g  frame of 1 ,599  bp 

e x h i b i t e d  7 6 %  o v e r a l l  homology t o  the v i r R 1 2  and m r y  

s e q u e n c e s .  When cornparing t h e  deduced  amino  a c i d  s equences  o f  

these t h r e e  ORFs, t h e  f i rs t  4 8 4  r e s i d u e s  showed 8 2 . 3 %  

homology,  whereas the 40 C- te rmina l  r e s i d u e s  o f  VirR49 

differed c o m p l e t e l y  f rom t h e  VirR12 and  Mry (VirR6) 

s e q u e n c e s .  T h e  C- terminal  4 0  codons  o f  virR49 were found t o  

b e  p e r f e c t l y  c o n s e r v e d  i n  more t h a n  20  o t h e r  OF' s e r o t y p e s  and 

t h u s  c o u l d  be g e n e r a l l y  r e g a r d e d  a s  s p e c i f i c  f o r  v i r R  genes  

o f  OF' GAS s t r a i n s .  T h e  5' ends of two s p e c i f i c  t r a n s c r i p t s  

w e r e  mapped 370 a n d  1 7 4  bp ups t ream o f  t h e  s t a r t  codon of 



t h i s  open r e a d i n g  frame. The deduced sequences o f  the 

corresponding promoters  and t h e i r  l o c a t i o n s  d i f f e r e d  from 

t h o s e  of p r e v i o u s l y  r epo r t ed  v i r R  promoters .  T r a n s c r i p t s  f rom 

wild-type fcrA49, emm49, enn49, and scpA49 genes l o c a t e d  

downstream o f  virR49 were c h a r a c t e r i z e d  a s  be ing  

monoc i s t ron ic -  I n s e r t i o n a l  i n a c t i v a t i o n  p rov ided  ev idence  

t h a t  virR49 c o n t r o l l e d  express ion  of fcrA49, emm49, enn49, 

and scpA49 and t h a t  it probably r egu l a t ed  i t s  own e x p r e s s i o n .  

Upon t h e  l o s s  o f  virR49 func t i on ,  t h e  mutant d id  not  e x p r e s s  

Ig-binding p r o t e i n s  and became s e n s i t i v e  t o  phagocy tos i s  b y  

human leukocy tes  . 
In  many b a c t e r i a l  pathogens, t h e  s y n t h e s i s  of 

v i r u l e n c e  f a c t o r s  i s  in f l uenced  by t h e  environment .  This  

a d a p t a t i o n  t o  environmental  changes i s  o f t e n  mediated by a  

two-cornponent s i g n a l  t r ansduc ing  system (Alb r igh t  e t  a l . ,  

1989; Gross e t  a l . ,  1989; M i l l e r  e t  a l . ,  1 9 8 9 ;  Stock et a l . ,  

1989) . I n  such  a system, t h e  f i r s t  component is  a  membrane- 

spanning s e n s o r  p r o t e i n  which, i n  response t o  envi ronmenta l  

change, t r a n s m i t s  a s i g n a l  ( u s u a l l y  phosphory la t ion)  t o  t h e  

second component o r  r ecep to r  p r o t e i n .  The l a t t e r  r e g u l a t e s  

t r a n s c r i p t i o n  of  genes  under environmental c o n t r o l .  Examples 

of t h e s e  systems used  by b a c t e r i a l  pathogens i n c l u d e  t h e  V i r A  

( s e n s o r )  ( J i n  et a l . ,  1 9 9 0 )  and V i r G  ( r e c e p t o r )  (Powell  e t  

a l . ,  1989) p r o t e i n s  of Agrobacterium tumefaciens ,  ToxR of 

V i b r i o  c h o l e r a e ,  which has  both a  sensor  and a  r e c e p t o r  mot i f  

s e p a r a t e d  by a r e g i o n  t h a t  spans the cy top lasmic  membrane 



(Miller et al., 1987), the vir region of Bordetella 

pertussis, which encodes three products with homology to the 

signal transducing proteins (Arico et al., 1989), and the 

AgrA protein of Staphylococcus aureus, which shows homology 

with the receptor components (Peng et al ., 1988; Stock et 

al ., 1989) . 
Like other bacterial pathogens, GAS are exposed to 

a differing environmental conditions as they reside on the 

skin, mucous membranes or in the bloodstream of the human 

host. Accordingly, the functional requirements for expression 

of the dif ferent streptococcai surface proteins should Vary. 

In fact, in parallel experiments in which GAS strains were 

exposed to human blood or isolated from the spleen of animals 

with experimental skin infections, a variation of the 

expression patterns of M proteins and Ig-binding proteins 

were demonstrated by Raeder and Boyle (1993a; 1993b) . I t  was 

found that transcription of the genes encoding M protein 

(emm) and Scp ( s c p A )  was stimulated by growth in elevated 

carbon dioxide and slightly decreased in elevated oxygen 

(Caparon et al., 1992; Podbielski et al., 1992) . A recent 
study showed that transcription of emrn was also influenced by 

osmolarity, temperature, gas exchange, and iron limitat ion 

(McIver et al,, 1995b) , Since transcription of m r y  is 

environmentally regulated by the same signals (i.e the CO, 

level) that regulate expression of M protein gene (Okada et 

al., 1993), it is thought that Mga is a part of a crucial 



r e g u l a t o r y  sys tem i n  GAS, p o s s i b l y  f u n c t i o n i n g  as t h e  second  

component i n  a  two-component r e g u l a t o r y  system, even though 

t h e  one o r  s e v e r a l  M r y - i n t e r a c t i n g  s e n s o r s  f o r  e x t e r n a l  

s t i m u l i  r emain  u n i d e n t i f i e d .  

C o n s i s t e n t  w i t h  i t s  r o l e  a s  a  two-component 

r e s p o n s e  r e g u l a t o r ,  Mry shows two r e g i o n s  t h a t  resemble t h e  

c o n s e r v e d  s e n s o r - r e c o g n i z i n g  domain i n  t h e  r e c e p t o r  p t o t e i n  

(Perez-Casa1 et a l . ,  1991; Stock et al., 1989) . Moreover, it 

i n c l u d e s  two p o t e n t i a l  H e l i x - t u r n - h e l i x  DNA b i n d i n g  domains 

which are  used by many o t h e r  r e c e p t o r  components i n  

r e g u l a t i n g  t r a n s c r i p t i o n  o f  t h e  o p e r o n s  t h e y  c o n t r o l  (Perez- 

C a s a 1  et a l , ,  1 9 9 1 ;  S t o c k  et al., 1989)  . However, no o t h e r  

r e c e p t o r - t y p e  p r o t e i n s  w i t h  two o f  e a c h  t y p e  o f  domains have 

been  d e s c r i b e d .  I t  i s  p o s s i b l e  that each r e c e p t o r  domain of  

Mry r e s p o n d s  t o  a di f  f e r e n t  group of env i ronmenta l  s i g n a l s  

a n d  t h a t  e a c h  DNA-binding domain r e g u l a t e s  a  d i f f e r e n t  s u b s e t  

of g e n e s .  Unl ike  Mry, VirR12 was f o u n d  t o  c o n t a i n  on ly  one 

s i m i l a l :  h e l i x - t u r n - h e l i x  DNA b i n d i n g  domain a t  the  N-terminus 

(Chen e t  al., 1993) . I n t e r e s t i n g l y ,  w h i l e  s t u d y i n g  t h e  v i r R 4 9  

gene ,  P o d b i e l s k i  et a l .  ( 1 9 9 5 )  p r e d i c t e d  a  p o t e n t i a l  DNA- 

b i n d i n g  h e l i x - t u r n - h e l i x  mot i f  w i t h  a d i f  f e r e n t  sequence  from 

t h o s e  of Mry, VirR12 a n d  other DNA b i n d i n g  p r o t e i n s  (Sauer e t  

a l . ,  1982; Pabo and S a u e r ,  1 9 8 4 ) .  However, in t h i s  r e g i o n  Mry 

and VirR12 e x h i b i t e d  t h e  l a r g e s t  s t r e t c h  of contiguous 

sequence  i d e n t i t y  t o  VirR49 ( P o d b i e l s k i  e t  a l . ,  1995) . 



3.0 CHARACTERIZATION OF S. -RIS CAMP FACTOR GENE AND ITS 

üPS- ABP LOCUS (ENCODING A PROTEIN HûMOLûGûUS TO 

POLAR AMINO AC1 D AND OPINE BINDf NG PROTEINS OF GRAM 

NEGATïVE BACTERIA) 

The gene coding f o r  t h e  CAMP f a c t o r  from a strain 

of Streptococcus uber i s  (ATCC 9 9 2 7 )  was cloned in Escherichia 

coli. Chromosomal D N A  from Streptococcus  uberis w a s  used t o  

c o n s t r u c t  a  gene l i b r a r y  i n  plasmid pTZ18R and six CAMP- 

r e a c t i o n  p o s i t i v e  c lones  w e r e  obta ined  from a t o t a l  o f  1 0 , 0 0 0  

t r an s fo rman t s .  One clone,  pJLD21, was subcloned and the CAMP 

factor gene w a s  located i n  a 3 .2  kb  BamHI f ragment .  T h e  

n u c l e o t i d e  sequence of Streptococcus uberis CAMP factor gene 

was determined and t h e  deduced amino acid sequence is  highly  

homologous t o  the corresponding Streptococcus  aga1 actiae 

p r o t e i n .  Immunoblot analysis revea led  t h a t  the recombinant 

s t r a i n  pJLDZ1 exp re s sed  a protein with a molecular  weight  of 

2 8 , 0 0 0 .  Antibodies raised aga in s t  purif i ed  Streptococcus  

uberis CAMP f a c t o r  cross-reacted with  Streptococcus  

a g a l a c t i a e  p r o t e i n  B .  Southern  b l o t  a n a l y s i s  demonstrated 



chat the six CAMP-reaction positive E. coli c l o n e s  contained 

the same CAMP factor gene, and this gene  existed in three out 

of eight S. uberis strains. 

An ORF was identified upstream of the CAMP factor 

gene, which could encode a 277-residue protein. On the basis 

of sequence characteristics, this gene product is potentially 

a polar amino a c i d  and opine binding protein of an ABC-type 

transport system. 



3.2 Introduction 

Streptococcus uberis i s  a n  i m p o r t a n t  cause  of 

m a s t i t i s  i n  d a i r y  c a t t l e  and  i s  r e s p o n s i b l e  f o r  a b o u t  2 0 %  of 

a l 1  c l i n i c a l  c a s e s  (Bramley, 1987; Bramley and Dodd, 1984; 

W a t t s ,  198 8 )  . Since  a n t i m i c r o b i a l  t r e a t m e n t  is  g e n e r a l l y  

i n e f  f e c t i v e  i n  c o n t r o l  o f  S. uberis m a s t i t i s ,  t h e  development 

o f  new c o n t r o l  measures  must be based on an u n d e r s t a n d i n g  of 

v i r u l e n c e  f a c t o r s  a n d  p r o t e c t i v e  a n t  igens i n v o l v e d  i n  

i n v a s i o n  and p r o t e c t i o n  of  t h e  mammary g l a n d  ( C o l l i n s  e t  a l . ,  

1988; Le igh  et al., 1990; Marsha l l  et al., 1 9 8 6 )  . I t  is known 

t h a t  some S. uberis s t r a i n s  can p r o d u c e  a h y a l u r o n i c  a c i d  

c a p s u l e  ( H i l l ,  1988) , h y a l u r o n i d a s e  (Schaufuss e t  al., 19891, 

R- l ike  p r o t e i n  (Groschup and Timoney, 1 9 9 3 ) ,  and a 

cohemolys in ,  the CAMP f a c t o r  ( S k a l k a  and Smola, 1981) .  

However, very l i t t l e  is known of t h e i r  r o l e s  i n  

p a t h o g e n i c i t y  . 
T h e  e f f e c t  o f  CAMP f a c t o r  w a s  f i r s t  d e s c r i b e d  by 

C h r i s t i e  et a l  i n  1944 ( C h r i s t i e  et a l . ,  1 9 4 4 )  . T h e s e  a u t h o r s  

found that group B s t r e p t o c o c c i  (S. a g a l a c t i a e )  produced a  

d i s t i n c t  zone of complete hemolysis when grown n e a r  t h e  

d i f f u s i o n  zone of  the Staphylococcus aureus  $-toxin 

( s p h i n g o m y e l i n a s e ) .  T h i s  phenornenon w a s  c a l l e d  the CAMP 

r e a c t i o n  and t h e  compound r e s p o n s i b l e  f o r  it w a s  named as t h e  

CAMP f a c t o r ,  an e x t r a c e l l u l a r  p r o t e i n  w i t h  a molecu la r  weight 

o f  2 3 , 5 0 0  (Bernheimer et a l . ,  1979) and a pI of  8 . 9  ( Jürgens  



et al., 1985). The amino acid sequence was determined by 

Rühlmann et al. (1988) . 
The mechanism of the CAMP reaction w a s  disclosed by 

the work of Bernheimer et al, (1979), Sterzik et al. (1984; 

l98S), and Fehrenbach et al. (1984; 1988) . The CAMP factor 
has lytic activity on a variety of target c e l l s  in addition 

to sheep and bovine erythrocytes and artificial membranes in 

which membrane phospholipids and sphingomyelin were 

previously hydrolyzed by phospholipase or sphingomyelinase. 

The role of CAMP factor in pathogenicity is 

unciear, but the following observations suggest that it is a 

virulence deterrninant. A partially purified CAMP factor from 

S. agalactiae was lethal to rabbits when injected 

intravenously (Skalka and Smola, 1981) ; intraperitoneal 

injection of purified CAMP factor into mice signif icantly 

raised the pathogenicity of sublethal dose of group B 

streptococci (Fehrenbach et al., 1988) ; and, like protein A 

of S. aureus, CAMP factor can bind the Fc sites of 

immunoglobulins and was theref ore designed protein B (Jürgens 

et al., 1987) . 
In addition to group B streptococci and S. uberis, 

a f e w  other bacteria, including Listeria monocytogenes and 

L i s t e r i a  seeligeri (Rocourt and Grimont,  1983) , Aeromonas sp. 

(Figura and Guglielmetti, 1987) , Rhodococcus equi (Fraser, 

19611, A.  pleuropneumoniae (Kilian, 1976) , and certain Vibro  

spp. (Kohler, 1988) produce reactions similar to the CAMP 



e f fec t .  The CAMP factor genes of group B s t r e p t o c o c c i  and A .  

pleuropneumoniae have been cloned and expressed in 

Escherichia coli ( F r e y  et a l . ,  1989 ;  Schneewind et  a l  ., 
1988) .  

It is w e l l  known t h a t  a wide v a r i e t y  of s u b s t r a t e s  

such as sugars ,  amino acids, opines, pept ides ,  anions  and 

metals  a r e  imported i n t o  bacteria by binding p ro t e in -  

dependent ABC-type (o r  ATP-binding c a s s e t t e  t ype )  t r a n s p o r t  

s y s t e m s .  In  Gram nega t ive  b a c t e r i a ,  t h e  per ip lasmic  binding 

p r o t e i n  i n t e r a c t s  with the import complex i n  t h e  i n n e r  

membrane. T h e  import complex usua l ly  c o n s i s t s  of  two 

hydrophobie transmembrane p r o t e i n s  which form t h e  

t r a n s l o c a t i o n  pathway and channel t h e  s u b s t r a t e  t o  t h e  

cytoplasm. The p e r i p h e r a l  membrane ATP-binding p r o t e i n s  

l oca l i zed  t o  t h e  cytoplasmic side of t h e  membrane are t i g h t l y  

a s soc ia t ed  wi th  t h e  transmembrane p r o t e i n s  and provide  energy 

t o  t h e  t r a n s p o r t  system by d r i v i n g  ATP hydro lys i s  (Higgins, 

1992;  Fath and Kolter ,  1 9 9 3 )  . 
T h e  presence of b ind ing  protein-dependent t r a n s p o r t  

systems i n  Gram p o s i t i v e  b a c t e r i a  has only recently been 

documented. T h e  o l igopept  ide t r a n s p o r t  systems amiA of 

Streptococcus pneumoniae (Al loing et al., 1990) , spoOK and 
app of Bac i l lu s  subtilis (Koide and Hoch, 1 9 9 4 ;  Perego e t  

a l . ,  1 9 9 1 ;  Rudner et al., 1991) ; the r ibose  and d ipep t ide  

t r anspor t  systems rbs and dciA of Bacillus subtilis 

(Mathiopoulos et al., 1991;  Woodson and Devine, 1994); t h e  



alutamine transport system of Bacillus stearothermophilus (Wu 

and Welker, 1991) and the amino acid transport system of 

B a c i l l u s  s u b t i l i s  (Rodrigue2 and Grandi, 1995) have been 

identif ied and characterized, It appears that the overall 

structural organization of these systems is highly similar to 

their counterparts in Gram negative bacteria - However, since 
Gram positive organisms lack an outer membrane and 

consequently have no periplasm, the solute-specific binding 

proteins are lipoproteins with an N-terminal glyceride- 

cysteine, which allows them to be tethered to the external 

surface of the ce11 membrane in the proximity of the integral 

ce11 membrane components of the transport system (Gilson et 

al., 1988; Tarn and Saier, 1993) . 
To study the CAMP factor of S. uberis and compare 

it with those of S. a g a l a c t i a e  and other bacteria, we cloned, 

sequenced and expressed the CAMP factor gene of S. uberis. 

Also, we report here on an abp gene upstream the CAMP factor 

gene- This gene encoded a 31 kDa protein which, on the basis 

of sequence homology, is likely to be an amino acid-binding 

protein of an ABC-type amino acid transport system. To our 

knowledge, this is the first putative amino acid-binding 

protein identified in S. uberis. 



3.3 Materials and Methods 

3.3.1 Bacterial strains, plasmids and growth 

conditions. 

The Escherichia coli strains used were JF1754 ( h s d R  

lac g a l  metB l e u B  h i s B )  (McNeil and Friesen, 1981) and m l 0 5  

(Yanisch-Perron et al., 1985), which are from our laboratory 

collection, Competent E. coli m l 7 5 4  and JM105 w e r e  made as 

described (Hanahan, 1985). E. coli ce l l s  were grown in Luria 

broth (Dif CO Laboratories) or on Luria-agar (Dif CO 

Laboratories) plates. Terrific broth (Maniatis et al., 1989) 

was used when preparing protein inclusion bodies. Ampicillin 

was used at 50 pg/ml for the growth of E l  coli strains 

containing recombinant plasmids . Four S. uberis strains (su- 
1, su-2, su-3 and su-4), S. agalactiae and S. aureus were 

obtained from the American Type Culture Collection (ATCC 

numbers are 9927, 13386, 13387, 19436, 27541 and 25923, 

respectively) . Other S. uberis strains (su-5, su-6, su-7 and 
su-8) were field isolates kindly  provided by M .  Chirino- 

Trejo, University of Saskatchewan. Al1 streptococcal strains 

were grown in brain heart infusion broth (BHI, Difco 

Laboratories) or on base #2 blood agar plates containing 5% 

sheep blood (PML microbiologicals) . 
Al1 bacteria were cultured at 37OC except t hose  for 

inclusion body preparations (see 3.3.5) . 
The cloning vectors used  were pTZ18R (Mead et al., 



1 9 8 6 )  and  pUEX3 ( B r e s s a n  and  S t a n l e y ,  1 9 8 7 ) .  

3 . 3 . 2  P r e p a r a t i o n  of  S. aureus p - t o x i n .  

S. aureus (ATCC 25923)  was c u l t u r e d  i n  B H I  f o r  18 

h a t  37OC and t h e  s u p e r n a t a n t  o b t a i n e d  a f t e r  c e n t r i f u g a t i o n  

a t  5 , 0 0 0  g was s t e x i l i z e d  b y  f i l t r a t i o n  t h r o u g h  a  0.22-prn 

f i l t e r  (Nalge company) . T h i s  m a t e r i a l  is referred t o  a s  c r u d e  

p - tox in  and  was s t o r e d  a t  -20°C. 

3 . 3 . 3  CAMP r e a c t i o n .  

P l a t e  a s s a y :  T h i s  w a s  c a r r i e d  o u t  a s  d e s c r i b e d  by 

Schneewind e t  a l  ( 1 9 8 8 ) .  B r i e f l y ,  s t r a i n s  were s t r e a k e d  

p e r p e n d i c u l a r  t o  a s t r e a k  o f  p- toxin-producing S. aureus on 

blood a g a r  p l a t e s  and a f t e r  6 h  - 20 h i n c u b a t i o n  a t  37OC, 

t h e y  w e r e  o b s e r v e d  f o r  hemolys i s .  

Tube a s s a y  ( l i q u i d  a s s a y )  : T h i s  was a d a p t e d  from 

t h e  p r o c e d u r e  of  P h i l l i p s  e t  a l .  (1980) .  A 0.25-ml amount of 

the 2% sheep  RBC s u s p e n s i o n  was mixed w i t h  0 . 5  m l  of the 

s t a p h y l o c o c c a l  p - tox in  p r e p a r a t i o n  d i l u t e d  1 : 2000. The 

m i x t u r e  was i n c u b a t e d  a t  3 7 T  f o r  30 min. A 0.25  m l  volume of  

s t r e p t o c o c c a l  s u p e r n a t a n t  w a s  added t o  t h i s  m i x t u r e  and 

i n c u b a t e d  a t  37°C f o r  1 h .  After c e n t r i f u g a t i o n  a t  1 , 3 0 0  x g 

for 2 min, t h e  A540 value of  t h e  s u p e r n a t a n t  w a s  r ead ,  which 

r e f l e c t e d  t h e  amount of hemoglobin from RBC l y s i s .  The 

p e r c e n t a g e  of hemoglobin release was c a l c u l a t e d  by the 

formula :  (As40 o f  t h e  RBC suspens ion  exposed  t o  test 



supernatant - As40 resulting f rom spontaneous release from 

untreated RBC) / (A540 of completely lysed RBC - As42 of 

spontaneous release) x 100% (Devenish, et al., 1992) . 
CAMP assay after nâtive PAGE: a native PAGE gel 

strip containing purified CAMP factor was aligned in the P- 
toxin zone of S .  aureus on a base #2 blood agar plate. A f t e r  

2 hours' incubation at 37OC, the hemolytic region was 

observed. An identical CAMP factor-containing gel strip was 

stained with coomassie blue, which showed the position of the 

CAMP factor in the native gel. 

3 . 3 . 4  Purification of CAMP factor. 

CAMP factor w a s  partially purified from the culture 

supernatant of S. uberis by Octyl-Sepharose CL-4B (Pharmacia) 

chromatography as described by Jürgens et al. (1985) . 

3.3.5 Preparation of protein inclusion bodies. 

The procedure used for preparat ion of protein 

inclusion bodies was described by Gerlach et al. (1992) . A 
mid-log phase broth culture (1 L) grown at 30°C w a s  cultured 

at 42°C for 2 h with vigorous shaking for protein induction. 

Cells were harvested by centrifugation, resuspended in 5 ml 

of 25% sucrose-50 mM Tris-HC1 buf fer (pH 8. O), and frozen at 

-70°C. Lysis was achieved by the addition of 1 mg of lysozyme 

in 250 mM Tris-HC1 buffer (pH 8.01, 10 min of incubation on 

ice, addition of 25 ml of a detergent mix (5 parts of 20 mM 



Tris-HC1 buffer, pH 7.4, 300 rnM NaCl, 2% deoxycholic acid, 2% 

Nonidet P-40 and 4 parts of 100 mM Tris-HC1 buffer, pH 8.0, 

50 mM EDTA, 2% Triton X-100) , and sonication. Inclusion 

bodies were harvested by centrifugation for 30 min at 15,OOU 

x g and resuspended in Hz0 to a concentration of 5 to 10 

mg/ml. 

3.3.6 Polyclonal antibodies . 
Mouse polyclonal antibodies against the purifiea 

CAMP factor were generated as follows. Mice were imrnunized by 

intraperitoneal injection with 20 pg of the purified CAMP 

protein in complete Freundr s adjuvant . This primary 

imrnunization was followed 3 weeks later by a second 

intraperitoneal injection of the same amount of CAMP protein 

with incomplete Freund's adjuvant and another 3 weeks l a t e r  

by a third intravenous injection of 20 pg of CAMP protein. 

Serum samples were then taken 10 days later. 

To generate antiserum against su-1, bacterial cells 

were killed by 0.3% formalin in 0.1 M phosphate-buffered 

saline (PBS, pH 7 - 2 )  at room temperature overnight . A rabbit 
was immunized with 2 ml of formalin-killed cells with 

Emulsigen-Plus ( M W  Laboratories), and was boosted on days 21 

and 35. 

Rabbit antiserum against Abp was raised b y  

subcutaneous injection of 50 pg of purified P-gal fusion 

protein in complete Freund's adjuvant and a subcutaneous 



boost with 50 pg of protein in incomplete Freund's adjuvant. 

3 . 3 . 7  PAGE and immunoblotting. 

Samples from culture supernatants were obtained by 

trichloroacetic acid (TCA) -precipitation at a final 

concentration of 10%. Whole ce11 lysates of E. coli were 

prepared by sonication and t h o s e  of S. uberis were made 

through mutanolysin (Sigma) lysis at a final concentration of 

500 u/ml. 

SDS-PAGE of proteins w a s  performed as described by 

Laemmli (1970). Proteins were electroblotted ont0 

nitrocellulose membranes as recommended by the supplier (Bio- 

Rad) . Nonspecific binding was blocked by incubation in TBS 
(10 mM Tris-HC1, pH 7.5, 140 mM NaCl) -1% bovine serum albumin 

(BSA). Blots were incubated with antibody diluted 1:200 in 

TBS-1% BSA at room temperature for 1 h. After three washes in 

TBS containing 0.05% Tween 20, seroreactive proteins were 

detected with goat anti-mouse (or rabbit) IgG coupled to 

alkaline phosphatase (Kirkegaard & Perry Laboratories, Inc. ) 

at 1:5,000 in TBS-1% BSA. Alkaline phosphatase activity was 

detected using the Nitro Blue Tetrazolium-5-bromo-4-chloro-3- 

indolylphosphate toluidinium system as described by the 

supplier (Promega) . Before use, the mouse polyclonal 

antiserum against partially-purified S .  uberis CAMP protein 

was absorbed with antigens of the E. coli host strain as 

described (Frey et al., 1989) . 



The aggregate protein band was obtained from SDS- 

PAGE gel by electroelution as described by the supplier ( B i o -  

Rad, mode1 422 electro-eluter) . 
Continuous native PAGE was done as described above 

for SDS-PAGE except SDS was not added to the gel, ge l  running 

buffer or sample loading Suffer. 

3.3.8 DNA manipulations. 

Al1 rnolecular techniques were as recomrnended by the 

supplier (Pharmacia Canada Ltd.) or Maniatis et al, (1989) . 

Chromosomal DNA of S. uberis was prepared from 

cells grown in 100 ml BHI plus 5% (w/v) glycine. Cells were 

pelleted and resuspended in 2.5 ml of TES buffer (30 rnM Triç- 

HC1, 5 rnM EDTA, 50 mM NaCl; pH 8.0) with 25% sucrose and 1.6 

mg/ml lysozyme (Sigma), The suspension was incubated for 1 h 

at 37OC, followed by freezing at -70°C. The frozen cells were 

thawed in a 65°C water bath, EDTA and proteinase K 

(Pharmacia) were added to final concentrations of 20 mM and 

1.2 mg/ml, respectively, before incubation at 65°C for 30 

min. To lyse cells completely, sarkosyl was added to 1% and 

incubated at 37OC for 1 h. Two ml of TE buffer (10 mM T r i s -  

HC1, 1 rnM EDTA; pH 8.9) was added prior to phenol: chloroform 

extraction. DNA was recovered by ethanol precipitation and 

was treated with RNase (Pharmacia Canada Ltd.). 

Size-fractionated Sau3AI-digested chromosomal DNA 

fragments were isolated by sucrose density gradient 



c e n t r i f u g a t i o n  ( M a n i a t i s  e t  a l . ,  1989)  . 
The DNA s equence  w a s  d e t e r m i n e d  b y  t h e  d ideoxy -  

c h a i n  t e r m i n a t i o n  method o f  S a n g e r  et  a l .  ( 1 9 7 7 )  on d o u b l e -  

s t r a n d e d  p l a s m i d  t e m p l a t e s  u s i n g  a T 7  Sequenc ing  k i t  

(Pharmac ia  Canada L t d .  ) . T h e  PCGENE s o f t w a r e  ( R e l e a s e  6 - 7 ,  

I n t e l L i G e n e t i c s  I n c . ,  S w i t z e r l a n d )  w a s  used f o r  s e q u e n c e  

a n a l y s i s .  

3.3.9 RNA a n a l y s e s  - 
RNA from E. coli s t r a i n s  w a s  i s o l a t e d  a s  d e s c r i b e d  

p r e v i o u s l y  (L loubes  e t  a l . ,  1 9 8 6 )  w i t h  an  a d d i t i o n a l  RNase- 

free DNase 1 d i g e s t i o n .  

RNA f rom S. uberis w a s  prepared a s  f o l l o w s .  The 

ce11 p e l l e t  from a 1 0  m l  c u l t u r e  (OD600=0.6) w a s  r e s u s p e n d e d  

i n  250 pl of  TE b u f f e r  ( p H  8 . 0 )  c o n t a i n i n g  5 0 0  u of 

m u t a n o l y s i n  (S igma)  and  i n c u b a t e d  a t  37OC f o r  30 min. Lysis 

b u f f e r  ( 2 5 0  p l )  ( 60  rnM T r i s - H C 1  p H  7 - 4 ,  200 mM NaCl, 1 0  mM 

EDTA, 2 %  SDS) a n d  100 p g / m i  ( f i n a l  c o n c e n t r a t i o n )  o f  

p r o t e i n a s e  K was added and  t h e  i n c u b a t i o n  c o n t i n u e d  f o r  1 h .  

The sample was e x t r a c t e d  o n c e  w i t h  65OC p h e n o l  ( w a t e r  

s a t u r a t e d ,  p H  4 .O) a n d  t w i c e  w i t h  room t e m p e r a t u r e  p h e n o l .  

RNA was r e c o v e r e d  b y  e t h a n o l  p r e c i p i t a t i o n  a n d  t r e a t e d  w i t h  

DNase I (Pharmac ia  Canada L t d .  ) . 
Nor the rn  b l o t  a n a l y s i s  w a s  carried o u t  a s  described 

b y  M a n i a t i s  e t  a l .  ( l 9 8 9 ) ,  a n d  primer e x t e n s i o n  a s s a y  was 

pe r fo rmed  as described by  M i l l e r  e t  a l .  (1986)  except that 



U ~ ~ P - ~ C T P  was u s e d  instead of ( x ~ * P - ~ A T P .  RNasin and moloney 

murine leukemia virus reverse transcriptase were obtained 

from Pharmacia Canada Ltd. 

3.3.10 Nucleotide sequence accession number. 

The nucleotide sequence reported in this section 

has been submitted to GenBank and has been assigned accession 

number U34322. 



3.4.1 I d e n t i f i c a t i o n  and  p u r i f i c a t i o n  of t h e  CAMP 

f a c t o r  from S. uberis. 

T h e  CAMP r e a c t i o n  f o r  f o u r  S. uberis s t r a i n s  w a s  

teçted on a b l o o d  a g a r  p l a t e  as described i n  M a t e r i a l s  and 

Methods,  a n d  t h e  r e s u l t  is  shown i n  F i g .  3-1. L i k e  CAMP 

r e a c t i o n  p o s i t i v e  S. agalactiae (Strep. ag. ) , su-1 m e d i a t e d  

a d i s t i n c t  CAMP reaction, w h i l e  su-2, su-3, su-4 and n e g a t i v e  

control E .  coli -1754 ( E .  c o l i 1 7 5 4 )  did n o t  c a u s e  v i s i b l e  

h e m o l y s i s .  

I n  l i q u i d  a s s a y s ,  the s u p e r n a t a n t  of  su-1 was 

h e m o l y t i c  i n  the p r e s e n c e  o f  p- toxin,  which c a u s e d  97% 

hemoglobin release. T h e  As40 values of p- toxin c o n t r o l  

(hemolys i s  c a u s e d  by  B-toxin a l o n e )  and s u p e r n a t a n t  c o n t r o l  

( h e m o l y s i s  c a u s e d  by s u p e r n a t a n t  a l o n e )  were lower than that 

of s p o n t a n e o u s  release, i n d i c a t  i n g  t h a t  B-toxin o r  

s u p e r n a t a n t  a l o n e  d i d  n o t  cause hemolysis . 
D u r i n g  the p u r i f i c a t i o n  of the CAMP p r o t e i n  from S. 

u b e r i s  ( s u - l ) ,  SDS-PAGE w a s  used t o  screen t h e  CAMP f a c t o r -  

c o n t a i n i n g  fractions. P u r i f i c a t i o n  of  the CAMP p r o t e i n  was 

s u c c e s s f u l  when comparing the p u r i f i e d  sample ( F i g ,  3-2 B) 

with the o r i g i n a l  c o n c e n t r a t e d  culture s u p e r n a t a n t  ( F i g .  3-2 

A ) .  P u r i f i e d  CAMP p r o t e i n  had an apparent MW of 28 ,000  D a  

( F i g .  3-2 B and shown by t h e  ar row i n  Fig. 3-3 B )  and 

r e t a i n e d  CAMP a c t i v i t y  a s  shown i n  F i g .  3-3 A, i n  w h i c h  t h e  



Figure 3-1. CAX? zeactio-rl of S I  gberis. CsF react ic-7- x~as 
d o ~ e  on a base 8 2  blood p l a t e  as describod in MaZerials ar~e  
Xe:-;\-sas. ' Jer t iczl  s i reak :  S, S. a u r e u s .  5 o r i z o n t a l  s t r s a k :  
Su-1, Su-2, Su-3, Su-4,  Strep-ag. (S. agalactiae, p o s i t i v e  
C O Z C ~ O ~ )  and E .  c o l i  7 5 4  (3.  c o l i  ~71754, negaiive cozcrol). 



Figure 3-2. SDS-'=>AG5 of c u l t u r e  superi?ata?l a n ~  pürified CF-Y? 
f e czo r  sf S. sberis. 12% po lyac ry la rn ide -SDS gels  were stai,-,e& 
S y  coon;;assie 5 h e .  A, c u l t u r e  supernatant of S ,  ü5eris; 3 ,  
zurifiec C.9-! factor of S. ujerzs .  N ~ r S e r s  CL? tne left-, 3f t h e  
f i g u r e  Fndicate  tkre pcsitions of the  rnoiecular weigkz  x a r k e r s  
(in cho~sands) . 



purified CAMP p r o t e i n  caused a hemolyt ic  r e g i o n  i n  the P- 
toxin zone of S. aureus (shown b y  an  arrow) . 

3.4.2 C l o n i n g  and e x p r e s s i o n  of t h e  CAMP factor 

gene . 
Chromosomal DNA of su-1 was p a r t i a l l y  d i g e s t e d  w i t h  

Sau3AI and s i z e  f r a c t i o n a t e d  i n  a s u c r o s e  gradient; from 

t h i s ,  2- t o  5-kb DNA f r a g m e n t s  w e r e  r ecovered .  T h e  ends of 

t h e s e  f ragments  w e r e  p a r t i a l l y  f i l l e d  i n  w i t h  dGTP a n d  dATP 

and ligated i n t o  pTZ18R which w a s  cut with Sa11 and partially 

f i l l ed  in w i t h  dTTP and  dCTP. Following t r a n s f o r m a t i o n  of E. 

c o l i  JF1754 competent cells, c l o n e s  e x p r e s s i n g  t h e  CAMP 

f a c t o r  gene  were i d e n t i f i e d  on  b l o o d  p l a t e s  wi th  ampicillin 

and p- toxin  on t h e  surface. Six c l o n e s  ( C l 0 1  t o  Clo6) from a 

t o t a l  o f  10,000 w e r e  p h e n o t y p i c a l l y  hemoly t i c  and e a c h  one 

media ted  a d i s t i n c t  CAMP reaction (Fig .  3-41 . One o f  them, 

Clo3, c o n t a i n i n g  recombinant  p l a s m i d  p J L D 2 1 ,  was selected f o r  

f u r t h e r  study . 
Plasmid pJLD21 c o n t a i n e d  a 5 .2  k b  DNA i n s e r t  and 

the CAMe f a c t o r  gene, cfu, w a s  l o c a l i z e d  w i t h i n  a 3 -2 kb 

BamHI fragment in the subclone pJLD21-2 (Fig. 3-5). The CAMP 

r e a c t i o n  o f  subclone pJLD21-2 is shown i n  F i g .  3 - 6 .  



Figure 3-3. Native PAGE 2nd CAMP reoction of purified CS-E? 
f a c t o r  of S. u b e r i s .  A, 12% polyacrylamide gel; 3, 126 
polyac=ryiamide gel s to inec  by coornassie blue; S ,  S .  aureüs. 
A r r o w s  i n d i c a t e  hemolytic region in gel A and  p u r i f i e d  C P - ~ 2  
Zactor  in gel 3. 



F i g u t e  3-4. CAMP reaction of recombinant E. coli clones. 
Vertical streak: S, S. a u r e u s .  Horizontal streak: Su-1, C l o l -  
Cl06 (CAMP-positive recombinant E .  c o l i  clones) and E .  c o l i  
1754 (pTZ18R) (negative control). 





Figure 3-5. Restriction enzyme maps of recombinant plasmid 
p ~ ~ ~ 2 1  and the subclones. Lines indicate S. uberis insert 
DNA, while boxes represent the multiple cloning sites of 
vector  pTZ18R. The CAMP activities of recombinant plasmid 
pJLD21 and its derived subclone pJLD21-1,  pJLD21-2 are 
indicated on the right (+, CAMP reaction positive; - CAMP 
reac t ion  negative) . The probe fragment used for Southern or 
Northern blot experiments is indicated by the hatched bar. 
The arrows at the  bottom indicate the locations of the open 
reading frames of CAMP factor gene ( c f u )  and polar amino acid 
binding protein gene (abp) of S. uberis. 





Figure 3-6, CA- r e a c t i o n  of reconbinan", E .  coLi subclcne.  
Vertical s t r e a k :  S ,  S. aureus .  Elo r i zon t a l  s treak:  1, su-:; 2 ,  
Z. coli Z F l ? 5 4  (pTZ18X) (nega t ive  c o n t r o l )  ; 3 ,  E .  coii - .  ZF1754 (pZ3D21) (C3-W-positive recombinant) ; 4, 3. COL: 
JF1734 ( p J L D 2 1 - 2 )  (CF-?!@-positive subclorie) . 



To s t u d y  t h e  e x p r e s s i o n  o f  t h e  recombinant  CAMP 

f a c t o r ,  SDS-PAGE a n a l y s i s  o f  s u p e r n a t a n t  p r o t e i n s  f rom Cfu* 

E. coli J F l 7 S 4  (pJLD2I) and h o s t  E. c o l i  JF1754 (pTZ18R) w a s  

pe r fo rmed  ( F i g .  3-7 A) . Compared t o  the v e c t o r  c o n t r o l  (lane 

3 ,  no d i s t i n g u i s h a b l e  band was o b s e r v e d  i n  the lane 

c o n t a i n i n g  s u p e r n a t a n t  from t h e  Cfu+ c l o n e  (lane 21, 

i n d i c a t i n g  t h a t  e i ther  e x p r e s s i o n  was a t  a ve ry  low l e v e l  o r  

the p r o t e i n  w a s  n o t  s e c r e t e d  e f f i c i e n t l y .  To i d e n t i f y  t h e  

CAMP f a c t o r  encoded by  pJLD21, p r o t e i n s  s e p a r a t e d  by SDS-PAGE 

w e r e  t r a n s f e r r e d  t o  a n i t r o c e l l u l o s e  membrane and 

immunoblot ted u s i n g  mouse a n t i s e r u m  a g a i n s t  p u r i f i e d  S. 

uberis CAMP f a c t o r  (F ig .  3-7 B) . The Cfu' E. coli c l o n e  

c a r r y i n g  pJLD21 e x p r e s s e d  a p r o t e i n  w i t h  a molecu la r  weight  

o f  28,000 ( l a n e  2 ) ,  s i m i l a r  t o  t h e  n a t i v e  CAMP f a c t o r  of  S. 

uberis ( l a n e  1) . Preimmune s e r a  d i d  n o t  r e a c t  w i t h  any 

p r o t e i n s  of  S. uberis o r  S. a g a l a c t i a e  ( d a t a  not  shown) . The 

i d e n t i t y  of  t h e  4 9  kD band i n  l a n e  4 o f  F i g .  3-7 B i s  

p r e s e n t l y  unknown b u t  it c o u l d  be a  d i m e r  of t h e  2 6  kD 

p r o t e i n .  

3 . 4 . 3  Nuc leo t ide  sequence analysis. 

To o b t a i n  t h e  n u c l e o t i d e  sequence  of S. uberis CAMP 

f a c t o r  gene, e a c h  of  t h e  EcoRI, HindIII, HincII  and Sac1 

f r a g m e n t s  of  pJLD21-2 (F ig .  3-5) was i n d i v i d u a l l y  c l o n e d  i n t o  

pTZ18R. By u s i n g  u n i v e r s a l  and  r e v e r s e  p r i m e r s ,  e a c h  f ragment  

w a s  sequenced  i n  b o t h  o r i e n t a t i o n s .  Subsequent  p r i m e r s  w e r e  



Figure 3-7. S2S-CAGE z n c  irnmunoblot a n a l y s i s  o f  t h e  S- uberis 
crid S. z g e l a c t i s ê  CXXE factors, A, Coornassie blüe-stcizec! 12% 
~ o l y a c r y l a m i c i e - S D S  gel. Lane 1, partially p u r i f i e d  S. u & r i s  
C-9MP f c c t o r ;  :=ne 2, supernatant  of E ,  coli -1754 (pZLD21)  
(CAMP pcsitivê) ; l a ~ e  3 ,  superna~ant of 2, c o L i  
~ 7 1 7 5 4  (pTZ18E) ( C X E  neqat ive)  ; lane 4, superriaîa,r;,t cf S. 
âgaiactiae. P r e s r a i n e d  rnolecrilar weighi s t a n c a r d  (la=e 14K) - 
NulriCers on the Left of the figure indicate the p o s i t i o n s  o f  - t h e  moiecular wêighr  xarkers ( i n  thousands )  . 3, ~nrlzunoblot  of 
ihe g e l  -rese~sec! i r i  panel A -  Samples were tra-n-sferred t o  a 
nitrocelluïose membrane anc reacted w i t h  m o i s e  a n t i s e x z ?  
agairst ~urified S. uberis  C-AMF factor, 



ACCGAGCTCGGTACCCGGGGATCCAGAACTACGGCAAGAAGTTGAAAI~ATTGATTCTTCA 
AAACAAGGMTGGGTATGACACAAATTGTCGTAACCCATGATTTAGCTTTTGCTGAATC 

-35 -10 
CATATCGGATCGCATTTTAAAAGTAAATCCGAAATAAGAAAAAAGGCGGATATAGTAATG 

SD M 
AACTTGAAAAAAATACTCCTAACAACATTAGCATTAGCAAATTGTTTTTAGTAGCA 

N L K K I L L T T L A L A S T L F L V A  
TGTGGAAAAAGTAGTGCTGCTAAAACTGATCAGTGGGATACTTATAAAAAAGAAAAGAGT 

C G K S S A A K T D Q W D T Y K K E K S  
ATCACTTTAGGTTTTGATAATACTTTTGTTCCAATGGGATTTAAAGATGMTCAGGTAAG 

I T L G F D N T F V P M G F K D E S G K  
AACACTGGTTTTGATGTTGAATTAGCCAAAGCCGTTTTCCASMTATGGCATT~GTC 

N T G F D V E L A K A V F Q E Y G I K V  
AAGTTTCAACCAATTAACTGGGATTTAAAAGAAACTGUTTAAAAZlATGGllAAAATTGAC 

K F Q P I N W D L K E T E L K N G K I D  
ATGATTTGGAATGGTTACTCTGTGACAAAAGAACGTCAAGCAAAAGTTGCTTTTTCAACT 

M I W N G Y S V T K E R Q A K V A F S T  
CCTTATATGAAAAATGAACMGTTTTAGTAACCAAAAAATCCTCAAATATCACGTCGTTT 

P Y M K N E Q V L V T K K S S N I T S F  
GCTGCTATGAAAGGAAAAGTTTTGGGAGCTCAATCTGGATCATCTGGTTATGATGCATTT 

A A M K G K V L G A Q S G S S G Y D A F  
ACAAGCAATCCTAAGGTTTTAAAAGATATTGTTAAAGATAATGACGCAACTCMTATGAA 

T S N P K V L K D  I V K D N D A T Y E  
ACCTTTATCCAAGCTTTTATTGATTTWCGACCGTATTGATGGTCTCTTGATTGAT 

T F I Q A F I D L K N D R I D G L L I D  
AAAGTTTATGCTAACTATTATTTGAAACAAGAAGGCGAATTAACCAATTACAATATCGTC 

K V Y A N Y Y L K Q E G E L T N Y N I V  
A A G A G T G A A T T T G A T G G C G A A G A T T T T G C A G T T C T A T T A  

K S E F D G E D F A V G V R K E D K I L  
CTTAAAAATATCAATTCAGCATTTTACTAAACTTTATAAGACTGGAAAATTCCAAGAAATT 

L K N I N S A F T K L Y K T G K F Q E I  
TCTCAAAAATGGTTTGGAGAAGATGTTGCGACGGAAAATGTGWTAACTAATTACC 

S Q K W F G E D V A T E N V K K *  
CCTACTTTMTTGTTTCTTTTAGTTAAAAAAAGAAATATATTGAGTAA-TATTTTTTA 
ATAATTTTMTAAAAATAATMTATTGTTATTTTTATACTTTTCTACTTMCCAGTTMG 
TTAAAAATTCTGAAATACTTATCAACAAAATAATTTATTATTTTTTTATGGTAT-CC 
T T T A T A T T G A G A T T C T A A A T T T T C T G A M U i T T A C T C G T T  
AAAAGGCTCATTTTGTTATAAT-TGAACATAAAATAAZLAATTAATAATTATATATTT 

+1 
TTATGATAATCACATATATTTGACTTAAAAAAATTGTTGTTACTGTATGATACAGKATmGT 

-35 -10 
A C T T A T T T A T T T T A T A G A T T G C A A T T T A T T A T A T T  

SD 
ATGGAATTCAAAAAGTTACTTTATTTAACTGGTTCAATCGCAGGAATTACTTTATTTTCC 

M E F K K L L Y L T G S I A G I T L F S  
CCAATTTTAACAAGTGTCCAAGCAAAT-TAAATGTTAGTC-CCATCTMTMTGM 

P I L T S V Q A N Q I N V S Q P S N N E  
A G T A A T G T T A T T T C A C A G A A A A A A G A A G A A A T T G A T A A T A T  

S N V I S Q K K E E I D N S L N Q E S A  
C A A C T A T A T G C C T T G A A A G A A G A T G T T A A A G G A A C T G A G A T T C A  

Q L Y A L K E D V K G T E K E Q S V N S  
GCAATTTCAWTGTTGAAAATTTTAAAAACTTCACTTAGAKTMTCCTGMCMTTTAT 

A I S A V E N L K T S L R A N P E T I Y  
GATTTAAATTCGATTGGAACAAGAGTAGAGTAGAAGCAATCTCTGACGTGATTCAAGCAATTGTT 

D L N S I : G T R V E A I S D V I Q A I V  
TTTTCAACGCAACAGTTAACAAATAAAGTTGATCAAGCTCACATTGATATGGGATTTGCT 

F S T Q Q L T N K V D Q A H I D M G F A  
A T T A C G A A A T T A C T T A T T C G C A T T G C A G A C C C A T T T G C T T G G  

I T K L L I R I A D P F A S N E S I K G  
CAAGTCGAAGCTGTTAAACAAGTGCAAGCGACTGTGCTTACCTATCCCGATTTGCAGCCT 

Q V E A V K Q V Q A T V L T Y P D L Q P  



ACGGATAGAGCAACTATTTACGTTAAATCAAAATTAGACAAGCTTATTTGGC-CAAGA 
T D R A T I Y V K S K L D K L I W Q T R  

A T T A C C A G A G A T C A A A A A G T T C T T A A T G T T T T G T  
I T R D Q K V L N V K S F E V Y H Q L N  

AAAGCTATCACACATGCAGTAGGTGTACAATTAAATCCAACTGTAACAGTTGCACAAGTT 
K A I T H A V G V Q L N P T V T V A Q V  

GACCAAGAAATCAAAGTGCTACAAGAAGCATT-TACTXTCTACAGTMGTAGAGAT 
D Q E I K V L Q E A L N T A L Q *  

T G A A T T G A C G T A T T A A A A A G G A C T G G A A T T T A T T T C T T T T T A T T  
TAGCTGATTTACTTGTTGAAGAGAGATTTGGTGGAAAATCAAGTACCATACTTCATTTCTCC 
TCCAAATACTTGTATGTCGATTCCCTTCTAAAACATAGCTAATTAGTTTAGTTTTCTGGC 
TAATAGATTGTACATGAAATTGTTCAAAATTACTA-T-STTTTTCTTTTTATU 
ATTCATCATGACTAT 

Pigure 3-8. N u c l e o t i d e  s e q u e n c e  of pJLD21-2. T h e  d e d u c e d  amino 
a c i d  sequence of S. u b e r i s  CAMP f a c t o r  and  Abp i s  shown i n  t h e  
s i n g l e - l e t t e r  code be low t h e  sequence .  T h e  s t a r t  site o f  c f u  
t r a n s c r i p t i o n  i s  r e p r e s e n t e d  by +1. T h e  -10 and -35 r e g i o n s  o f  
t h e  p romote r s  are a l s o  i n d i c a t e d .  T h e  p u t a t i v e  Shine-Dalgarno 
sequences  a r e  marked as S D ,  and  t h e  s e c r e t o r y  s i g n a l  s equences  
are double  u n d e r l i n e d .  T h e  p u t a t i v e  N t e r m i n a l  g l y c e r i d e -  
c y s t e i n e  of Abp is  i n d i c a t e d  in i t a l i c s .  

s y n t h e s i z e d  on t h e  basis  o f  s equence  i n f o r m a t i o n  t h e r e b y  

o b t a i n e d .  T h e  comple te  DNA sequence  is p r e s e n t e d  i n  Fig. 3 - 8 .  

An open r e a d i n g  frame b e g i n n i n g  w i t h  an  ATG codon 

l o c a t e d  a t  p o s i t i o n s  1 4 4 1  t o  1 4 4 3  and t e r m i n a t i n g  w i t h  t h e  TAA 

s t o p  codon a t  p o s i t i o n s  2209 t o  2211 was found wh ich  c o u l d  

encode  a 256- res idue  p o l y p e p t i d e  w i t h  a c a l c u l a t e d  m o l e c u l a r  

we igh t  of 2 8 , 3 6 3 .  A n a l y s i s  of t h e  N-terminus o f  t h e  p r e d i c t e d  

amino a c i d  sequence  showed a s e c r e t o r y  s i g n a l  s e q u e n c e ,  w i t h  

a p o t e n t i a l  c l e a v a g e  s i te  between r e s i d u e  28 and 2 9 .  A p u r i n e -  

r ich sequence  AAGAGG, w h i c h  s e r v e s  as  a ribosome b i n d i n g  site 

i n  E. c o l i  (Stormo e t  a l . ,  1982) w a s  found i n  f r o n t  o f  t h e  ATG 
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s t a r t  codon. Sequence a l ignmen t  r e v e a l e d  that t h e  p r o t e i n  

encoded by t h i s  open r e a d i n g  frame showed h i g h  homology ( 6 6 . 4 %  

i d e n t i t y )  w i t h  t h e  p r o t e i n  B sequence  of S. agalactiae which 

w a s  d e t e r m i n e d  from t h e  p r o t e i n  d i r e c t l y  (Rühlmann et a l . ,  

1988)  (Fig. 3-9), i n d i c a t i n g  t h a t  t h i s  open r e a d i n g  frame 

encodes  S, uberis CAMP f a c t o r .  T h e  N-terminal t a i l  o f  S. 

uberis CAMP f a c t o r  l a c k i n g  matches w i t h  t h e  p r o t e i n  B sequence 

of  S. agalactiae w a s  from the  s e c r e t o r y  s i g n a l  sequence which 

would be c l e a v e d  j u s t  b e f o r e  r e s i d u e  N d u r i n g  p r o t e i n  

m a t u r a t i o n  - 
A second ORE' was i d e n t i f i e d  ups t ream o f  t h e  c f u  gene 

( F i g ,  3 -8 ) .  T h i s  ORF s t a r t s  w i th  a n  ATG codon a t  p o s i t i o n  178 

t o  1 8 0  and t e r m i n a t e s  w i t h  t h e  TAA stop codon a t  p o s i t i o n  1 0 0 9  

t o  1011 of  t h e  DNA sequence and c o u l d  encode a 277-residue 

p o l y p e p t i d e  w i t h  a c a l c u l a t e d  rnolecular  weight  of 3 1 , 2 4 1  

d a l t o n .  T h e  ATG s ta r t  codon is  a s s o c i a t e d  with a p u t a t i v e  

Shine-Dalgarno sequence  AGGCGG. A p u t a t i v e  -10 and -35 

prornoter r e g i o n  was a l s o  found a t  -80 and - 1 0 1  from t h e  ATG 

s t a r t  codon. A n a l y s i s  of t h e  N t e r m i n u s  of t he  p r e d i c t e d  amino 

a c i d  sequence  showed a t y p i c a l  leader sequence f o r  s e c r e t i o n  

and  a p o t e n t i a l  c l e a v a g e  site LVA-Cf which c o r r e s p o n d s  t o  t h e  

consensus  sequence  o f  t h e  l i p o p r o t e i n  p r e c u r s o r s  (von Hei jne, 

1 9 8 9 )  . A s e a r c h  o f  t h e  GenBank database r e v e a l e d  that t h e  

p r o t e i n  encoded by t h i s  ORF s h a r e s  homologies w i t h  a number of 

the r e c e p t o r  s u b u n i t s  of t h e  p o l a r  amino acid and op ine  

t r a n s p o r t  sys tems.  I n  p a r t i c u l a r ,  it has  homology w i t h  t h e  



MEFKKLLYLTGSIAGITLFSP ILTSVQANQINVSQP----- SNNESNVIS 45 
m . .  ... 

DQVTTPQVVNHVNSNNQAQQMA 22 

QKKEEIDNSLNQESAQLYALKEDVKGTEKEQSVNSAISAVENLKTSLRAN 95 . . . . . . . . . .  . . .  0 . .  o . . .  . . . . W . . .  0 . .  . . . .  . . . . . . . . . .  
QKL------- DQDSIQLRNIKDNVQGTDYEKPVNEAITSVEKLKTSLRAN 65 

PETIYDLNSIGTRVEAISDVIQAIVFSTQQLTNKVDQAHIDMGFAITKLL 1 4 5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . m . . . . . . . . . . . . .  
SETVYDLNSIGSRVEALTDVIEAITFSTQHLANKVSQANIDMGFGITKLV 115 

IRIADPFASNESIKGQVEAVKQVQATVLTYPDLQPTDRATIYVKSKLDKL 195 . . . . . . . .  . . . . . . .  . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . .  . . . o .  .. . . . . . . . . . . . . . . . . . . . . . .  
IRILDPFASVDSIKAQVNDVKALEQKVLTYPDLKPTDRATIYTKSKLDKL 165 

IWQTRITRDQKVLNVKSFEVYHQLNKAITHAVGVQLNPTVTVAQVDQEIK 245 . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . .  
IWNTRFTRDKKVLNvKEFKVYNTLNKAITHAVGVQLNPNVTVQQVDQEIV 215 

VLQEALNTALQ . . . . . . .  * .  œ .  0 . .  

TLQAALQTALK 

Figure 3-9. Homology between S. uberis CAMP f a c t o r  (upper 
lines) and S. agalactiae CAMP factor (low lines) . Amino acids 
are identified in the single-letter code. Identical amino 
acids are indicated by double dots ( : ) . The aligned sequences 
show 66.4% identity . Spaces ( indicated by dash) were 
introduced in the sequences to optimize alignment. The 
secretory signal sequence of S. uberis CAMP factor is shown in 
italics. 

glutamine-binding p r o t e i n  GlnH and arginine-binding p r o t e i n s  

A r t J  and Art1 of E.coli (29%, 3 0 %  and 2 6 %  i d e n t i t y ,  

7 6 



respectively) (Nohno, 1986; Wissenbach, 1993) , the histidine- 

binding protein HisJ and lysine-arginine-ornithine-binding 

s u b u n i t  A r g T  of Salmonella typhimurium (28% and 27% identity, 

respectively) (Higgins, 1981; 19821, the octopine-binding 

protein OccT and the nopaline-binding protein NocT of 

Agrobacterium tumefaciens (29% identity) (Valdivia 1991; 

Zanker, 1992) . Hence, this protein is named Abp, standing for 

amino acid binding  rotei in. - 
Interestingly, the Abp presented here exhibits 

substantial sequence similarity at the N-terminal domain to 

the cluster 3 binding proteins specific for polar amino acids 

and opines described by Tarn and Saier (1993). The alignment of 

57 residues (from residue 83 to 139) of the Abp to the cluster 

3 proteins showed that Abp sequence contains 8 highly 

conserved residues (Fig. 3-10) and the two signature sequences 

which characterize cluster 3 [GF (DE) (LIV) DLX, (LIVM) (CA) (KE) and 

P (SA) LX, (KG) X,D (LIVMA) , (SA) (GAS) (LIVM) ] are partially conserved 

in Abp. On the basis of sequence homology and the protein size 

(277 residues), typical for cluster 3 proteins (265412 

residues), the Abp appears to belong to this family of 

receptors which recognizes and transports polar amino acids 

and opines. 



Lao S t y  ( 50 )  

H l 3  S t y  (50) 

Gln Eco (481 

Occ Atu (47) 

Noc Atu (53) 

Baa Ngo ( 6 1 )  

Apb Sub ( 8 3 )  

D L G N E M C K R M Q V K C T W V A S D F D A L I P S L K A K K I  

D L A K E L C K R I N T Q C T F V E N P L D A L I P S L K A K K I  1 n n 
D L W A A I A K E L K L D Y E L K P M D F S G I I P A L Q T K N V  

D L A N A L C E K M K A K C Q I V A Q N W D C I H P S L T G K K Y  

D L G N D L C K R H N I E C K F V E Q A W V G I I P S L T A G R Y  

A I I S S L S I T D  

A I H S S L S I T E  

L A L A G L T I T D  

A I M A A M S V T P  

A I H A A M G I Q P  

I D I V M S G V T I T D  

D M I W N G Y S I T K  U 

Q E I A  

Q E I A  

K A I D  

E V I G  

K V I A  

Q S H D 

A K V A  

ligure 3-10. Alignment of S. uberis Abp to cluster 3 polar amino acid and opine binding 
proteins. Protein abreviations: LAO Sty, lysine-arginine-ornithine binding protein of S. 
typhimurium. H i s  sty, h i s t i d i n e  b i n d i n g  p r o t e i n  of S. typhimurium. Gln Eco, g lu t amine  b i n d i n g  
p r o t e i n  o f  E. coli. Occ Atu, o c t o p i n e  b i n d i n g  p r o t e i n  o f  A. tumefaciens. Noc Atu, n o p a l i n e  
binding protein of A.  tumefaciens. Baa Ngo, basic amino acids binding protein of Aï. 
gonorrhoeae. Residues in boxes are f u l l y  conserved. The residue numbers within each protein 
segment are provided at the beginning and end of each sequence. The alignment of the 6 
cluster 3 binding proteins i s  referred to Tarn and Saier (1993). 



3.4.4 Nor thern  b l o t  and primer extension anaiysis 

of the CAMP f a c t o r  gene .  

TO ana lyse  c f u  t r a n s c r i p t i o n ,  RNA was prepared from 

su-1, E. c o l i  X I 7 5 4  (pJLD21) and E. c o l i  JFl754 (pTZ18R), and 

ana lysed  by Northern b l o t t i n g .  T h e  blot vas  probed w i t h  t h e  

576  bp EcoRI-HindIII f ragment  of pJLD21 (Fig. 3-5) . Si rn i l a r  

1 kb bands w e r e  seen i n  lailes c o n t a i n i n g  RNA from E .  c o l i  

JF1754(pJLD21) and su-1 ( F i g .  3-11, l a n e  2 and 3 ,  

r e s p e c t i v e l y )  , but was a b s e n t  i n  l a n e  1 which c o n t a i n e d  RNA 

from E .  C o l i  m l 7 5 4  (pTZ18R) . T h i s  data i n d i c a t e s  t h a t  only 

one major t r a n s c r i p t  w a s  genera ted  b y  cfu i n  recombinant  E. 

coli a s  w e l l  a s  i n  native S. uberis ,  

T o  l o c a l i z e  the s ta r t  s i te  of t r a n s c r i p t i o n  and t h e  

promoter reg ion  of  the CAMP f a c t o r  gene, primer e x t e n s i o n  

analysis of RNA from su-1, E. c o l i  JF1754 (pJLD21) and  E. coli 

JF1754 (pTZ18R) was done by us ing  a s y n t h e t i c  o l i g o n u c l e o t i d e  

complementary t o  the DNA sequence from p o s i t i o n  1485 t o  1 4 6 8 .  

A s t r o n g  primer e x t e n s i o n  product cor responding  t o  base 1 3 7 5  

("Tw) was i d e n t i f i e d  from both S. uberis and E. coli 

JFl754 (pJLD21), but not from E. coli ml754 (pTZ18R) (Fig. 3- 

1 2 ) .  This d a t a  i n d i c a t e s  t h a t  t h e  major t r a n s c r i p t  of  S. 

uberis CAMP f a c t o r  gene  i s  i n i t i a t e d  w i th  an "An r e s i d u e  (t1 

i n  F i g .  3-8).  Soth -10 and -35 reg ions ,  c h a r a c t e r i s t i c  of  E .  

coli promoters (Har ley  and Reynolds, 1987) , were i d e n t i f  i ed  

a t  t h e  upstream of t h e  t r a n s c r i p t i o n a l  s t a r t  s i t e  (Fig. 3-8) . 



Figure 3-11, Northerrr  b l o c  analysis of RYA f r o m  S. u b e r i s  znc  
CAMP' S. c o l i  c l o n e .  The o r i g i g  of t h e  p robe  u s e d  5 s  
Ineicated in F i g .  3 - 5 .  Lane 1, 2 zr,d 3 are s a q l e s  5rc .m 
Z. c o l i  E 1 7 5 0 ( p T Z l 8 R ) ,  E. coli JFl754(pJLD21) ana SU-1, 
rest,ectively. The arrownead on che right inaicates zhe 
position anc s i z e  02 t h e  hybridizing bancs .  



Figure 3-12. Primer extension a n a l y s i s  o f  the promoter region 
of S .  uberis CAMP f a c t o r  gene. T h e  primer extens ion  reactions 
were done as described in Materials and Methods. T h e  cellular 
RNAs used w e r e  obtained from su-1 ( lane  11, E. coli 
JFlï54 (pJLD21) (lane 2), and E. coli JI.1754 (pTZ18R) (lane 3). 
The dideoxy sequencing ladder was generated by using the same 
primer and is shown as T, G, C, A above each lane. 



3 . 4 . 5  Comparison of the S. uberis CAMP f a c t o r  w i t h  

S. aqalactiae CAMP f a c t o r .  

To compare t h e  S. uberis CAMP f a c t o r  w i th  p ro t e in  

B of S. agalactiae, a concen t ra ted  c u l t u r e  s u p e r n a t a n t  of S. 

agalactiae c o n t a i n i n g  p r o t e i n  B (Jurgens e t  al., 1985) was 

s e p a r a t e d  by SDS-PAGE and analyzed by immunoblott i ng  with 

a n t i b o d i e s  a g a i n s t  the  p u r i f i e d  S. uberis CAMP f a c t o r .  A 2 5  

kDa p r o t e i n  band from t h e  S. agalactiae s u p e r n a t a n t  (Fig. 3-7 

A, lane 4 )  r e a c t e d  i n  t h e  immunoblot ( F i g .  3-7 B, l ane  4 )  . 
T h i s  data i n d i c a t e d  t h a t  monospeci f ic  a n t i b o d i e s  raised 

a g a i n s t  t h e  S. uberis CAMP f a c t o r  c o u l d  c r o s s - r e a c t  w i t h  S. 

agalactiae p r o t e i n  B.  Th i s  i s  not s u r p r i s i n g ,  s i n c e  alignment 

o f  the  226-amino a c i d  sequence of t h e  S. agalactiae CAMP 

f a c t o r  wi th  t h e  deduced 256 amino a c i d s  o f  the S. uberis CAMP 

f a c t o r  showed 6 6 . 4 %  i d e n t i c a l  r e s i d u e s  as mentioned above 

( F i g .  3-9) . 

3 . 4 . 6  Southern  b l o t  analysis of  s i x  CAMP4 E. coli 

c l o n e s  and  t h e  d i s t r i b u t i o n  of CAMP f a c t o r  genes  i n  eight S. 

uberis s t r a i n s  . 
O r i g i n a l l y ,  s i x  CAMP r e a c t i o n  p o s i t i v e  E. coli 

c l o n e s  were iound from t h e  gene l i b r a r y  (Fig. 3-4) . Two of 

thern, C l 0 1  and pJLD21 (Fig. 3-13 A, l a n e  I and 3, 

r e s p e c t i v e l y )  had s i m i l a r  r e s t r i c t i o n  p a t t e r n s  when digested 

w i t h  HindIII, while C l o l ,  (2102, Clo4, Clos  and Cl06 (Fig.  3- 

13 A, l a n e  1, 2,  4 ,  5 and 6,  r e s p e c t i v e l y )  showed d i f f e r e n t  



Figure 3-13. Electrophoresis and Southern  b l o t  analysis of plasmid DNA from 6 
CAMP' E. coli clones. A, electrophoresis of plasmid and chromosomal DNA digested 
w i t i h  ~ i n d 1 1 1  i.n 0.8% agarose. Lane 1 to 6, plasmid DNA from cl01 to cl06, 
respectively; laiie 7, chromosomal. DNA of S. uberis. MW, molecular weight standard 
i n  kilobase. H ,  Sou the rn  b l o t  of t h e  gel presented in panel A. The o r i g i n  of  t h e  
probe used is  indicated in Fiy. 3-5. The arrowheads on t h e  r i g h t  indicate the 
p o s i t i o n  and s i z e  of the hybridizing restriction enzyme fragments. 



patterns. However, al1 of them c o n t a i n e d  a 1 . 2  k b  HindI11 

f ragment  which h y b r i d i z e d  with a 576 bp EcoRI-~ind1 11 

i n t e r n a 1  fragment  of cfu o f  pJLD2l ( F i g .  3-5 and F i g .  3-13 

B) . A cor respond ing  h y b r i d i z a t i o n  band was a l s o  p r e s e n t  i n  

native su-1 chromosome ( F i g .  3-13 B, lane 7 )  which had been 

digested w i t h  H indI I I  (Fig. 3-13 A, l a n e  7 )  . These d a t a  

i n d i c a t e  that a l 1  t h e  six CAMP r e a c t i o n  p o s i t i v e  E. coli 

clones c o n t a i n  the same CAMP factor gene of su-1. 

Chromosomal DNA prepared from e i g h t  S. uberis 

s t r a i n s  were d i g e s t e d  with t he  r e s t r i c t i o n  endonuc lease  

H i n d I I I  and s e p a r a t e d  on an aga rose  g e l .  Southern blot 

a n a l y s i s  wi th  t h e  5 7 6  bp HindIII-EcoRI f ragment  of pJLD21 as 

a p r o b e  ( F i g .  3-5) showed t ha t  a fragment i d e n t i c a l  i n  s i z e  

t o  t h e  H i n d I I I  f ragment  (1 -2 kb) i n  pJLD21 w a s  p r e s e n t  i n  

t h r e e  S. uberis s t r a i n s  which  w e r e  CAMP-reaction p o s i t i v e ,  

while none of the CAMP reaction n e g a t i v e  s t r a i n s  reacted wi th  

the probe  (Fig . 3-14)  . Thus,  the CAMP-negative s t r a i n s  d o  no t  

c o n t a i n  the cfu gene. 

3 . 4 . 7  C o n s t r u c t i o n  of t h e  abp gene on plasmids. 

One a d d i t i o n a l  ORF i d e n t i f i e d  i n  pJLD21 w a s  abp 

( F i g .  3 - S ) ,  which could encode  a p r o t e i n  homologous t o  a 

number of r e c e p t o r  s u b u n i t s  of t h e  p o l a r  amino a c i d  a n d  opine  

t r a n s p o r t  sys t ems .  To a n a l y s e  t h e  abp gene p r o d u c t ,  t h e  1 . 4  

kb EcoRI fragment  c o n t a i n i n g  t h e  complete abp gene  w a s  c loned  

i n t o  v e c t o r  pTZl8R t o  generate pEB29 (F ig .  3-15). A c o n s t r u c t  



Figura 3-11. Southern b l o t  a n a l y s i s  of d i f f e r e n t  S .  uberis 
s t r a i n s .  The o r i g i n  of t h e  probe u s e d  i s  i n d i c a t e d  i n  Flg. 3- 
5; chromosomal DNA from each S. uberis s t r a i n  was cut w i t h  
HindIII. Lane 1 t o  8 a r e  t h e  DNA samples from su-1 t o  su-8- 
T h e  arrowhead on t h e  r igh t  i n d i c a t e s  the p o s i t i o n  and size of  
t h e  h y b r i d i z i n g  r e s t r i c t i o n  enzyme fragments .  CAMP r e a c t i o n  
phenotype o f  each s t r a i n  i s  i n d i c a t e d  a t  the bottom by "+" 
(CAMP r e a c t i o n  p o s i t i v e )  and w - l l  (CAMP r e a c t i o n  nega t i ve )  . 
(After f u r t h e r  ana ly s i s ,  i s o l a t e s  i n  l ane  5 and 6 w e r e  
demonst ra ted  t o  be S. parauberis. ) 



Figure  3-15. C o n s t r u c t i o n  o f  p l a s m i d  pEB29 and pRF3. Lines  
r e p r e s e n t  S. uberis i n s e r t  DNA, w h i l e  boxes i n d i c a t e  t h e  
c l o n i n g  v e c t o r s .  T h e  h o r i z o n t a l  a r r o w s  r e p r e s e n t  t h e  open 
r e a d i n g  frames of  gene  c f u  and abp. The $ - g a l - ~ b p  f u s i o n  
p r o t e i n  encoded by  pRF3 is i n d i c a t e d  b y  a chimeric b a r ,  wi th  
t h e  open bar i n d i c a t i n g  t h e  l a c 2  and the s o l i d  b a r  
r e p r e s e n t i n g  a b p .  





pRF3 w a s  a l s o  g e n e r a t e d  by i n s e r t i n g  t h e  1.2 k b  R s a I  fragment 

t o  t h e  SmaI s i t e  of vec to r  pUEX3 (F ig .  3-15) which is capable 

of e x p r e s s i n g  cro' -P-galac tos idase  f u s i o n  proteins  a t  h igh  

levels when i nduced  a t  42°C for 2 h .  

3 . 4  - 8  I d e n t i f i c a t i o n  of t h e  ab? gene p roduc t  i n  

recombinant E .  c o l i  and S. uberis s t r a i n s .  

Attempts to i d e n t i f y  t h e  abp gene  p roduc t  from 

pEB29 i n  E.coli JMlOS w e r e  unsuccess fu l  when comparing the 

whole ce11 lysates of E. coli JM105 ( p E B 2 9 )  and E. coli JMlOS 

(pTZ18R) s e p a r a t e d  by SDS-PAGE (Fig.  3-16 A l ,  lane 3 and 4 ,  

r e s p e c t i v e l y )  . There fo re ,  w e  decided t o  p r e p a r e  i n c l u s i o n  

bodies f rom tempera tu re - induced  E. coli JM105 (pRF3)  . As 

expected,  a m a j o r  p r o t e i n  band with  molecu la r  weight o f  150 

kDa was s een  on  SDS-PAGE gels (Fig. 3-16 BI, l a n e  T), which 

was the B-gal (MW, 116 - 5  kD) f u s i o n  p roduc t  of  t h e  abp gene. 

T h i s  p r o t e i n  was f u r t h e r  p u r i f i e d  from the SDS-PAGE g e l  t o  

a relatively good purity (F ig .  3-16 BI, l a n e  2 ) .  The 

expressed p-gal f u s i o n  p r o t e i n  of t h e  abp gene was recogn ized  

by r a b b i t  p o l y c l o n a l  antiserum genera ted  a g a i n s t  formal in-  

k i l l e d  su-1 i n  an immunoblot (F ig .  3-16 B2), whi le  p-gal was 

not (data no t  shown) . To f u r t h e r  ana lyse  t h e  exp re s s ion  of 

the abp gene in S. uberis, serum a g a i n s t  t h e  abp gene p roduc t  

was raised i n  r a b b i t s  as d e s c r i b e d  i n  Materials and Methods. 

A 31 kDa p r o t e i n  was i d e n t i f i e d  from a su-1 whole ce11 

ly sa t e ,  b u t  n o t  from the TCA ( t r i c h l o r o a c e t i c  a c i d ) -  



Figure 3-16. SDS-PAGE and imrnunoblot analysis of the abp gene 
products. A 1, coomassie blue-stained 10 % polyacrylamide-SDS 
gel. Lane 1, whole ce11 lysate of S. uberis; lane 2, 
supernatant of S. uberis; lane 3, whole ce11 lysate of E .  
coli JM105 (pEB29); lane 4, E. coli JM105 (pTZ18R). A 2, 
immunoblot of the gel presented in panel A 1 using rabbit 
antiserum against purified B-gal-~bp fusion protein. B 1, 
coomassie blue-stained 7.5% polyacrylamide-SDS gel. Lane 1, 
aggregate of P-gal-Abp fusion protein from E. coli JM105 
(pRF3) ; lane 2, purified P-gal-Abp fusion protein. B 
2,immunoblot of the gel presented in panel B 1 using rabbit 
antiserum against the formalin-killed S. uberis. The 
molecular weight (MW) standards (kD) are represented by 
arrows to the left and the target protein bands are indicated 
by arrows to the right. 





concentrated culture supernatant, after SDS-PAGE ( ~ i g .  3-16 

Al, lane 1 and 2, respectively) and immunoblotting w i ~ h  

rabbit antiserum against the abp gene product ( F i g .  3-16 A2, 

lane 1 and 2, respectively) , indicating that the abp gene was 
expressed in S. uberis, but the expressed protein was not 

released into the medium. Considering the existence of the 

secretory signal peptide and the consensus cleavage site for 

lipoproteins in the deduced protein sequence of the abp gene, 

it appears very likely that this p r o t e i n  is exported through 

the cytoplasmic membrane and anchored on the ce11 surface 

through the lipophilic modification of the N terminal 

cysteine in the mature protein as described in many other 

lipoproteins (von Heijne, 1989). The 31 kDa protein was also 

found in the whole ce11 lysate of E - c o l i  JMlOS (pEB29) (Fig. 

3-16 A2, lane 3) immunoblotted with rabbit antiserum against 

the abp gene product, but not from the E. coli ml05 (pTZ18R) 

(Fig, 3-16 A2, lane 4 1 ,  indicating that the abp gene was 

indeed expressed, even though the expressed protein could not 

be visualized on coomassie blue-stained SDS-PAGE gels as 

mentioned above. 

To study whether other S. uberis strains could 

produce the same or related amino acid binding protein, whole 

ce11 lysates of eight S. uberis strains were blotted with 

rabbit antiserum against the abp gene product of su-1 ( F i g .  

3-17) . Five S. uberis strains, su-2, su-3, su-4, su-7 and su- 

8 (lane 2, 3, 4, 7 and 8, respectively) showed cross-reactive 



Tigutm 3-17. Immunoblot analys i s  of Abp from S .  uberis 
strains. Samples w e r e  analysed i n  12% SDS-PAGE and 
transferred t o  a n i t r o c e l l u l o s e  membrane which was further 
b l o t t e d  with rabbit antiserum against  abp gene product o f  su- 
1 .  Lane 1 t o  8 are whole ce11 l y s a t e  from su-1 t o  su-8, 
respect ive ly .  Numbers on the left of  t h e  figure indicate  the  
pos i t ions  of  the molecular weight markers ( i n  thousands) .  



b a n d s  w i t h  a m o l e c u l a r  w e i g h t  o f  3 1  kD, s i m i l a r  t o  t h e  Abp of 

su-1 (lane 1) ;  w h i l e  su-5 a n d  su-6 ( l a n e  5 and 6 ,  

r e s p e c t i v e l y )  did n o t  produce  the same s i z e d  p r o t e i n .  

T h e r e f o r e ,  Abp a p p e a r s  t o  be a common p r o t e i n  i n  most S. 

uberis s t r a i n s  . 

Streptococcus uberis is  a n  i n c r e a s i n g l y  impor t an t  

cause of bovine  m a s t i t i s  and  there are no e f f e c t i v e  measures  

f o r  i t s  c o n t r o l ,  due i n  p a r t  t o  a lack of u n d e r s t a n d i n g  of 

t h e  v i r u l e n c e  d e t e r n t i n a n t s  and p a t h o g e n e s i s  of this organism.  

Some S. uberis s t r a i n s  produce a CAMP f a c t o r ,  which has been 

g a i n i n g  more a t t e n t i o n  as a  p o t e n t i a l  v i r u l e n c e  f a c t o r  

because of i t s  c o h e m o l y t i c  and Fc-binding  p r o p e r t i e s .  

I n  O u r  expe r imen t s ,  one S. uberis s t r a i n  (su-1) was 

o r i g i n a l l y  i d e n t i f  ied as CAMP reaction p o s i t i v e  i n  b o t h  plate 

and t u b e  a s s a y s .  Ta p u r i f y  t h e  CAMP p r o t e i n  f rom t h e  c u l t u r e  

s u p e r n a t a n t  o f  S. uberis, w e  used ammonium s u l p h a t e  

p r e c i p i t a t i o n ,  u l t r a f  i l t r a t i o n ,  a n d  hydrophobic  i n t e r a c t i o n  

chromatography on Oc ty l - sepha rose  as d e s c r i b e d  b y  Jürgens e t  

a l  (1985). A Lowry assay was o r i g i n a l l y  a p p l i e d  t o  screen 

p r o t e i n - c o n t a i n i n g  f r a c t i o n s .  However, no o b v i o u s  p r o t e i n  

peaks were found.  At tempts  t o  detect CAMP f a c t o r - c o n t a i n i n g  

fractions u s i n g  a CAMP tube a s s a y  was also u n s u c c e s s f u l  s i n c e  

t h e  p r e s e n c e  o f  the detergent (SDOC) i n  the e l u t i n g  b u f f e r  



c a u s e d  non-spec i f  i c  l y s i s  o f  RBC . P u r i f i e d  m a t e r i a l s  

e x h i b i t e d  c o n s i d e r a b l e  homogeneity and CAMP act i v i t y  a s  

revealed b y  SDS-PAGE and n a t i v e  PAGE fo l lowed  by a  CAMP 

a s s a y ,  To g e n e r a t e  a n t i s e r u m  a g a i n s t  S. uberis CAMP f a c t o r ,  

the p u r i f i e d  p r o t e i n  w a s  i n j e c t e d  i n t o  m i c e .  

W e  have c l o n e d  t h e  g e n e  coding  f o r  t h e  CAMP f a c t o r ,  

c f u ,  f rom su-1 based on f u n c t i o n a l  a c t i v i t y  i n  E. coli. Even 

t h o u g h  t h e  CAMP a c t i v i t y  of  c l o n e  pJLD21 and pJLD21-2 w a s  

o b s e r v e d  on b l o o d  a g a r  a f t e r  6 h o u r s  i n c u b a t i o n ,  and a 28,000 

D a  p r o t e i n  r e a c t i n g  w i t h  an t i -S .  uberis a n t i b o d i e s  w a s  found 

i n  t h e  c u l t u r e  s u p e r n a t a n t ,  w e  do n o t  know whether  t h e  CAMP 

f a c t o r  was r e l e a s e d  by ce11  l y s i s  o r  s e c r e t e d  b y  t h e  

recombinant  E. coli. 

I n  o r d e r  t o  l o c a l i z e  t h e  cfu gene ,  we e s t a b l i s h e d  

r e s t r i c t i o n  enzyme maps of t h e  recombinant  plasmid pJLD21 and 

g e n e r a t e d  s e v e r a l  subc lones  of t h i s  p la smid  f o r  s e q u e n c i n g .  

An open r e a d i n g  f rame encoding  a 256-res idue  p o l y p e p t i d e  was 

i d e n t i f i e d .  A p u t a t i v e  s i g n a l  sequence  w a s  found a t  t h e  N- 

t e r m i n u s  o f  t h i s  p o l y p e p t i d e .  T h i s  o b s e r v a t i o n  s u g g e s t s  that 

t h e  CAMP factor is secreted i n  S. uberis. However, w e  have  no 

e x p e r i m e n t a l  e v i d e n c e  that t h i s  Gram p o s i t i v e  s i g n a l  s e q u e n c e  

can f a c i l i t a t e  t h e  s e c r e t i o n  of t h e  CAMP f a c t o r  from 

recombinant  E. coli . From p r i m e r  e x t e n s i o n  e x p e r i m e n t s ,  w e  

f o u n d  t h a t  t r a n s c r i p t i o n  of t h e  CAMP f a c t o r  gene  is i n i t i a t e d  

f rom an "A" r e s i d u e  which i s  p receded  by a -10 box a n d  -35 

r eg ion  (Fig. 3-8) 



Since ,  on t h e  basis of p r e v i o u s  e x p e r i m e n t a l  data 

( F r e y  et a l . ,  19891, t h e  S. agalactiae CAMP factor cou ld  

react w i t h  a n t i b o d i e s  r a i s e d  a g a i n s t  t h e  CAMP f a c t o r  of 

Actinobacillus pleuropneumoniae,  w e  a n a l y s e d  t h e  c u l t u r e  

s u p e r n a t a n t  of S. a q a l a c t i a e  by immunoblot t ing wi th  

a n t i b o d i e s  a g a i n s t  t h e  S. u b e r i s  CAMP factor t o  s e e  whether 

t h e  p r o t e i n s  from t h e s e  two s t r e p t o c o c c a l  species were 

r e l a t e d .  W e  found t h a t  a  2 5  kDa p r o t e i n  band from the  c u l t u r e  

s u p e r n a t a n t  of S. a q a l a c t i a e  r e a c t e d  w i t h  a n t i b o d i e s  r a i s e d  

a g a i n s t  t h e  S. uberis p r o t e i n ,  i n d i c a t i n g  that t h e  two CAMP 

f a c t o r s  a r e  immunologically s i m i l a r .  The s i m i l a r i t y  was 

s u b s e q u e n t l y  demonstrated a t  the amino acid l e v e l ,  

Based on t h e  map l o c a t i o n  o f  t h e  c f u  gene,  a 

HindIII-EcoRI fragment  was chosen  as a DNA probe t o  conf i rm 

t h e  i d e n t i t y  of t h e  cloned DNA and i t s  d i s t r i b u t i o n  i n  other 

S. uberis s t r a i n s  . The Southern b l o t  a n a l y s i s  d e m o n s t r a t e s  

t h a t  t h e  S. u b e r i s  s t r a i n s  c o n t a i n i n g  c f u  genes c a n  show a 

p o s i t i v e  CAMP r e a c t i o n  phenotype . Moreover,  Southern blotting 

w i t h  t h e  same p robe  showed t h a t  t he  s i x  CAMP r e a c t i v e  

p o s i t i v e  E. c o l i  c l o n e s  c o n t a i n e d  the s a m e  CAMP f a c t o r  gene .  

T h e  d i f f e r e n t  s i z e s  and H i n d I I I  m a p s  o f  t h e s e  clones may 

result fxom Sau3A d i g e s t i o n s  at d i f f e r e n t  s i tes  d u r i n g  

l i b r a r y  c o n s t r u c t i o n .  Cloning o f  d i f  f e r e n t  c fu -con ta in ing  

f r a g m e n t s  g e n e r a t e d  b y  Sau3A d i g e s t i o n  a t  d i f f e r e n t  s i t es  on 

chromosomal DNA may r e s u l t  i n  t h e s e  E. c o l i  c l o n e s  w i t h  

d i f f e r e n t  s i z e s  and HindII I  maps. 



An ORE' c a p a b l e  of  c o d i n g  f o r  a 277-residüe 

p o l y p e p t i d e  h a s  been i d e n t i f i e d  i n  S. uberis and  t h i s  p r o t e i n  

has sequence  s i m i l a r i t y  t o  a number o f  p o l a r  amino acid and 

o p i n e  b i n d i n g  p r o t e i n s  o f  Gram n e g a t i v e  b a c t e r i a .  The 

p u t a t i v e  s e c r e t o r y  s i g n a l  sequence  a n d  t h e  c o n s e n s u s  cleavage 

si te  s u g g e s t  t h a t  t h i s  p r o t e i n  c o u l d  be a l i p o p r o t e i n  

tethered to t h e  ce11 membrane w i t h  a N t e r m i n a l  g l y c e r i d e -  

c y s t e i n e .  T h i s  s p e c u l a t i o n  is s u p p o r t e d  by t h e  e v i d e n c e  t h a t  

t h e  Abp was a b s e n t  f rom t h e  c u l t u r a l  s u p e r n a t a n t  o f  S. 

uberis. On t h e  b a s i s  of sequence homology and l i p o p r o t e i n  

c h a r a c t e r ,  it a p p e a r s  t h a t  t h e  Abp b e l o n g s  t o  a receptor 

f a m i l y  which transports p o l a r  amino acids and o p i n e s .  

Unf ortunately, w e  do n o t  have direct  expe r imen ta l  

e v i d e n c e  t o  d e m o n s t r a t e  the  f u n c t i o n  o f  t h i s  p r o t e i n .  

Moreover, if a l a r g e r  DNA c l o n e  had been o b t a i n e d  and t h e  

gene l o c i  for t h e  c o r r e s p o n d e n t  transmembrane component and 

t h e  ATP-binding protein had been found, w e  would feel more 

c o n f i d e n t  t h a t  the Abp belongs to a n  ABC-type amino a c i d  

t r a n s p o r t  s y s t e m .  



4 . 0  IDENTIFTCATION OF A BOVINE LACTOFERRIN BINDING PROTEIN 

IN S. mEREIS 

S .  uberis i s  commonly a s s o c i a t e d  wi th  c l i n i c a l  and 

s u b c l i n i c a l  m a s t i t i s  i n  d a i r y  c a t t l e  . The i n t e r a c t i o n  between 

this pathogen and bovine l a c t o f e r r i n  (bLf) , an i ron-binding 

protein p r e s e n t  a t  h igh  c o n c e n t r a t i o n s  i n  mi lk  has been 

c h a r a c t e r i z e d  i n  t h i s  c h a p t e r .  The b i n d i n g  of 12'1-b~f t o  S. 

u b e r i s  (ATCC 9927)  was time-dependent and d i s p l a c e a b l e  by 

u n l a b e l l e d  bLf. Apo-bLf could  i n h i b i t  l Z S 1 - b ~ f  b ind ing  a s  

ef f e c t i v e l y  a s  i r on - sa tu r a t ed  bLf. Bovine t r a n s f e r r i n ,  human 

l a c t o f e r r i n  and human t r a n s f e r r i n  d i d  n o t  i n t e r f e r e  wi th  bLf 

b i n d i n g .  The Scatchard p l o t  was l i n e a r  and approximately 7800  

b i n d i n g  sites w e r e  expressed by each  b a c t e r i a l  c e l l ,  with an 

a f f i n i t y  of  1 . 0  x IO-' M. Reduced i r o n  a v a i l a b i l i t y  obtained 

by t h e  presence  of i r on  c h e l a t o r s  d i d  no t  no tab ly  modify t he  

s a t u r a t i o n  of S. uberis by  bLf. Heat- o r  p r o t e a s e  t rea tment  

o f  b a c t e r i a l  ce l l s  reduced bLf b ind ing  t o  a great degree .  Two 

cornponents w i th  apparent moîecular w e i g h t s  of 1 6 5  and 7 6  kDa 

w e r e  i d e n t i f i e d  frorn the ce11 wall  p r e p a r a t i o n s  o f  S. uberis 

a s  t h e  f u n c t i o n a l l y  a c t i v e  bLf b i n d i n g  p r o t e i n s  . 
97 



4 . 2  Xntroduction 

Bovine l a c t o f e r r i n  (bLf) is a 92.1 kDa i ron-b ind ing  

g lycopro te in  o c c u r r i n g  i n  m i l k ,  va r ious  b i o l o g i c a l  

secretions, and polymorphonuclear leukocytes  (PMN) (Masson et 

a l . ,  1 9 6 6 ;  1969 ;  Weiner and Szuchet ,  1 9 7 5 )  . During a c u t e  

bovine  mast itis,  t h e  b L f  concen t r a t i on  i n  t h e  l a c t e a l  

s e c r e t i o n s  can i n c r e a s e  up t o  30-f01d depending on t h e  

severity of i n f e c t i o n  (Harmon e t  al., 1 9 7 6 ) .  The b i o l o g i c a l  

r o l e s  of l a c t o f e r r i n  (Lf) i nc lude :  t h e  a m p l i f i c a t i o n  of  the 

inflammatory response  b y  promoting t h e  adhes ion  and 

aggregat ion of PMN t o  the  e n d o t h e l i a l  su r f ace  (Oseas e t  al., 

l 9 8 l ) ,  t h e  s t i m u l a t i o n  of t h e  phagocyt ic  and c y t o t o x i c  

p r o p e r t i e s  of macrophages (Broxmeyer et a l . ,  1985; Broxmeyer 

and P l a t z e r ,  1984), and t h e  r e g u l a t i o n  of myelopoies i s  and 

the reby  ant ibody p r o d u c t i o n  by feedback i n h i b i t i o n  of  

granulocyte-monocyte colony-stimulating factor (Broxmeyer et 

a l . ,  1978; Broxmeyer and  P l a t z e r ,  1984) . 
L f  can e x e r t  a powerful i n h i b i t o r y  e f f e c t  on 

b a c t e r i a l  growth. I r o n  c h e l a t i o n  and t h e  r e s u l t i n g  i r o n  

l i m i t a t i o n  f o r  bacteria have been suggested t o  form t h e  

mechanism of  L f  -mediated a n t i m i c r o b i a l  action (Arnold  e t  a l . ,  

1977; Law and Reiter, 1977; Oram and Re i t e r ,  1 9 6 8 )  . However, 

many Gram nega t ive  pa thogens ,  no tab ly  Haemophilus i n f l u e n z a e  

and Neisseria meningi t i d i s ,  are capab le  of us ing  i ron -b ind ing  

glycoproteins such a s  Lf o r  t r a n s f e r r i n  (Tf) a s  i r o n  sou rces  



(Herrington and Sparling, 1985; Mickelsen et al., 1 9 8 2 ) .  Iron 

acquisition is mediated by bacterial surface receptors which 

specif ically interact with iron-binding glycoproteins 

(Cornelissen and Sparling, 1994; Williams and Grif f iths, 

1992) . Therefore, it is believed that the ability to compete 
with Lf and Tf for iron is essential for the pathogenesis of 

these bacterial infections and the receptors for iron-binding 

glycoproteins is an important virulence factor of these 

bacteria. Some Gram positive bacteria such as Staphylococc~~ 

aureus, coagulase-negative staphylococci and Streptococcus 

agalactiae also bind Lf through specific receptors on their 

surface (Naidu et al., 1990; 1991a; 1991b; 1992; Rainard, 

1992). However, in contrast to our knowledge of the iron 

uptake systems of Gram negative bacteria, there is 

comparatively little information concerning the sole of Lf 

receptors from Gram positive bacteria in the uptake of 

glycoprotein-bound iron. 

S. uberis is an environmental pathogen responsible 

for a high proportion of cases of clinical and subclinical 

mastitis in lactating cows and is the predominant organism 

isolated from rnammary glands during the nonlactating period 

(Bramley, 1984; Bramley and Dodd, 1984; Oliver, 1988). 

Studies have revealed some potent ial virulence factors 

associated with S. uberis, including hyaluronic acid capsule 

(Almeida et al., 1993; i l ,  1988a; Matthews et al., 1994b), 

hyaluronidase (Schaufuss et al., 198% , uberis factor, 



believed to be similax t o  CAMP f a c t o r  of S .  a g a l a c t i a e  

(Skalka and Smola, 1981; and our study i n  chapter 3 ) ,  R - l i k e  

p r o t e i n  (Groschup and Timoney, 1993) , and plasminogen- 

activating p r o t e i n  (Leigh, 1993) . In the present study, t h e  

interaction of Lf with S. uberis  has been investigated and 

the specific bLf-binding p r o t e i n  of S .  uberis has been 

identified. 



4 . 3  Materials and Methoda 

4.3.1 m acte ri ai strains and cultural conditions. 

One S. uberis strain (su-1) from the American Type 

Culture Collection (ATCC 9927) was chosen for study. Bacteria 

were grown on base #2 sheep blood agar plates (PML 

Microbiologicals) at 3T°C for 18 h. Iron-restricted 

conditions were achieved in Todd-Hewitt broth supplemented 

with 0.3% yeast extract (THB-YE) by the addition of 800 FM 

EDDA, 800 pM dipyridyl or 100 ph4 desferrioxamine mesylate. 

Al1 of the iron chelators were obtained from Sigma. 

4.3.2 ~reparation of bacterial c e l l  wall. 

Ce11 wall components of S. uberis were extracted as 

described by Baker et al. (1976) . Twenty base #2 blood agar 
plates were inoculated with S. uberis and incubated for 18 h 

at 37OC. Bacterial cells were collected, washed once with 200 

ml of 0.85% saline and resuspended in 50 ml of extraction 

buffer (0.05 M Na,HPO,, 0.15 M NaCl, 0.01 M EDTA, pH 7.4). 

Ce11 walls were extracted by shaking with glass beads (4-mm 

diameter) for 20 h at 37OC. After centrifugation at 48,300 g 

for 20 min, supernatant (cell wall extract) was collected, 

f iltered (0.22 pM Nalgene f ilter), dialysed against distilled 

water, lyophilized and resuspended in 1 ml of distilled 

water .  



4 . 3 . 3  Preparation of iron-binding proteins. 

Al1 iron-binding proteins, including bLf (f rom 

bovine milk) , bovine transferrin ( b T f )  , human lactoferrin 

(hLf) and human transferrin (hTf) , were purchased f rom Sigma 

in the most iron-f ree form available. Iron-saturated p r o t e i n s  

and the apoproteins were prepared by methods described 

previously (Mazurier and Spik, 1980) . 

4 . 3 . 4  Preparation of L2S~-labelled bLF. 

Bovine Lf was iodinated by the lactoperoxidase 

method of Thorell and Johansson (1971). Approximately 70 pg 

of bLf (33% iron-saturated) was used for iodination; 12'1- 

labelled protein was separated from free N ~ ' * ' I  by 

chromatography on a Sephadex G-25 column. The labelled 

protein was aliquoted and stored at -70°C until use. 

Lactoperoxidase was purchased f rom Boehringer-Mannheim; and 

N ~ ' ~ ' I :  f rom Amersham. 

4 . 3 . 5  Lactoferrin binding assays. 

The binding assays were performed as described by 

Naidu et al (1990; 1991a; 1991b; 1992). Bacterial cells were 

harvested from culture media, washed once in 0.1 M phosphate- 

buffered saline (PBS)  , pH 7.2, and resuspended in PBS 

containing 1% bovine serum albumin (PBS-1% BSA) to a density 

of 10'' bacteria/ml (c. OD,,,=l. 5 )  . To determine saturation 
time, 10' b a c t e r i a  (in 0.1 ml of PBS-1% BSA) were rnixed and 



i n c u b a t e d  with 0 . 1  m l  of ' 2 5 ~ - b ~ f  s o l u t i o n  ( 6 . 9  nM i n  PBS-1 % 

BSA)  f o r  p e r i o d s  of 5, 10, 15, 20, 2 5 ,  30, 60 ,  9 0 ,  1 2 0 ,  150 

min a t  room t e m p e r a t u r e .  B a c t e r i a  w e r e  p e l l e t e d  and washed 

three t i m e s  w i t h  1 m l  of ice-cold  PBS c o n t a i n i n g  0 . 1 %  Tween 

20 .  R a d i o a c t i v i t y  bound to t h e  b a c t e r i a l  pel le t  w a s  measured 

i n  a y-counter. I n  cornpet i t ive b i n d i n g  experiments, 10 '  

bac ter ia  w e r e  mixed with 2 x 10' cpm 12'1-b~f in t h e  presence  

of  s e r i a l l y - d i l u t e d  u n l a b e l l e d  bLf a n d  i n c u b a t e d  a t  room 

t e m p e r a t u r e  f o r  2 h .  Tota l  i n p u t ,  ce11 bound and f r e e  

p r o t e i n s  w e r e  c a l c u l a t e d  and s u b j e c t e d  t o  Sca tcha rd  a n a l y s i s  

( S c a t c h a r d ,  1 9 4 9 ) .  When e v a l u a t i n g  t h e  i n h i b i t o r y  e f f e c t  o f  

bLf, apo-bLf, bTf, hLF and h T f  on ' * ' ~ - b ~ f  b i n d i n g ,  t h e  

u n l a b e l l e d  p r o t e i n s  were used a t  c o n c e n t r a t i o n  o f  5.5 pM. A l 1  

samples  w e r e  t e s t e d  i n  t r i p l i c a t e ,  a n d  each  exper iment  was 

r e p e a t e d  at least  t w i c e .  The data p r e s e n t e d  are the means of 

two independen t  experiments  ( u n l e s s  o t h e r w i s e  stated) . 

4 . 3  . 6 P r o t e o l y t i c  and h e a t  t r e a t m e n t  o f  S. uberis. 

Bacteria (1 m l  c o n t a i n i n g  1010 c e l i s )  w e r e  t r e a t e d  

wi th  p r o t e a s e s  a t  37OC f o r  2 h .  Trypsin (Sigma) hydrolysis 

w a s  per formed i n  100 mM T r i s - H C 1  (pH 8.0), w i t h  a f i n a l  

enzyme c o n c e n t r a t i o n  of 2,500 u/ml, and  t h e  r e a c t i o n  was 

s t o p p e d  by  a d d i t i o n  o f  pheny lmethy l su l fony l  f l u o r i d e  (500 

p g / m l ) ,  P e p s i n  (Sigma) d i g e s t i o n  was performed i n  100 mM 

sodium a c e t a t e  b u f f e r  (pH 4 . 5 ) ,  w i t h  a n  enzyme c o n c e n t r a t i o n  

of 1 ,000  u/ml, and the pH of the r e a c t i o n  mixture  w a s  r a i s e d  



to 7.4 to stop the hydrolysis. ~ r o t e i n a s e  K (Boehringer 

mannhe im)  treatment was carried out in 40 mM potassium 

phosphate buffer ( p H  7 . 5 ) ,  and t h e  digestion was inhibited by 

the addition of  phenylmethylsulfonyl fluoride ( 5 0 0  pg/ml). 

For heat rreatment, the bacterial suspension ( 1oL0 cell/ml) 

was incubated in a water ba th  for 1 h at e a c h  of the 

following ternperatures: 50°C, 80°C and 100°C. Both enzyme a n d  

heat-treated cells were washed once in PBS and resuspended in 

PBS-1% BSA prior to the binding experiments. 

4.3.7 PAGE and Western blotting. 

SDS-polyacrylamide gel electrophoresis (PAGE) of 

p r o t e i n s  w a s  performed using the m e t h ~ d  described by Laemmli 

(Laemmli, 1970) . Samples were solubilized in sarnple buffer at 
37°C for 30 min in the absence of 2-mercaptoethanol (non- 

reducing conditions) or at 100°C f o r  5 min in the presence of 

1 % 2-mercaptoethanol (reducing condit ions) . P r o t e i n s  were 

electrophoretically transferred to nitrocellulose membranes 

as recommended by the supplier (Bio-Rad) and blocked with 

TBS-1% BSA. 

To identify t h e  putative bLf -binding protein, 

Western b l o t s  were probed with 12'1-b~f as folIows . 12'1-b~f 
was added to the membrane to a final concentration of 80 

ng/ml in TBS-1% BSA and incubated at room temperature for 2 

h. After three washes with TBS c o n t a i n i n g  0.05% Tween 20, the 

membrane w a s  exposed to X-ray film for 24 h at room 



temperature. To compete t h e  12'1-b~f binding, the t r a n s f e r r e d  

membrane was i n c u b a t e d  w i t h  35 pg/ml of unlabelled bLf f o r  2 

h before incubation w i t h  1 2 5 ~ - b ~ f .  



4 . 4  Results 

4 . 4 . 1  Time-dependent b i n d i n g  of  bLF t o  S. u b e r i s .  

One S. uberis s t r a i n  su-1 was tested f o r  bL£ 

b i n d i n g  i n  a 1 2 5 ~ - l a b e l l e d  p r o t e i n  b i n d i n g  assay. To study the 

k i n e t i c s  of 1 2 5 ~ - b ~ f  b i n d i n g  w i t h  S. u b e r i s ,  b i n d i n g  was 

measured  a t  d i f f e r e n t  t i m e  intervals (Fig .  4 - 1 ) .  The t i m e  

c o u r s e  showed t h a t  l Z 5 1 - b ~ f  c o u l d  b i n d  t o  S. uberis i n  a t i m e -  

d e p e n d e n t  manner, w i t h  a r e q u i r e m e n t  o f  a p p r o x i m a t e l y  90  min 

f o r  1 0 0 %  s a t u r a t i o n .  T h i s  b i n d i n g  s a t u r a t i o n  t i m e  was t h e  

b a s i s  f o r  d e t e r m i n i n g  t h e  i n c u b a t i o n  t i m e  i n  latter b i n d i n g  

e x p e r i m e n t s  . 

4.4.2 BLf r e c e p t o r  s a t u r a b i l i t y ,  af f i n i t y  and copy 

number . 
A c o r n p e t i t i v e  b i n d i n g  e x p e r i m e n t  u s i n g  bLf ( 3 3 %  

i r o n - s a t u r a t e d )  a s  b o t h  r a d i o l i g a n d  and  c o m p e t i t o r  w a s  

pe r fo rmed ,  and the s p e c i f i c i t y  o f  b L f  b i n d i n g  by  S. u b e r i s  i s  

d e m o n s t r a t e d  i n  F i g  . 4-2. U n l a b e l l e d  bLf ef f e c t i v e l y  

displaced t h e  b i n d i n g  of l2'1-b~f t o  S. uberis i n  a dose-  

d e p e n d e n t  manner. A c o n c e n t r a t i o n  o f  a p p r o x i m a t e l y  270  nM o f  

u n l a b e l l e d  bLf c a u s e d  5 0 %  b l o c k i n g  of '*'~-b~f uptake 

( i n d i c a t e d  by a r rows)  . S c a t c h a r d  p l o t  a n a l y s i s  (Scatchard, 

1 9 4 9 )  showed l i n e a r i t y ,  t h u s  t h e  d e m o n s t r a t i o n  of  one bLf 

b i n d i n g  component is  e x p e c t e d .  T h e  number of  b L f  mo lecu le s  

bound p e r  S. uberis ce11 calculated f rom S c a t c h a r d  plot w a s  



Figure 4-1. Time course of lZS1-b~f binding to S. uberis .  IO9 
bac ter ia  were incubated with 6.9 nm l2'1-b~f in 0.2 ml of PBS- 
1% BSA. At t i m e  intervals indicated, bacteria were pelleted 
and the amount of ce11 associated lZS1-bM was determinated. 



a p p r o x i m a t e l y  7 8 0 0 ,  w i t h  a n  a f f i n i t y  (Kd) of  1 . 0  x IO-'M. 

To d e t e r m i n e  w h e t h e r  bLf i r o n  s a t u r a t i o n  could 

i n f l u e n c e  r e c e p t o r  b i n d i n g ,  apo-bLf was used as a c o r n p e t i t o r  

i n  t h e  ' 2 5 ~ - b ~ f  b i n d i n g  assay. R e s u l t  showed t h a t  apo-bLf 

c o u l d  i n h i b i t  '* ' I-~LF b i n d i n g  as e f f e c t i v e l y  a s  t h e  i r o n -  

s a t u r a t e d  bLf (Table 4-11 ,  i n d i c a t i n g  t h a t  both apo-bLf and 

i r o n - s a t u r a t e d  b L f  had t h e  same b i n d i n g  r e c e p t o r  on  t h e  S. 

uberis c e l l .  

T o  e x a m i n e  further t h e  s p e c i f i c i t y  o f  b i n d i n g ,  t h e  

a b i l i t i e s  o f  b T f ,  h L f  a n d  hTf  t o  i n h i b i t  t h e  b i n d i n g  o f  '''1- 

b L f  t o  S. uberis cells were a l s o  evaluated ( T a b l e  4 - 1 ) .  None 

o f  t h e s e  proteins could i n t e r f e r e d  w i t h  t h e  b i n d i n g  o f  lZ51- 

b L f  t o  S. uberis, s u g g e s t i n g  t h a t  t h e  b i n d i n g  was b L f -  

specif i c  . 

4 . 4  . 3  I n f l u e n c e  of i r o n - r e s t r i c t e d  c o n d i t  i o n s  on 

bLf  binding. 

In  a n  a t t e m p t  t o  d e t e r m i n e  if the bLf -b ind ing  

p r o p e r t y  o f  S. uberis was media t ed  by a n  i r o n - r e g u l a t e d  

bacterial component, EDDA, dipyridyl o r  d e s f e r r i o x a r n i n e  

m e s y l a t e  w e r e  i n c o r p o r a t e d  i n  THB-YE b r o t h  t o  r e d u c e  the 

a v a i l a b i l i t y  of i r o n .  Cells f r o m  these i r o n - r e s t r i c t e d  

c o n d i t i o n s  d i d  n o t  show h i g h e r  12'1-b~f b i n d i n g  t h a n  t h o s e  

fxom normal  c u l t u r a l  c o n d i t i o n  ( F i g .  4 - 3 1 ,  i n d i c a t i n g  t h a t  

i r o n - r e s t r i c t e d  c o n d i t i o n  d id  no t  n o t a b l y  mod i f  y t h e  

s a t u r a t i o n  o f  S. uberis by bLf. 



Table 4-1 .  I n h i b i t o r y  ef fec ts  of  u n l a b e l l e d  p r o t e i n s  a n d  
enzyme o r  h e a t  t r e a t m e n t  o f  b a c t e r i a  on '''1-b~f binding t o  S. 
uberis. 

-- 

I n h i b i t o r  o r  
ce11 t r e a t m e n t  

P e r c e n t a g e  i n h i b i t i o n 1  o r  
decrease2 i n  b i n d i n g  

I n h i b i t o r  
bLf 
apo-blf 
bTf 
hLf 
h T f  

P r o t e a s e s  
Pepsin 
Trypsin 
P r o t e i n a s e  K 

H e a t  i n g  

- 

I n h i b i t i o n  v a l u e s  w e r e  c a l c u l a t e d  as r e l a t i v e  p e r c e n t a g e  o f  
bLf  b i n d i n g  t o  b a c t e r i a  suspended i n  PBS i n  t h e  absence o f  
any i n h i b i t o r .  
* Decrease i n  b i n d i n g  w e r e  c a l c u l a t e d  as r e l a t i v e  pe rcen tage  
o f  bLf b i n d i n g  t o  b a c t e r i a  w i t h o u t  any t r e a t m e n t .  

4 . 4 . 4  S e n s i t i v i t y  of  t h e  bLf b i n d i n g  cornponent t o  

p r o t e a s e  h y d r o l y s i s  and heat t r e a t m e n t .  

Pepsin, t r y p s i n  and p r o t e i n a s e  k t r e a t m e n t  of S. 

uberis cells c o u l d  a b o l i s h  bLf-binding (Tab le  4 - 1 1 ,  

i n d i c a t i n g  t h e  involvement o f  a surface-exposed ce11 wa11 

p r o t e i n ( s )  i n  t h e  b i n d i n g .  This p r o t e i n a c e o u s  component w a s  

s u s c e p t i b l e  t o  t empera tu re ,  s i n c e  heat t r ea tmen t  of b a c t e r i a  

reduced b i n d i n g  t o  a certain degree (Table  4 - 1 ) .  



Figure 4-2. Cornpetition binding assay using bLf (33% iron- 
saturated) as radiolabelled ligand and competitor. Percentage 
binding values were calculated as percentage of lZS1-b~f 
binding in the presence of increasing amounts of unlabelled 
bLf to bacteria suspended in PBS-1% BSA in the absence of 
unlabelled bLf. Inset :  Scatchard plot (on the basis of one 
experiment; another experiment showed similar result) and 
affinity (Kd) of the binding of lZS1-b~f to S. uberis 
(Scatchard 1949) . The line represents the best fit as 
determined by a linear regression analysis. A concentration 
of 270 nM of unlabelled bLf caused 50% displacement of lZS1- 
bLf binding (indicated by dotted lines). 
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Figure 4-3. Influence of iron chelators on the expression of 
lactoferrin binding by S. uberis. C e l l s  grown in THB-YE with 
or without EDDA, dipyridyl or desferrioxamine mesylate w e r e  
incubated w i t h  6.9 nM 12'1-b~f in 0 . 2  ml of PBS-1% BSA at room 
temperature for 2 h. After three washes, cell-bound 
radioactivity was determined. 



4 . 4  .S  I d e n t i f i c a t i o n  of  a c e 1 1  w a l l  b l f - b i n d i n g  

p r o t e i n .  

T h e  p r e s e n c e  o f  t h e  f u n c t i o n a l l y  a c t i v e  Q f - k i n d i n g  

 rotei in ( L b p )  i n  the ce11  w a l l  p r e p a r a t i o n  o f  S. uberis was 

d e t e c t e d  b y  a Western  b l o t  p r o b e d  w i t h  12'1-b~f ( F i g .  4 - 4 )  . 
Under n o n - r e d u c i n g  c o n d i t i o n ,  t w o  components  with a p p a r e n t  

m o l e c u l a r  w e i g h t  of 1 6 5  a n d  7 6  kDa w e r e  i d e n t i f i e d  a s  b L f -  

b i n d i n g  p r o t e i n s  of S. uberis ( F i g .  4 - 4  A, l a n e  2 ) .  P r o t e i n s  

u n d e r  r e d u c i n g  c o n d i t i o n  l o s t  t h e  bLf b i n d i n g  a c t i v i t y  t o  a 

g r e a t  e x t e n t  (F ig .  4-4 A, l a n e  1 ) .  T h e  p r o t e i n  bands  i n  F i g .  

4-4 A were de rnons t r a t ed  t o  be  f r o m  s p e c i f i c  b i n d i n g  t o  "'1- 

bLf, s i n c e  t h e  p r e s e n c e  o f  u n l a b e l l e d  bLf e f f e c t i v e l y  b l o c k e d  

the b i n d i n g  ( F i g .  4-4 B) . 

4 . 5  Discussion 

L f  is a h i g h - a f f i n i t y  i r o n - b i n d i n g  g l y c o p r o t e i n  

p r e s e n t  a b u n d a n t l y  i n  mi lk ,  t h e  s p e c i f i c  g r a n u l e s  of  PMNs and 

mucosa l  s e c r e t i o n s  (Masson et  al., 1966;  1 9 6 9 )  . I t  i s  related 

i n  s t r u c t u r e  a n d  f u n c t i o n  t o  T f ,  a n  a b u n d a n t  serum p r o t e i n  

(Morgan, 1 9 7 4 ) .  An impor t an t  b i o l o g i c a l  f u n c t i o n  of Lf is  

p r o b a b l y  t h e  s e q u e s t r a t i o n  o f  f r e e  i r o n  £rom t h e  env i ronment  

o f  m i c r o o r g a n i s m s ,  t h u s  i n h i b i t i n g  t h e i r  g r o w t h  (Sanchez e t  

a l . ,  1 9 9 2 ) .  However, many b a c t e r i a  s u c h  as Neisseria and 

Haemophilus species a r e  able t o  acquire iron from host Lf 

t h r o u g h  specific r e c e p t o r s  ( L e e  a n d  S c h r y v e r s ,  1988 ;  McKenna 

i l 3  



Figure 4-4. Demonstration of bLf-binding p r o t e i n s  i n  S .  
uberis by Western b l o t t i n g .  Samples were analysed i n  7 . 5 %  
SDS-PAGE and t r a n s b l o t t e d  t o  a n i t r o c e l l u l o s e  membrane which 
was further incubated with '*'~-b~f i n  
presence (B) of u n l a b e l l e d  bLf. Lane 
uberis under reducing conditions. Lane 
uberis under non-reducing c o n d i t i o n s .  
standards (kDa) are i n d i c a t e d  by arrows 
t o  the right i n d i c a t e  the  1 6 5  kD and 76 

t h e  absence (A)  or 
1 .  Ce11 wall of S .  
2 .  Ce11 wall of S .  
The molecular mass 
t o  t h e  l e f t .  Arrows 
kD p r o t e i n  bands. 



et al., 1988; Schryvers, 1989; Schryvers and Morris, 1988a) . 

~ h e  receptor-mediated interaction of Lf with some Gram 

positive bacteria has also been demonstrated (Naidu et al., 

1990; 1991a; 1991b; 1992; Rainard, l992), although the 

involvement of i r o n  uptake in this interaction needs to be 

elucidated. 

To demonstrate whether S .  uberis was able to 

express a specific receptor for bLf, we sought to determine 

whether the major prerequisites for a biological receptor 

could be fulf illed, namely, ligand specif icity and 

concentration-dependent saturability . Bovine Lf binding to S. 
uberis was time and concentration dependent (demonstrated by 

the ability of the unlabelled ligand to compete for binding 

with I Z S f  -b~f) , indicating the existence of a limited number 

of binding receptors on the ce11 surface. Scatchard plot 

analysis est imated that there were 7800 blf -binding 

sites/cell. The af f i n i t y  of the streptococcal receptor for 

b ~ f  (1 .O x IO-' M) is slightly l ove r  than that described by 

Naidu et a l .  (1991b) f o r  t h e  bLf receptor of S. aureus (7.1 

x IO-' M) . 
S. uberis did not distinguish between bovine apo-Lf 

and iron-saturated Lf, since both forms were equal ly  

effective at blocking lt51-b~f binding in the competitive 

binding assay. This finding is similar to that described for 

the N. meningitidf s Lf receptor (Schryvers and Morris, 1988a) 

but contrasts with that for the T f  r e c e p t o r s .  I n  competitive 



b i n d i n g  e x p e r i m e n t s  c o m p a r i n g  i r o n - s a t u r a t e d  Tf w i t h  apo-Tf , 

S c h r y v e r s  a n d  M o r r i s  (1988b)  c l e a r l y  showed t h a t  iron- 

s a t u r a t e d  Tf  w a s  more e f f e c t i v e  i n  b l o c k i n g  t h e  r e c e p t o r  t h a n  

apo-Tf. However, Simonson et a l .  (1982)  and  T s a i  e t  a l .  

( 1 9 8 8 )  f a i l e d  t o  d e m o n s t r a t e  d i f  f e r e n c e s  i n  r e c o g n i t i o n  of  

i r o n - l o a d e d  o r  i r o n - f r e e  T f  by  N. m e n i n g i t i d i s .  It was 

p r o p o s e d  that t h i s  d i s c r e p a n c y  c o u l d  be s t r a i n  d e p e n d e n t  o r  

could b e  a t t r i b u t e d  t o  the methods  used ( O t t o  e t  a l . ,  1 9 9 2 ) .  

The fo rmer  g r o u p  ( S c h r y v e r s  and M o r r i s ,  1988b)  u s e d  

h o r s e r a d i s h  p e r o x i d a s e  (HRP) - l abe l l ed  Ti, w h i l e  the  l a t t e r  

i n v e s t i g a t o r s  ( T s a i  et  al., 1988) used r a d i o a c t i v e l y  label led 

~f ( I Z S 1 - ~ f )  i n  c o r n p e t i t i v e  b i n d i n g  e x p e r i m e n t s .  T f  may be 

m o d i f i e d  by HRP i n  s u c h  a way t h a t  b i n d i n g  i s  less s e n s i t i v e  

t o  c o r n p e t i t i o n  b y  apo-Tf, o r  i r o n  c o u l d  be removed f r o m  "'1- 

l a b e l l e d  T f  b y  cold T f ,  t h e r e b y  r e d u c i n g  i t s  a f f  i n i t y  f o r  t h e  

r e c e p t o r .  C l e a r l y ,  no d i s c r e p a n c y  e x i s t s  be tween  Our r e s u l t  

a n d  t h o s e  described for the N. meningitidis l a c t o f e r r i n  

r e c e p t o r  ( S c h r y v e r s  and M o r r i s ,  1988a )  d e s p i t e  o f  t h e  

d i f f e r e n t  bac te r i a l  s t r a i n s  a n d  rnethods u s e d .  

A common f e a t u r e  w h i c h  ha s  emerged  f rom s t u d i e s  of  

t h e  t r a n s f e r r i n - b i n d i n g  p r o t e i n s  o f  G r a m  n e g a t i v e  b a c t e r i a  is 

the i r  r e m a r k a b l e  s p e c i f i c i t y  f o r  the t r a n s f e r r i n  o f  t h e i r  

n a t u r a l  h o s t  (Morton a n d  W i l l i a m s ,  1989;  1990; S c h r y v e r s  and 

L e e ,  1989; W i l l i a m s  and  G r i f f i t h s .  1 9 9 2 ) .  F o r  example ,  humans 

are t h e  o n l y  known n a t u r a l  r e s e r v o i r  f o r  H. i n f l u e n z a e ,  which 

shows a marked p r e f e r e n c e  f o r  human t r a n s f e r r i n  and is u n a b l e  



t o  b i n d  o r  rernove i r o n  frorn p o r c i n e ,  r a b b i t ,  mouse, o r  dog 

t r a n s f e r r i n  (Morton and Williams, 1 9 9 0 )  . S i r n i l a r l y ,  the  

p o r c i n e  pathogen Actinobacillus pleuropneumoniae is able to 

bind  and  acqu i r e  i r o n  f  rom p o r c i n e  b u t  not  human t r a n s f e r r i n  

(Gonzales e t  a l . ,  1990; Morton and Williams, 1989; 1990). In 

cornpetition binding assays, the s t r e p t o c o c c a l  r ecep to r  

d e s c r i b e d  he re  a l s o  demons t ra ted  some l a c t o f e r r i n  s p e c i e s  

s p e c i f i c i t y  i n  t h a t  human L f  c o u l d  n o t  e f f e c t i v e l y  b l o c k  t he  

b i n d i n g  of  bovine L f .  I n t e r e s t i n g l y ,  S. a u r e u s  Lf r e c e p t o r s  

cou ld  b i n d  l a c t o f e r r i n s  from both human and bov ine  sources  

(Naidu et  a l . ,  1990; 1991a; 1991b; 1992). In this c o n t e x t ,  

g iven  that S. uberis i s  e x c l u s i v e l y  a bovine pathogen,  while  

S. aureus causes  i n f e c t i o n  i n  both humans and bov ine ,  it i s  

p o s s i b l e  t h a t  t h e  s p e c i f i c i t y  f o r  l a c t o f e r r i n s  may a l s o  

c o n t r i b u t e  t o  t h e  h o s t  s p e c i f i c i t y  of t he se  b a c t e r i a -  I n  

a d d i t i o n ,  n e i t h e r  bov ine  nor  human t r a n s f e r r i n  w a s  a b l e  t o  

b lock  b ind ing  of 1 2 5 ~ - l a b e l l e d  bovine  l a c t o f e r r i n  t o  t he  

l a c t o f e r r i n  r ecep to r  o f  S. uberis. This o b s e r v a t i o n  i s  

s i m i l a r  t o  t h a t  r e p o r t e d  by Naidu et al. (1991b; 1992) , in 

which human o r  bovine l a c t o f e r r i n  b ind ing  t o  l a c t o f e r r i n  

r e c e p t o r s  of S. a u r e u s  could  n o t  be  blocked b y  human or  

bovine  transferrin. 

Although t h e  e x p r e s s i o n  of most of t h e  t r a n s f e r r i n  

and lactoferrin r e c e p t o r s  of Gram nega t ive  bac t e r i a  such as  

N. meningitidis (Schryvers and Morr i s ,  1988a; 1988b) and H. 

influenza (Schryvers,  1 9 8 8 ;  1989) i s  iron r e g u l a t e d ,  S. 



uber i s  r e c e p t o r  a c t i v i t y  was n o t  r e g u l a t e d  by  growth medium 

ircn a v a i l a b i l i t y .  Our r e s u l t s  are c o n s i s t e n t  w i t h  t h e  

f i n d i n g s  o f  Modun e t  a l .  (1994)  a n d  R a i n a r d  ( 1 9 9 2 )  who showed 

that the b i n d i n g  o f  S. a u r e u s  t o  T f  and S. a g a l a c t i a e  t o  Lf 

w a s  n o t  r e g u l a t e d  b y  i r o n .  

Having d e m o n s t r a t e d  the  e x i s t e n c e  of bovine 

l a c t o f e r r i n  r e c e p t o r  on S. u b e r i s ,  w e  s o u g h t  t o  i d e n t i f y  t h e  

bacterial ce11 w a l l  component (s) i n v o l v e d .  Treat rnent  of S. 

uberis  c e l l s  w i t h  heat and p r o t e o l y t i c  enzymes a b o l i s h e d  

l a c t o f e r r i n  b i n d i n g ,  i n d i c a t i n g  t h e  p r o b a b l e  involvement  of 

a p r o t e i n  ( s )  on the  c e 1 1  s u r f a c e .  W e  prepared a ce11 w a l l  

e x t r a c t  o f  S. u b e r i s  a n d  s o l u b i l i z e d  it i n  SDS-PAGE sample 

bu£ f e r  unde r  non - r educ ing  c o n d i t i o n .  Two l a c t o f e r r i n  b i n d i n g  

p r o t e i n s  w i t h  molecular weights of 1 6 5  kDa and 76  kDa were 

i d e n t i f i e d  by  '''1-bLf b i n d i n g  after SDS-PAGE a n d  t r a n s f e r  t o  

n i t r o c e l l u l o s e .  S i n c e  S c a t c h a r d  p l o t  analysis i n d i c a t e d t h a t  

S. u b e r i s  bears o n l y  one  b L f  b i n d i n g  component ,  t h e  165 kDa 

p r o t e i n  w a s  e x p e c t e d  t o  be t h e  dirner form o f  t h e  7 6  kDa. The 

l a c t o f e r r i n  b i n d i n g  p r o t e i n  o f  S. uberis di f f er s  from t h e  

t r a n s f e r r i n  r e c e p t o r s  o f  Haemophilus and Neisseria spp . ,  

w h i c h  c o n s i s t  of two d i s t i n c t  t r a n s f e r r i n - b i n d i n g  p r o t e i n s ,  

t e r m e d  T b p l  and Tbp2, which range i n  r n o l e c u l a r  we igh t  from 6 8  

t o  105  kDa d e p e n d i n g  on t h e  s t r a i n  (Williams and G r i f f i t h s ,  

1 9 9 2 ) .  I n t e r e s t i n g l y ,  f o r  b o t h  o r g a n i s m s ,  o n l y  Tbp2 was a b l e  

to b i n d  t r a n s f e r r i n  after SDS-PAGE and  e l e c t r o b l o t t i n g  

( S t e v e n s o n  e t  a l . ,  1992) . The S. uberis Lbp is a l s o  d i f f e r e n t  



from t h e  l a c t o f e r r i n  r e c e p t o r s  o f  the mentioned two species. 

T o  d a t e ,  only one l a c t o f e r r i n  biriding p r o t e i n  with a 

molecular weight o f  98 t o  105 kDa was i d e n t i f i e d  from t h o s e  

spec ies  (Lee and Bryan, 1989;  P e t t e r s s o n  e t  a l . ,  1 9 9 4 ;  

Schryvers,  1989; Sch ryve r s  and L e e ,  1 9 8 9 )  and t h e  gonococcal  

l a c t o f e r r i n  p r o t e i n  (Lbpl) was shown t o  s h a r e  f e a t u r e s  wi th  

t h e  functionally r e l a t e d  gonococcal  T b p l  (Biswas and 

Spar l ing ,  1995) . If it is accep ted  t h a t  t h e r e  is a d i f  f e r e n c e  

between t h e  S. uberis Lbp and t h e  t r a n s f e r r i n  o r  l a c t o f e r r i n  

recep tors  o f  Gram n e g a t i v e  b a c t e r i a ,  it would be surprising 

t o  f i n d  t h a t  S. uberis Lbp d i f f e r s  froin t h e  bovine  

l a c t o f e r r i n  r e c e p t o r  of S. aureus ,  which c o n s i s t s  o f  two 

d i s t i n c t  bLf-binding p r o t e i n s  with es t ima ted  molecu la r  

weights of 92 and 67 kDa (Naidu et al., 1991b) . Also ,  t h e  

s t r ep tococca l  Lbp d e s c r i b e d  h e r e  appears  t o  be d i f f e r e n t  from 

the S. a u r e u s  human l a c t o f e r r i n - b i n d i n g  p r o t e i n  described by 

Naidu et a l .  ( 1 9 9 2 )  as an approximate ly  450  kDa p r o t e i n  which 

under reducing SDS-PAGE g e l  c o n d i t i o n  was reso lved  into two 

components of 67 and 62 kDa. 



5.0 CLdNING AND CBARACTERIZATION OF S. ûBERIS LBP GENE AND 

ITS VPSTREAM MGA 

The gene f o r  t h e  bovine l a c t o f e r r i n  b i n d i n g  p r o t e i n  

(lbp) has  been c loned  and sequenced from S. uberis. A s i n g l e  

ORE' encoding 561 amino a c i d  r e s i d u e s  was shown to genera te  

two p r o t e i n  s p e c i e s  i n  E. coli. These p r o t e i n s  w e r e  a b l e  t o  

bind bovine l a c t o f e r r i n  and had molecular  weights  of 7 6  kDa 

and 1 6 5  kDa, similar t o  t h o s e  of n a t i v e  S. uberis p r o t e i n s .  

The 1 6 5  kDa p r o t e i n  w a s  likely a dimer of  t h e  76 kDa p r o t e i n .  

Consis tent  w i t h  t h i s ,  urea t r e a tmen t  r e s u l t e d  i n  a s i n g l e  

band, and Nor thern  b l o t  analysis showed only  one major 

t r a n s c r i p t  i n  bo th  S. uberis and recombinant E. coli. A 

p u t a t i v e  s i g n a l  p e p t i d e  was found a t  t h e  N terminus of t h e  

deduced amino ac id  sequence and t h e  C te rminus  had t h e  

f e a t u r e s  o f  a membrane anchor  motif found i n  o t h e r  su r f ace  

p r o t e i n s  from Gram p o s i t i v e  b a c t e r i a .  De le t ion  a n a l y s i s  

l oca t ed  t h e  bLf b ind ing  domain t o  a 2 0 0  amino a c i d  r eg ion  a t  

the N terminus  of t h i s  p r o t e i n .  Ana lys i s  of t h e  p r imary  and 

secondary structure sugges t ed  t h a t  b L f  binding p r o t e i n  of S. 



uberis is a M - l i k e  p r o t e i n .  C o n s i s t e n t  w i t h  t h i s ,  a gene 

(rnga) homologous t o  t h e  g r o u p  A s t r e p t o c o c c a l  Mga, a p o s i t i v e  

r e g u l a t o r  o f  M and M-like p r o t e i n s  w a s  found i n  t h e  a d j a c e n t  

r e g i o n  of the  lbp. The t r a n s c r i p t  o f  mga was d e t e c t e d  i n  

r ecombinan t  E. c o l i  but n o t  i n  S. uberis. Southe rn  b l o t  

a n a l y s i s  r e v e a l e d  t h a t  mga was d i s t r i b u t e d  i n  al1 S. uberis 

s t r a i n s  t h a t  contained the lbp. However, the r e l a t i o n s h i p  o f  

mga a n d  lbp needs  to be s t u d i e d .  



5 . 2  Introduction 

S. uberis is an environmental pathogen responsible 

for a high proportion of cases of clinical and subclinical 

mastitis in both lactating and nonlactating dairy cattle 

(Bramley, 1984; Bramley and Dodd, 1984; Oliver, 1988). A few 

potential virulence factors have been identif ied f rom S. 

uberis, including hyaluronic acid capsule (Hill, 1988; 

Almeida and Oliver, 1993; Matthews et al., 1994), 

hyaluronidase (Schaufuss et al., 1989) , uberis factor, 

believed to be similar to CAKP factor of S. agalactiae 

(Skalka and Smola, 1981; and Our study in chaper 3 ) ,  R-like 

protein (Groschup and Timoney, 1993) , and plasminogen- 

activating protein (Leigh, 19931 . 
Since many Gram negative pathogens, notably 

Haemophil us infl uenzae  and Neisseria meningitidis, have been 

shown to acquire Tf- or Lf-bound iron through bacterial 

surface receptors (Cornelissen and Sparling, 1994; Herrington 

and Sparling, 1985; Mickelsen et ai., 1982; Williams and 

Gri f f i ths ,  1992), and some Gram positive bacteria such as 

Staphylococcus aureus, coagulase-negative staphylococci and 

Streptococcus agalactiae have also been found to be able to 

bind Lf (Naidu et al., 1990; 1991a; 1991b; 1992; Rainard, 

19921, we characterized the bLf-streptococcal interaction in 

S. u b e r i s  strain su-1. The binding of lZS1-b~f to S. u b e r i s  

was t ime-dependent , with a requirement of approximately 90 



min f o r  1 0 0 %  s a t u r a t i o n .  U n l a b e l l e d  b L f  d i s p l a c e d  t h e  b i n d i n g  

of  : 2 5 ~ - b ~ f  t o  S .  uberis c e l l s  i n  a dose -dependen t  manner .  

Apo-bLf c o u l d  i n h i b i t  ' * ' ~ - b ~ f  b i n d i n g  a s  e f f e c t i v e l y  a s  i r o n -  

s a t u r a t e d  b L f .  Bov ine  t r a n s f e r r i n ,  human l a c t o f e r r i n  a n d  

human t r a n s f e r r i n  d i d  not i n t e r f e r e  w i t h  bLf b i n d i n g .  The 

S c a t c h a r d  p l o t  was l i n e a r ,  i m p l y i n g  a n  one -a f  f i n i t y  ( K d = l  . O 

x IO-' M) b i n d i n g  mechanism. We e s t i m a t e d  t h a t  t h e r e  w e r e  

a p p r o x i m a t e l y  7800  bLf b i n d i n g  s i t e s / c e l l  . Reduced i r o n  

a v a i l a b i l i t y  o b t a i n e d  by the p r e s e n c e  of i r o n  c h e l a t o r s  d i d  

n o t  n o t a b l y  modify t h e  s a t u r a t i o n  o f  S. uberis by b L f .  H e a t -  

or p r o t e a s e  treatment of bacterial cells r e d u c e d  bLf binding 

t o  a great degree, i n d i c a t i n g  t h e  i n v o l v e m e n t  of  a  c e 1 1  

s u r f a c e  p r o t e i n .  W e s t e r n  b l o t t i n g  o f  a c e l l  w a l l  p r e p a r a t i o n  

p robed  w i t h  "'1-b~f i d e n t i f  i e d  t w o  components  w i t h  apparent 

m o l e c u l a r  w e i g h t s  of 1 6 5  and 7 6  kDa a s  t h e  f u n c t i o n a l l y  

a c t i v e  bLf b i n d i n g  p r o t e i n s  . 
I n  t h i s  study, w e  sought molecular e v i d e n c e  f o r  the 

i d e n t i t y  of the s t r e p t o c o c c a l  L f  receptor, 



5 . 3  Materials and Methods 

5.3.1 B a c t e r i a l  s t r a i n s ,  p l a smids  a n d  media. 

S. uberis s t r a i n s  u s e d  f o r  s t u d y  are l i s t e d  i n  

Tab le  5-1 (page 1 5 3 ) .  B a c t e r i a  w e r e  grown on base  # 2  s h e e p  

b l o o d  a g a r  p l a t e s  (PML M i c r o b i o l o g i c a l s )  a t  3T0C f o r  18 h, o r  

i n  Todd-Hewitt b r o t h  supp lemen ted  w i t h  0 . 3 %  y e a s t  e x t r a c t  

(THB-YE) at 37OC o v e r n i g h t .  E. coli cel ls  w e r e  grown i n  L u r i a  

broth o r  on L u r i a  b r o t h - a g a r  plates. A m p i c i l l i n  was u s e d  a t  

50  pg/rnl f o r  t h e  g rowth  of  E .  c o l i  s t r a i n s  c o n t a i n i n g  

recombinant  p l a s m i d s .  The c l o n i n g  v e c t o r  u s e d  was pTZ18R 

(Mead et a l . ,  1986) . 

5 . 3 . 2  P r e p a r a t i o n  o f  b a c t e r i a l  ce11 w a l l ,  c e 1 1  

membranes, pe r ip l a sma ,  whole ce11 l y s a t e  and c u l t u r e  

s u p e r n a t a n t .  

Ce11 w a l l  components of S. uberis w e r e  e x t r a c t e d  a s  

d e s c r i b e d  i n  4 . 3 . 2 .  

Oute r  and i nne r  membranes were i s o l a t e d  from E. 

c o l i  cells by s u c r o s e  d e n s i t y  g r a d i e n t  c e n t r i f u g a t i o n  as 

described previously (Hancock and Nikaido, 1978). E. coli 

p e r i p l a s m i c  p r o t e i n s  w e r e  p r e p a r e d  by t h e  c o l d  osmotic shock 

method d e s c r i b e d  by Rioux and Kadner (1989) . 
To p r e p a r e  w h o l e  ce11 lysates of  E. c o l i  

t r a n s f  ormants ,  b a c t e r i a  w e r e  grown o v e r n i g h t ,  c o l l e c t e d ,  

washed once i n  0 . 1  M phosphate-buf  f e r e d  s a l i n e  (PBS) , p H  7.2,  



r e s u s p e n d e d  i n  water, e x p o s e d  t o  o n e  freeze-thaw c y c l e  a n d  

sonicated for 2 m i n .  A f t e r  c e n t r i f u g a t i o n  a t  6000  x g for 2 0  

min ,  t h e  s u p e r n a t a n t  ( w h o l e  ce11 l y s a t e )  was c o l l e c t e d ,  

l y o p h i l i z e d  a n d  r e s u s p e n d e d  i n  1 /100  c u l t u r e  volume o f  water.  

T h e  1 0 0  f o l d - c o n c e n t r a t e d  c u l t u r a l  s u p e r n a t a n t  of  

t h e  r e c o m b i n a n t  E. c o l i  was  obtained b y  p r e c i p i t a t i o n  with 

1 0 %  t r i c h l o r o a c e t i c  acid (TCA) . 

S .  3 . 3  P r e p a r a t  i o n  of i r o r ? - s a t u r a t e d  bLf a n d  12'1- 

labelled bLf . 
33% i r o n - s a t u r a t e d  b o v i n e  l a c t o f e r r i n  was p r e p a r e d  

as i n  4.3.3. a n d  i o d i n a t e d  as d e s c r i b e d  i n  4 . 3 . 4 .  

5 . 3 . 4  L a c t o f e r r i n  b i n d i n g  a s s a y .  

Bac te r ia l  c e l l s  were h a r v e s t e d  f rom c u l t u r e  media,  

washed once i n  0 . 1  M PBS (pH 7.2), and r e s u s p e n d e d  i n  P B S  

c o n t a i n i n g  1% b o v i n e  serum a l b u m i n  (PBS-1% BSA) to a d e n s i t y  

of 10'' bacteria/ml (c. OD,oo=l. 5) . To assess t h e  b L f - b i n d i n g  

a b i l i t y  of the r e c o m b i n a n t  p r o t e i n ,  i n c r e a s i n g  a m o u n t s  of E .  

coli ce11 l y s a t e  p l u s  s u p e r n a t a n t  w e r e  m i x e d  w i t h  

approximately 10' S. uberis a n d  i n c u b a t e d  with 1 . 0  x 10 '  cpm 

l Z S 1 - b ~ f  i n  a t o t a l  vo lume  o f  200  pl. A f t e r  2 h o u r s  o f  

i n c u b a t i o n  at room t e m p e r a t u r e ,  b a c t e r i a l  ce l l s  w e r e  p e l l e t e d  

and washed three times w i t h  1 m l  of i c e - c o l d  PBS c o n t a i n i n g  

0 . 1  % Tween 2 0 .  R a d i o a c t i v i t y  p r e s e n t  i n  t h e  b a c t e r i a l  p e l l e t  

w a s  m e a s u r e d  i n  a gamma-counter. A l 1  s a m p l e s  were t e s t e d  i n  



triplicate, and the experiment was repeated twice. The data 

presented are the mean of two independent experiments t 

standard deviation. 

5.3.5 Preparation of antiserum. 

Serum against the recombinant Lbp of S. uberis was 

raised in rabbits by subcutaneous injection of 0.5 ml of TCA- 

precipitated culture supernatant of recombinant E. coli in 

cornplete Freund's adjuvant. Two subcutaneous boosts with the 

same amount of sample in incomplete Freund's adjuvant were 

given to each animal. 

5 -3.6 PAGE and Western blotting. 

SDS-polyacrylamide gel electrophoresis (PAGE) of 

proteins was performed as described by Laemmli (Laemmli, 

1970) . Samples under reducing and non-reducing conditions 
were prepared as in 4 . 3.7. Samples dissolved in sample buf fer 
with 3 M urea were boiled for 30 min prior to loading. 

bLf probed-Western blotting was performed as in 4 . 3 . 7 .  

Immunoblotting probed with rabbit ant iserum against the 

recombinant Lbp was as described in 3.3.7. 

5.3.7 Recombinant DNA techniques. 

Plasmid DNA was purified as described by Maniatis 

et al. (1989) . When required, DNA fragments were isolated 

from agarose gels using a Gene Clean kit (Bio/can 



Scientific) . 
To construct a gene library for S. uberis, 

chromosomal DNA was prepared as previously described (Caparon 

and Scott, 1991) and partially digested with Sau3AI.  

Fragments of 2,000 to 5,000 bp were recovered following 

sucrose density gradient centrifugation (Maniatis et al., 

1989) . The ends of these fragments were partially filled in 

with dGTP and dATP and ligated into pTZ18R which was cut with 

Sa11 and partially filled in with dTTP and dCTP. 

Transformation of E. coli D H 5 a  competent cells was carried 

out as recomrnended by the supplier (GIBCO BRL, Gaithersburg, 

Md) . To identif y Lf wbinding clones, transf ormants were 

replica plated ont0 nitrocellulose discs (Schleicher & 

Schuell, Keene, NH) and lysed in chloroform vapour. 

Nonspecific binding was blocked by incubation with TBS-1% 

BSA. Membranes were further incubated with 12'1-b~f as 

described in 4 . 3 . 7 .  

Restriction endonucleases, T4 DNA ligase, DNA 

polymerase 1 Klenow fragment and calf intestinal alkaline 

phosphatase were utilized according to the manufacturer's 

direct ions (Pharmacia Canada L t d . ,  Quebec, Canada) . 
DNA sequence was determined by the dideoxy-chain 

termination method of Sanger et al. (1977) on double-stranded 

plasmid templates by using a T7 Sequencing kit (Pharmacia 

Canada Ltd. ) . 



5 . 3 . 8  RNA a n a l y s e s .  

RNA w a s  isolated from E .  coli and S. u b e r i s  as 

described in 3.3.9, and Nor the rn  b l o t  analysis was carr ied 

out as described by Maniatis et al. (1989) . 



5 . 4  Results 

5.4.1 C l o n i n g  a n d  e x p r e s s i o n  of  t h e  lbp g e n e .  

A gene  l i b r a r y  w a s  c o n s t r u c t e d  i n  pTZ18R with 

chrornosomal DNA from S. uberis (su-1) . About 5000  

t r a n s f o r m a n t s  w e r e  i n i t i a l l y  s c reened  f o r  e x p r e s s i o n  o f  bLf 

b i n d i n g  p r o t e i n  ( L b p )  by  co lony  b l o t t i n g  w i t h  l Z 5 1 - b ~ f .  One 

colony w i t h  t h e  s t r o n g e s t  s i g n a l  and s i x  w i t h  weake r  s i g n a l s  

were selected and  used t o  make whole ce11 l y s a t e s ,  which were 

f u r t h e r  tested f o r  t h e i r  a b i l i t y  t o  b i n d  12'1-bI,~ u n d e r  non- 

r e d u c i n g  c o n d i t i o n s .  T h e  c l o n e  wi th  t h e  s t r o n g e s t  s i g n a l ,  E.  

cali pLBP5,  g e n e r a t e d  three major bands;  two o f  them h a d  

m o l e c u l a r  w e i g h t s  o f  1 6 5  a n d  76 kDa ( F i g .  5-1, l a n e  3)  which 

a r e  q u i t e  c l o s e  i n  s i z e  t o  t h o s e  of S. uberis ( l a n e  1 ) .  T h e  

band s l i g h t l y  l a r g e r  than 165  kDa c o u l d  be t h e  p r e c u r s o r  form 

w i t h  t h e  u n c l e a v e d  signal p e p t i d e .  No c o r r e s p o n d i n g  band was 

found from t h e  whole ce11 l y s a t e  of E .  coli pTZ18Rf t h e  h o s t  

s t r a i n  c o n t r o l  ( l a n e  2 ) .  The recombinant  Lbp w a s  a l s o  

d e t e c t e d  £rom t h e  p e r i p l a s m  and s u p e r n a t a n t  o f  E. c o l i  p L B P 5  

( l a n e  6 a n d  7 ,  r e s p e c t i v e l y )  , but n o t  from o u t e r  o r  i n n e r  

membranes ( l a n e  4 and 5, r e s p e c t i v e l y ) ,  i n d i c a t i n g  t h a t  t h e  

Lbp e x p r e s s e d  i n  E. coli DH5a was n o t  membrane- loca l ized ,  b u t  

i n s t e a d  it c o u l d  be secreted from t h e  c e l l .  

The p r e s e n c e  of free and  f u n c t i o n a l l y  a c t i v e  

recombinant  Lbp i n  t h e  ce11 l y s a t e  and  s u p e r n a t a n t  o f  E. coli 

pLBP5  w a s  also d e t e c t e d  by  perforrning cornpet i t  ive i n h i b i t i o n  



M.W. 1 2 3 

Figure 5-1. Expression o f  bLf-binding p r o t e i n s  i n  recombinant 
E. coli pLBP5. Al1 samples w e r e  analyzed under non-reducing 
c o n d i t i o n s  i n  7 .5% SDS-PAGE and t r a n s b l o t t e d  t o  a 
n i t r o c e l l u l o s e  membrane which was f u r t h e r  probed w i t h  "'1- 
labelled bLf. Lanes: 1, ce11 w a l l  of S. uberis; 2 ,  whole ce11 
l y s a t e  o f  E. c o l i  pTZ18R; 3 ,  whole ce11 l y s a t e  of E .  c o l i  
pLBP5; 4 ,  o u t e r  membrane of  E. coli pLBP5; 5, i n n e r  membrane 
of E. coli pLBP5; 6, p e r i p l a sm o f  E. c o l i  pLBPS; 7, 
supernatant of E. coli pLBP5 .  The molecular  mass standards 
(kDa) are indicated b y  arrows t o  t h e  left, and t h e  "'1-b~f -  
r e a c t i v e  bands are indicated b y  arrows t o  t h e  right. 



a s s a y s .  T h e  E. c o l i  pLBPS c e I l  lysate and s u p e r n a t a n t  mix tu re  

e f f e c t i v e l y  i n h i b i t e d  l Z 5 1 - b ~ f  b i n d i n g  t o  S. uberis cel ls  i n  

a dose-dependent  rnanner, w h i l e  s a m p l e s  from E. c o l i  p T Z 1 8 R  

d i d  n o t  (Fig. 5-2) . 
To d e m o n s t r a t e  whether  t h e  p r o t e i n  w i t h  a mo lecu la r  

w e i g h t  of 1 6 5  kDa was a d i m e r  o f  t h e  7 6  kDa m o l e c u l e ,  sarnples 

t r e a t e d  w i t h  2-mercap toe thanol  o r  u r e a  w e r e  ana lyzed  by 

Wes te rn  b l o t t i n g  u s i n g  r abb i t  a n t i s e r u m  a g a i n s t  t h e  

s u p e r n a t a n t  of E. c o l i  pLBP5 ( F i g .  5-3)  . Mercap toe thano l  

t r e a t m e n t  was shown t o  have  no effect  on t h e  e l e c t r o p h o r e t i c  

m o b i l i t y  of Lbp from e i t h e r  S. uberis o r  r ecombinan t  E. c o l i  

( l a n e  1, 2 and 4 ,  r e s p e c t i v e l y )  , w h i l e  u r e a - t r e a t m e n t  

r e s u l t e d  i n  d i s a p p e a r a n c e  of t h e  1 6 5  and  7 6  kDa bands and 

a p p e a r a n c e  of a new band w i t h  an  a p p a r e n t  m o l e c u l a r  weight of 

1 0 5  kDa ( l a n e  6 and 7 )  . T h i s  d a t a  i n d i c a t e s  that t h e  1 6 5  kDa 

p r o t e i n  is l i k e l y  a  d i m e r  o f  t h e  7 6  kDa s u b u n i t .  The dimer  

c o u l d  have  been d i s a s s o c i a t e d  by u r e a  t o  monomers which c o u l d  

be f u r t h e r  d e n a t u r e d  and  u n f o l d e d ,  r e s u l t i n g  i n  t h e  a p p a r e n t  

m o l e c u l a r  weight i n c r e a s e  from 76  kDa t o  1 0 5  kDa. A 

s i g n i f i c a n t  i n c r e a s e  i n  t he  a p p a r e n t  m o l e c u l a r  we igh t  of Tbp2 

f o l l o w i n g  urea-treatment h a s  b e e n  o b s e r v e d  i n  Neisseria 

meningitidis by o t h e r  r e s e a r c h e r s  (Vonder h a a r  e t  a l . ,  1 9 9 4 )  . 
Our d a t a  also i n d i c a t e s  t h a t  d i s u l f i d e  bonds a r e  n o t  

e s s e n t i a l  f o r  t h e  f o r m a t i o n  o f  t h e  o l i g o m e r .  



Iigute 5-2. I n h i b i t i o n  of  recombinant bLf -binding prote in  on 
1 2 S ~ - l a b e l l e d  bLf b i n d i n g  t o  S. uberis. Increas ing  amounts o f  
a mixture of supernatant (sup. ) and whole ce11 lysate (with 
equai volume) of  E.  coli pLBP5 (0 )  or E. coli pTZ18R (O )  were 
mixed with 10' cells and incubated w i t h  0 . 6 9  nM I Z S 1 - b ~ f  i n  0 . 2  
m l  volumes. I n h i b i t i o n  values were calculated a s  re la t ive  
percentage  of bLf binding t o  bacter ia  suspended in PBS-1% BSA 
i n  the absence o f  any E .  coli samples. 



Figure 5-3 .  IrrmiinoSlct anaiÿsf s of bLf-binSing p r o t e i n s  ir. - S. + -  a b e r i s  an& recû&i~a-ri-t E .  coli. Samples were anaiyzed in ; - 3 %  
SDS-PAGE anc  t ransferrec to a nitrocellulose rnemSrane whick 
wzs f u z t h e r  p r o b e c  w i t h  raSbit antiserun agc in s t  ?CA- 
p r e c i p i ~ a t e d  supernaïant  c i  E .  c o l i  pLBP5. Lanes: 1, c e l l  
wall of S. uberis; 2 ,  s u p e r n a t a n t  of E .  coli pLBF5; 3 ,  
su9erzatant 05 E .  cul2 pTZ18R; 4, whole ce11 lysate of E .  
coli pLBP5; 5, whole cell iysate of E. c o l i  pTZ183. Sainples 
fcr lane 1 to 5 were boilec for 5 zin 3 a sample b u f f e r  -. 
c ~ r i t a i n i ~ g  2-mercaptoethanol. Lane 6 and 7 are ce11 t r a u  
fraction of S. uberis zna supernaCant of E .  c o l i  p L 3 3 5 ,  
respect iveiy,  which w e r e  boiled for 30 min in c sam2le buf fez  
con ta in ing  3 M u rea .  The moleculaz mass standards ( k D a )  c r z  
inc ica tec  by a r r o w s  to che l e f t ,  



5 . 4 . 2  Nucleot ide sequence d e t e r m i n a t  ion  a n d  

analysis. 

T o  de te rmine  t h e  n u c l e o t i d e  sequence  of  the Lbp 

gene, each o f  t h e  HincII, HindIII, S a c I ,  SphI and XbaI 

fragments of  pLBPS (F ig .  5 - 4 )  was i n d i v i d u a l l y  c loned i n t o  

t h e  co r r e spond ing  s i t e  of pTZ18R. By us ing  u n i v e r s a l  a n d  

r eve r se  p r i m e r s ,  each fragment was sequenced i n  bo th  

o r i e n t a t i o n s .  Subsequent pr imers  w e r e  s y n t h e s i z e d  on t h e  

b a s i s  of s equence  informat ion t he r eby  o b t a i n e d ,  

Two open reading frames were found f rom pLBP5 (F ig .  

5 - 4 ) .  One w a s  the Lbp-encoding gene lbp, whose p resence  i n  

subclone pLBP5L r e s u l t e d  i n  a bLf-binding phenotype  (F ig .  5- 

5, l a n e  1) , The o t h e r  ORF on t h e  complementary DNA s t r a n d  was 

incomplete.  A GenBank da tabase  s e a r c h  showed t h a t  t h e  

presumed ORF gene product  had s i g n i f i c a n t  homology t o  t h e  

VirR and M r y  p o s i t i v e  r e g u i a t o r s  i n  group A s t r e p t o c o c c i .  

Thereby, this ORF was named mga' (Fig. 5-4) . The c lon ing  and 

sequencing of t h e  complete mga gene i s  p r e s e n t e d  i n  5 . 4 . 4 .  

T h e  lbp sequence con ta ined  t w o  p o t e n t i a l  

t r a n s l a t i o n  s t a r t  codons (ATG); bo th  of them, at p o s i t i o n s  

232 and 262 of the DNA sequence are a s s o c i a t e d  w i t h  p u t a t i v e  

Shine-Dalgarno sequences (Fig. 5-61 . These s t a r t  p o i n t s  would 

give p r o t e i n s  w i th  p r ed i c t ed  s i z e  o f  6 2 . 8 5 7  and 6 1 . 4 5 4 ,  

r e s p e c t i v e l y .  W e  have no evidence to i n d i c a t e  w h i c h  ATG i s  

used. N e v e r t h e l e s s ,  both of the p r e d i c t e d  s i z e s  a r e  

comparable t o  76 K D a  molecular weight shown on t h e  b l o t s  



Figuze 5-4. R e s t r i c t i o n  enzyme map of  lbp, p r o g r e s s i v e  
d e l e t i o n s  and summary o f  bLf b i n d i n g  d a t a .  Open boxes (p  
r e g i o n )  r ep re sen t  5' sequences c o n t a i n i n g  promoter  and 
ribosome binding site,  shaded boxes (s reg ion)  r e p r e s e n t  lbp 
sequences  encoding t h e  signal peptides, and ha tched  boxes 
r e p r e s e n t  t h e  lbp sequences cod ing  for the mature o r  
truncated p r o t e i n s .  RI and R201 (R r e p r e s e n t s  residue) 
i n d i c a t e  t h e  first codon of  the mature p r o t e i n  i n  pLBPS and 
t h e  t r u n c a t e d  p r o t e i n  i n  pTP51, r e s p e c t i v e l y .  Other  numbers 
i n d i c a t e  t h e  last codon of each p r o t e i n .  Restriction sites 
are p r e s e n t  on t h e  top  of the lbp. T h e  bLf binding a b i l i t y  o f  
each c l o n e  is shown on the r i g h t .  





rigurm 5-5. The analysis of bLf binding abilities of 
truncated Lbps produced in E. coli. Whole ce11 lysates ( w c l )  
of E .  c o l i  clones producing mature or truncated Lbps were 
resolved in 10% SDS-PAGE under non-reducing condition as 
described in Materials and Methods, and transferred to 
nitrocellulose. The btf binding ability of each protein was 
detected by probing the nitrocellulose membrane with 12'1-b~f . 
Lanes: 1, wcl of E. coli pLBPSL (complete lbp gene); 2 to 5, 
wcl of E. coli pTP31, pTP32, pTP33, pTP34 (3'  d e l e t i o n s )  ; 6 ,  
wcl of E. coli pTPS1 (5' d e l e t i o n ) .  Numbers on the  left o f  
t h e  figure indicate t h e  positions of the molecular weight 
markers (in thousands) , and the 12S~-b~f -reac t ive  bands are 
ind icated  by arrows t o  the right. 



TTATTTATTAATACGAGAAI~ACCTGTTTCCTTTTGGA~~~MCCA~~~~TMTCTCMTC 60 
-35 

T A G C A T T A T A T A G T G A T A A A A A C T C A T T T A T C A T T C A T T A T T T T T T T  12 0 
-35  -10 -10 

GTTGAGCTTTATTATCACGATAAACTAATATATACTMTTTTGTAGTTTCGAGUKCCT 1 8 0  
SD 

T T T A G C G T G T C T A A A A C G T T A T C A T T T C A G C T T T T T G C ~ C T M C ~ ~ A G ~  2  4 O 
M R K  3 

TTCTATTATAAGGAGAAGAAAATGGAAATCAAACAAAAACATGGCAAGCATGC~ 3 O O 
F Y Y K E K K M E I K Q K H G K H A L R  2 3  

TCTTAGCAGGGACAGCTTTCTCM~TTAGGAGGCTTCGC 3 6 0  
K A V T A A V L A G T A F S S L G G F A  43 
A G C A G ~ ~ c ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ f f i ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ T '  420 
G A V T T V K A E E F T D K Y Y P K M N  63 
T~~~ATGAA~~AGGATCTTTTGCGATTAAGCGCTGAAAGCAAAAAGGACGTTCCTGCA 480  

K M D E E D L L R L S A E S K K D V P A  83 
A T A C G A G M T T A T T A A A A A G A A T G A C T A C G G A A T C M T A C A C T A  5 4 0  

I R E L L K R M T T E S I H A L L V G L 1 0 3  
G A T T C T T C C C A C A T T T C T T A T A G T G M G A G A G T T C A T T T  6 0 0  

D S S H I S Y S E E S G F N N L L R K F 1 2 3  
GGGTCTATGMTAATGACGACCCTTCAGATTGGACTCATTATAAAAGTGGTGTTAGTTTA 6 6 0  

G S M N N D D P S D W T H Y K S G V S L l 4 3  
GCTTCTATMTTGTCCMC-AAGTMGMGTAGATTGAATGAAAAAGATGAACTTGATGAA 7 2 0  

A S  I I V Q E V R S R L N E K D E L D E 1 6 3  
CLAl 

G A A C T A T C T M C A A G A A A G A A G A A C T T C A G A A A C T A A C T G T A G C T T  7 8 0  
E L S N K K E E L Q K L T E K I E K T I l 8 3  

AAAGAAAAAGAGMTTTAAACAAAGAAATCACGGAAAAAAATTCTGAAATTTCTAAAATG 8 4 0  
K E K E N L N K E I T E K N S E I S K M 2 0 3  

A& b 1  
GAAGAGGMCTTAGTGAAAAAGAAAAAGAAATTGCAGAAAATAAAGMGAACTAGCAGAT 900  

E E E L S E K E K E I A E N K E E L A D 2 2 3  
B& LrCl 

GCTTTAffiTGAACTTTTTGATGCTGAGGAAACMTTGATllAAAAAGMGCTAAAGTTAAA 960  
A L G E L F D A E E T I D K K E A K V K 2 4 3  

GATTTAACTGAAAAATTAGATGCTTCTAGAAAAGMCATGAGGCACTTGCTAAAGAGTTT 1 0 2 0  
D L T E R L D A S R K E E i E A L A K E P 2 6 3  

GCAGAGTCTCAAAMGGTTATGAAAAAGAGTTAGCTGAGTTAûCTGATMCACACTGCTTTAGGTGM 1 0 8 0  
A E S Q K G Y E K E L A D K H T A L G E 2 8 3  

c d  CLA2 
GCTGAAAAACGTMTGCTGATTTAGAGGCTGGCMCAAAGAACTTAAAGAAAACTTAGM 1 1 4 0  

A E K R N A D L E A G N K E L K E N L E 3 0 3  
ATGGCTGMGGTATCTCTGATGACTTGCAGMGAAAGTCATGAAAGCAGMCAAGAGATG 1 2 0 0  

M A E G I S D D L Q K K V H K A E Q E M 3 2 3  
AAAGMCTTTCTGCACMTTAGMGM~GMGMCTTGAAACTGAAAAAGCTMG 12 6 0  

K E L S A Q L E E A K E E L E T E K A K 3 4 3  
& b 2  sacl -2 

TTAGCAGAGTCAGAAAAAGAAAATGCAAMCTGACCGZLAGMCGTGATGCTGCTMGAAA 1 3 2 0  
L A E S E K E N A K L T E E R D A A K K 3 6 3  

G M G C T G A A A A A G T T C C T G A A C T A G M G A A A T  1380 
E A E K V P E L E E Q V E K L V E E I T 3 8 3  

GCTGCTMGAAAGMGCAGMGAGCTTCMGCTAAAGCCGMGGCCTTGAAAAAGACTTT 1 4 4 0  
A A K K E A E E L Q A K A E G L E K D F 4 0 3  

c d  
GAAGCTGTTAAAGCAGAAAAAGAAGCCCTTGAAGCTGAAATTGCTAAATTGAAAGAAGAC 1 5 0  0  

E A V K A E K E A L E A E I A K L K E D 4 2 3  
C A C C A A A A A G A A G T G G A C G C T C T C M T G C A C T C C T T G C T G G  1 5  6  0  

H Q K E V D A L N A L L A D K E K M L K 4 4 3  
AACTTGCMGACCAGCTTGACAAAGCTAAAGMGAAGCTATGMGAACGAGCAAATGAGC 1 6 2 0  

N L Q D Q L D K A K E E A M K N E Q M S 4 6 3  



- . . 

S L M I G A G A F V Y A G K R K K G  561 
ATAACAAAffiACTTCCAGAAACTTTCCTAAAAAATTATTTTCTATTCATACTMGACAG& 1980 

AAACTCCCCCTACCATGAGGTAAGGGGAGTTTTATTACACTTMGGATMTAGGCAACT 2040 
T T 

Figure 5-6. Nucleotide and deduced amino acid sequences of 
Lbp. Nucleotides and amino acids are numbered on the right of 
the sequences. The deduced amino acid sequence is shown in 
the single-letter code below the nucleotide sequence. Two 
possible ATG start codons at positions 232 and 262, and the 
TAA stop codon at 1915 are shown in bold. Two putative -35 
and -10 promoter sequences and Shine-Dalgarno sequences (SD) 
are indicated. A putative rho-independent transcription 
terminator (T) is underlined. The double underline shows the 
presence of a putative signal peptide at the N-terminus of 
the ORF . The C-terminal hydrophobic trans-membrane domain is 
indicated by italics and the nearby surface anchor motif is 
shown by italics and double underline. The central repeated 
amino acid sequences are indicated by letter A, B, and C. 

(Fig. 5-1 and 5-3) . The reason for the discrepancy between 
the observed and calculated molecular weights of this protein 

is not clear. Posttranslational modification, such as lipid 

modification might have occurred and increased the apparent 

molecular mass in the SDS-PAGE determination. A similar 

difference observed in Gram negative bacteria has been 

demonstrated to be caused by protein lipid modification 

(Theisen et al., 1992; 1993) . 



The DNA sequence shows two putative -10 and -35 

promoter regions present at -88 and -102 f r o m  the first ATG. 

Downstream of Ibp there is a potential rho-independent 

transcription terminator (Fig . 5-6) . 
Analysis of the N terminus of the predicted 

sequence of Lbp showed amino acids characteristic of signal 

sequences (Simonen and Palva, 1993) (Fig. 5 - 6 )  . The features 
of the sequence are a positively charged N terminus r i c h  in 

K and R residues, followed by a hydrophobic domain from amino 

acids 25 to 48 (Fig. 5 - 7 )  and the signal peptidase cleaving 

site, VKA, at positions 49 to 50, where cleavage occurs after 

the A residue. The presence of this putative signal sequence 

indicates that the Lbp is exported across the cytoplasmic 

membrane of S. uberis. 

A search of the GenBank database revealed that the 

C terminus of the Lbp was highly homologous to the C terminal 

ends of streptococcal M proteins, plasminogen binding 

protein, f ibrinogen and IgG-binding proteins . It shows al1 
the general features well established for surface proteins of 

Gram positive cocci (Fischetti et al., 1991) . These features 
include a small cluster of four charged amino acids at the C 

terminus followed by a hydrophobic domain of 21 amino acids 

(Fig. 5-6 and 5-7) . Adjoining the hydrophobic domain is the 
consensus membrane anchor motif LPSTGD. The next region of 50 

amino acids is the ce11 wall-associated region characterized 

by a high proportion of proline and glycine (12%) . GenBank 



Turn 

Beta 
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Figure 5-7. Profiles of the secondary structures, charged residues and 
hydrophobicity of Lbp. The deduced amino acid sequence of Lbp was analyzed with 
the Novotny-Auf fray algorithm (Novotny, 1 9 8 4 )  . Plot s  marked Turn, Beta, and Alpha 
indicate  the potential  for beta turn-random coil, beta sheet, and alpha h e l i x  
formation, respectively. The +/- plot shows regions of the molecule with net 
positive (upper) and negative (lower) charges. The hydrophobicity (Hydro) plot 
shows the hydrophobie regions of the protein. The positions of the amino acids 
are shown on the horizontal axis. 



database searches aïs0 showed that Lbp is homologous to 

mammalian myosin heavy chain and kinesin heavy chain; it has 

48% and 46% overail sequence homology with these two 

f ibrillar proteins, respectively . 
The region beyond the membrane anchor motif and 

proline/glycine rich region contains three blocks of amino 

acids which were found to have their corresponding interna1 

homologies (Fig. 5-61.  The Al block contains 52 amino acids 

which is homologouS t0 A2 block; BI block containing 13 amino 

acids is homologous to B2 block; and the 59 amino acid- 

constituted Cl block is homologous to C2 block. 

Analysis of the secondary structure of the 

translated protein showed an extensive a-helix region 

stretching f rom the proline/glycine-rich region to the B- 
sheet and turn region near the cleavage site of the signal 

sequence ( F i g .  5-71 . 

5.4.3 Localization of the Lf-binding domain of 

L b p  . 
To localize the Lf-binding domains of Lbp, gene 

deletions were constructed (Fig. 5-4)  . 3' deletions pTP31, 

pTP32, pTP33 and pTP34 were generated at the restriction 

enzyme sites HincII, S t u I ,  XbaI and XmnI of pLBPSL. A 5' 

deletion pTPS1 w a s  constructed by removing the 643 bp 

HindIII-XbaI fragment of pLBPSL. Al1 these deletions 

contained the lbp promoter. The resulting truncated Lbps were 



produced i n  E. c o l i  a n d  were visualized a f t e r  SDS-PAGE, 

transfer t o  n i t r o c e l l u l o s e ,  and r e a c t  i o n  w i t h  s p e c i f  ic  rabbit 

antiserum o r  " 5 ~ - b ~ f .  A l 1  the samples  were tested u n d e r  non- 

reducing c o n d i t i o n s  i n  these e x p e r i m e n t s .  I n  F i g .  5-5, the 

analysis of t r u n c a t e d  Lbps u s i n g  ' 2 5 ~ - b ~ f  is shown, and  the 

bLf  b i n d i n g  r e s u l t s  are summarized i n  F i g .  5 -4 .  L i k e  f u l l  

l e n g t h  Lbp (F ig .  5 - 5 ,  l a n e  11, t r u n c a t e d  p r o t e i n s  from E. 

c o l i  pTP31, pTP32 and pTP33 c o u l d  b ind  bLf i n  both m o n o m e r i c  

and d i m e r i c  forms ( l a n e  2 ,  3 and 4 ,  r e s p e c t i v e l y )  . Some 

degradation p r o d u c t s  from t h e s e  c l o n e s  a l s o  p o s s e s s e d  b i n d i n g  

ability. N o  band was found f r o m  E. c o l i  pTP34 o r  pTP51 ( l a n e s  

5 and  6,  r e s p e c t i v e l y ) .  T h i s  d a t a  i n d i c a t e s  t h a t  the p r i m a r y  

domain of Lbp invo lved  i n  t h e  b i n d i n g  of b L f  r e s i d e s  i n  a 22- 

kDa N-terminal f ragment .  

5 . 4 . 4  Clon ing  and sequenc ing  of t h e  comple te  mga 

gene  . 
As described i n  5 . 4 . 2 ,  t h e  p l a s m i d  pLBP5 c o n t a i n e d  

an i ncomple te  gene,  mgaf , i n  a d d i t i o n  t o  lbp. The pLBP5 

rnolecule  w a s  i n v e r t e d  t o  pLBPSi (F ig .  5 - 8 )  for convenience  of 

description. 

To o b t a i n  t h e  comple te  mga gene ,  a 991 bp S t y I  

fragment f rom mgaf was r a d i o a c t i v e l y  ("P) l a b e l l e d  as a probe 

( V P ~  i n  Fig. 5-8) and u s e d  t o  s c r e e n  a S. uberis gene 

l i b r a r y .  A p o s i t i v e  E. c o l i  DH5a c l o n e  w a s  o b t a i n e d  a n d  t h e  

r e s t r i c t i o n  enzyme map of  t h e  p la smid  pMGA14 i s  shown i n  F ig .  



Figure 5-8. Construction of pMGA14F f rom pLBPSi and pMGA14. 
pMGA14F was generated by i n s e r t i n g  the 1.5 kb SphI-NheI 
fragment of pLBPSi i n t o  the SphI and NheI sites of pMGA14. 
L i n e s  indicate  S. uberis  DNA, w h i l e  t h e  box represents the 
multiple cloning sites of vector pTZ18R.  The probe fragments 
used f o r  Southern or Northern b l o t  experiments are ind icated  
by the hatched bars. The arrows indicate the locations of the 
open reading frames of lbp, mga' and mga. 





5-8. To d e t e r m i n e  the n u c l e o t i d e  sequence of pMGA14, each of 

the BamHI, HincII, HindIII and KpnI r e s t r i c t i o n  fragments of 

pMGAl4 ( F i g .  5-8) was i n d i v i d u a l l y  c l o n e d  i n t o  the 

c o r r e s p o n d i n g  s i t e  of pTZl8R and sequenced  f rom b o t h  

o r i e n t a t i o n s  u s i n g  u n i v e r s a l  and  r e v e r s e  p r i m e r s .  Subsequent 

p r i m e r s  were s y n t h e s i z e d  on the basis o f  s e q u e n c e  i n f o r m a t i o n  

t h e r e b y  o b t a i n e d ,  pMGAl4 c o n t a i n e d  the c o m p l e t e  ORF of  Mga. 

However, t h e  a s s o c i a t e d  promoter  r e g i o n  w a s  n o t  p r e s e n t .  

S i n c e  t h e  1.5 kb SphI-NheI fragment o f  pLBPSi c o n t a i n e d  t h e  

m a j o r i t y  o f  t h e  5' r eg ion  of t h e  mga' a n d  t h e  comple te  

p r o m o t e r  r e g i o n ,  it was i n s e r t e d  i n t o  t h e  SphI and NheI s i t e s  

of  pMGAl4 t o  g e n e r a t e  pMGAl4F which t h e n  c o n t a i n e d  t h e  

comple te  mga g e n e  i n c l u d i n g  the promote r  ( F i g .  5-8) , 

T h e  sequence  of a 3558 bp DNA f r agmen t  o f  pMGA14F 

is  p r e s e n t e d  i n  F i g .  5-9. S t a r t i n g  at t he  ATG i n i t i a t i o n  

codon a t  n u c l e o t i d e s  361-363 and  t e r m i n a t i n g  a t  a TAA codon 

a t  nucleotides 1858-1860, t h e  deduced gene p r o d u c t ,  Mga, is 

compr i sed  o f  499 amino a c i d  r e s i d u e s  with a c a l c u l a t e d  

molecular weight o f  5 8 , 4 5 4  Da, The N terminus o f  Mga lacks 

t h e  f e a t u r e s  of  s i g n a l  peptides as described (Simonen and 

Palva, 19931, s u g g e s t i n g  t h a t  it is  a c y t o p l a s m i c  p r o t e i n .  

P r e c e d i n g  t h e  s t a r t  codon of mga i s  a p u t a t i v e  ribosome 

b i n d i n g  site AGGAGA. Sequences r e s e m b l i n g  t h e  -35 and -10 

p romote r  m o t i f s  have also been identifie& 



Figure 5-9. Nucleotide and deduced amino acid sequences o f  
Mga and ORFs a f t e r  Mga. Nucleotides and amino a c i d s  are 
numbered on the right of t h e  sequences. T h e  deduced amino 
ac id  sequence is shown i n  the s i n g l e - l e t t e r  code below t h e  
nucleot ide  sequence. Poss ib le  ATG s t a r t  codons are shown i n  
bold and the s t o p  codons are indicated  by "*" .  Putat ive  -35 
and -10 prornoter sequence and Shine-Dalgarno sequence (SD) 
are indicated. 



TTGCCATGTTTTTGTTTGATTTCCATTTTCTTCTCCTTATTAGTTTTCTCATTTTG 60  
TTAGTTTTTGCAAAAAGCTGAAATGATAACGTTTTAGAaCmTWaGCTTCTCGM 1 2 0  
ACTACAAAATTAGTATATATTAGTTTATCGTGATMTAAAGCTCAACTTTTTAATTTTTA 1 8 0  
TTTAAAATAATGAATGATAAATGAGTTTTTATCACTATATTGCTAGATTGAGATTATT 2 4 0  

-35 - 1 0  
T C C T G G T T C C T C C A A A A G G A A A C A G G T T T T C T C G T A T T A A G T T G  300  

MGTACCCTATCACATCATMTCATTGACCGATTCTTGGTCCATATTMGGAGATCCG 3 6 0  
SD 

ATGTATATCAAACAAAACCTTTTTTCCAATCAGCAATTACGCGGCCTCAAACTGGCCGTT 420 
U Y I K Q N L F S N Q Q L R G L K L A V  20  

CTCTTGAACCATGGTGAGGMCCTTGTGACTA~CTCACATTTGCCGGCACTTGCACTGT 480 
L L N H G E E P C D Y T H I C R H L H C  4 0  

TCCTTTTTAACCTTGCAAACAGAGATTGCGCATTTGGCTTCCTTTGGAGMGTTCGGGCT 540  
S F L T L Q T E I A H L A S F G E V R A  60  

CTCCCTTATGTGGMCCCCATTTGGAAGTTCAGTACCGACCGGMTTTGGTCCACAAAAA 600  
L P Y V E P H L E V Q Y R P E F G P Q K  8 0  

TTGTTTCMTCCATCTTAAATGAGACCCCCTCGATGCGCTTGGTGGMGCCCTCTTTTAT 660  
L F Q S r L N E T P S M R L V E A L F Y 1 0 0  

MTGACTTTGACTCTTTAGMGMCTGGCGGMGCTCTTTTTACCAGCTTATCTACTTTA 720  
N D P D S L E E L A E A L F T S L S T L 1 2 0  

AAACGGCTGATTMGCGTACCMTGTTTATTTACAGTTGGGGTTTAATTGCGTGATTAAC 7 8 0  
K R L K R T N V Y L Q L G F N C V N 1 4 0  

GTTCGATCGGTACGCATTGTTGGTCCTGAGCACTCAGTTCTTTCTATTTGTAC 8 4  0  
v R S V R I V G P E H S V R L L Y L K Y ~ ~ O  

TTTACCGAAGTCTACGACTACTATGCTTGGCCATTGGCCATTCTTAGATAGTATCMCGAGATTGCT 900  
F T E V Y D Y Y A W P F L D S I N E I A 1 8 0  

CTGACAAGCTTGGTAGATGTGACMCCAGTAAGTTCTCTCATCGGGTGACGCACTCGCTT 960  
L T S L V D V T T S K F S H R V T H S L 2 0 0  

TTTGCCTACTTGAAAATCATGAGCGCGGTCAATCTGATCCGTTTTTCCNSTTATCGT 1 0 2 0  
F A Y L K I M S A V N L I R F S K G Y R 2 2 0  

GTTMTGMGTCTACCCGCGCAGCTGTTCCCTTTATGAAN~GCTTMGAGGATCCGACT 1 0 8 0  
V N E V Y P R S C S L Y E K L K E D P T 2 4 0  

T l ' T C T G C A T C T T T C C G M C T C T T T T G G C G T G G C A  1 1 4 0  
F L H L S E L F W R D F G K P L D Q V A 2 6 0  

TTGTCGGAGATGTTTTCGACTTATTTTCGTCMGACTATTTTTCGAGTTT 1 2 0 0  
L S E M F S T Y F R Q D L I L N A E L D 2 8 0  

CGGCAAAACACGGATMGGMGTTGAGGGGGTGACCTATGAGGACATGCTTGAGACTTTG 1 2 6 0  
R Q N T D K E V E G V T Y E D H L E T L 3 0 0  

GAGGGGATTGAAAATCGTTTCGGGATGGTCATGGTCATTGCTMTAAGTCGGAAATCAGTCTCTG 1 3 2 0  
E G I E N R F G M V I  A N K S E I S L L 3 2 0  

ATTTACAATGCCTTGATTTTAAAAGAGCATGA~TGATATCTTGCTTTTTTTTATAC 1 3 8 0  
I Y N A L I L K E H D  I Y E N F L V Y D 3 4 0  

TACCGAGAGCCATATATTGCCTACTTTMGA~GTTATCCTA~TTTTAGA~CTTT 1 4 4 0  
Y R E P Y I A Y F K D S Y P R L L E A F 3 6 0  

CAGGAGGCTTTGTCAKCCCTTTTAAAGCCMGGGCGTGGAGCTAGCCAAAGAAAGGCAG 1 5 0 0  
Q E A L S A P F K A K G V E L A K E R Q 3 8 0  

MCCACTTGCTCTACATTTTGTTGGTCAATTGGGACAATCTTTTCTTCCACATTAGCCGT 1 5 6 0  
N H L L Y I L L V N W D N L F F H I S R 4 0 0  

GCTATTGATMKAAAAGGTCTTGGTGGTGGAAAA~CCTGCMTTCCGGTCAGTTT 1 6 2 0  
A I D K Q K V L V V E K G T C N S G Q F 4 2 0  

T T A A T T G C T T A T G C C G G T C A G T A C T T T G A C A T T C T T G A T  1 6 8 0  
L I A Y A G Q Y F D I A I H E H H Q I D 4 4 0  

ATGCACMGATCAAAGAGGAGTACGATGTGGTGTTGTTGACWACCAGACCTTAGMGTaTA 1 7 4 0  
H H K I K E E Y D V V L T D Q T L E V V 4 6 0  

GATGGTGTCGACATCATCTACTTTAGCCAGCTAGTGCCMGCATCGCCTTGGAAAAACTG 1 8 0 0  
D G V D I f Y F S Q L V P S I A L E K L 4 8 0  

MCAAGTTCCTCAAGAAAAAAATTCAGMGCATTTCTTAGAAGAACCGMGGMGAATM 1860 
N K F L K K K I Q K H F L E E P K E E * 4 9 9  

ACCAAAGCTTTGTCAGTGACTAAATAACCCTTTACCTTMGATTTTTTCCTKUTTW 1920 
GGTCGGATMGAAAACCATTTCATAAAAAATTGAGGGCATCTCTTGGGTCAGAGGCTAGT 1 9 8 0  
CTTTATGCTATMTATTTGGTATGGATATGGATAAAATCATTAAATCAATCTCAGAAACAGCTCTT 2 0 4 0  



T T A G A G C C T T T G T T C T T G A C A G C A C A C A G A C T G T G G A C A T C G G C A C C  2100 

CCTTATCATCTTCGACAGTAGCCCTTGGCCGCACCCTCATTGCCAATCAAATCTTAGCGG 2160 

TCGACATCAAAAAAACAGCCACCGGTGAGGTCTTGGTTGGACCTTTTA'PGGGCAATGGCC 2340 
M G N G  4 

ATTTTGT~CAATTATTGACTATGGTACCGGCMTCCCTACACTTCCCACCATT 2400 
H F V T I I D Y G T G N P Y T S T T P L  24 

TTACAGGTGAAATTGGGGMGACTTTGCCTATTATTTGACAGMTCTGMCAGACACCAT 2460 
I T G E I G E D F A Y Y L T E S E Q T P  44 

CTGCTGTTGGCCTTMCGTTCTCTTAGACGAGGAAGACAAGGTTAAAGTGGCTGGTGGGT 2520 
S A V G L N V L L D E E D K V K V A G G  64 

TTATGGTGCAAGCCTTACCGGGAGCTTCTGMGMGAAATCGCCCGTTATG~CGCC 2580 
F M V Q A L P G A S E E E I A R Y E K R  84 

TGCAAGAAATGCCTGCCATTTCGACACTCTTAGCTGC:TGMGACCCMGTGATCCTCT 2640 
L Q E M P A S T L L A A E D P S D A L  104 

TGGCTGCCATCTATGGGGATGMGGCTATAAACGCCTGTCTGMGACAGCTTGAGTTTCC 2700 
L A A I Y G D E G Y K R L S E D S L S F  124 

AGTGTGACTGTTCAAAAGACCGTTTTGAGTCAGCTCTCATGAGCTTACCAAATACGGATT 2760 
Q C D C S K D R F E S A L M S L P N T D  144 

TACMGACATGATTGACCAGGAC~TGGTGCAGAAATCATCTGCCAGTTCTGTCAGACAC 2820 
L Q D M X D Q D H G A E I ~ C Q F C Q T  1 6 4  

GCTATCAGTTCTCAGMGACGACTTGAAAGGGATTATCM~C~XTTMTTCTTCC 2880 
R Y Q F S E D D L K G I I N D K A *  181 

M T K L N S S  7 
TTTATGATTGGGMCGTGGAGATTCCCCATCGTACTGTTTTACCCTATCTA 2940 

F M I G N V E I  P H R T V L A P U A G V  27 
A C C M T T C G G C C T T C C G G A C C A T T G C T A A G G A G T T T G G C  3000 

T N S A F R T I A K E F G A G L V V M E  47 
ATGATTTCCGAAAAAGGCCTCCTTTACAACUTG~~AAAAACCTTACACATGCTCCACATT 3060 

M I S E K G L L Y N N E K T L H M L H I  67 
M K K P Y T C S T  9 

G A T G A A A A C G A A C A C C C A A T G T C T A T T C A G T T G T T T C  3120 
D E N E H P H S I Q L P G G D A E G *  8s 

L H K T N T Q C L F S C L G E M P K V K  29 
GAGCGGCAGACTTCCATTCAAACCMCACCAAGGCAGATATTGTCGATATTTA 3180 
T S G R L P P K P T P R Q I L S I L I W  49 

M G  2 
TGCCCGGTCAATAAAGTGGTTAAAAATGAAGCTGAAGCTGGGGCCAAATGGCTTCGTGACCCAGAT 3240 
G A R S I K W L K H K L G P N G F V T Q  69 

C P V N K V V K N E A G A K W L R D P D  22 
AAAATCTACCACATTGTTTCGGMGTGACTTCTGTTTTAGACATTCCCTTGACCGTTMG 3300 
I K S T T L F R K *  78 
K I Y H I V S E V T S V L D I P L T V K  42 

A T G C G T A C A G G G T G G G C A G A T A G T T C A C T G G C T G T T G A G A T C  3360 
M R T G W A D S S L A V E N A L A A E S  62 

GCTGGGGTGTCAGCCCTTGCCATGCATGGGCGTACCCGTGMCTGTACACCC 3420 
A G V S A L A M H G R T R E Q M Y T G T  82 

TGTGACCACGAAACCTTGGCACGTGTTTCGAAGGCCATTACGAAAATTCCATTTATCGGT 3480 
C D H E T L A R V S K A I T K I P F I G 1 0 2  

MTGGTGATGTGCGTACGGTTCAGGACGCGAAATTTATGATTGAGGAAATCGGAGTTGAC 3540 
N G D V R T V Q D A K F H I E E I G V D 1 2 2  

GCTGTCATGATCGACTCT 3558 
A V M I D S  128 



A s e a r c h  of  the GenBank d a t a b a s e  r e v e a l e d  that t h e  

deduced p r o t e i n  o f  mga h a s  3 4 %  o v e r a l l  sequence i d e n t i t y  t o  

t h e  V i r R  and Mry p r o t e i n s  (Chen et a l . ,  1993 ;  Pe rez -Casa l  e t  

a l . ,  1991). S t u d i e s  h a v e  showed t h a t  t h e s e  p o s i t i v e  

r e g u l a t o r s  of  group A s t r e p t o c o c c a l  M p r o t e i n s  c o n t a i n  helix- 

t u r n - h e l i x  DNA b i n d i n g  domains,  and it is b e l i e v e d  that via 

t h e s e  domains, t h e  r e g u l a t o r s  may i n t e r a c t  d i r e c t l y  w i t h  

s p e c i f  i c  DNA s e q u e n c e s  to i n f l u e n c e  t r a n s c r i p t i o n a l  a c t i v i t y  

(Chen e t  a l , ,  1 9 9 3 ;  Perez-Casa1 e t  a l . ,  1991) . Attempts to 
i d e n t i f y  a  s i m i l a r  DNA-binding domain w i t h  v i s u a l  i n s p e c t i o n  

and a n a l y s i s  w i t h  PCGENE s o f t w a r e  f a i l e d  t o  detect such  a 

mot i f  i n  Mga o f  S. uberis. However, a r e g i o n  a t  amino a c i d  

r e s i d u e s  1 0 6  to 125 ( F i g .  5-9) showed 9 0 %  i d e n t i t y  t o  t h e  

sequence  of the DNA-binding domain o f  VirR49 ( P o d b i e l s k i  et 

a l  ., 1995) . 
F o l l o w i n g  mga, there are four more O R F s  w i t h  181, 

85, 78 and 128 amino acid residues, r e s p e c t i v e l y  ( F i g .  5-9) . 

S i n c e  no s i g n i f i c a n t  sequence  a l ignment s  w e r e  f o u n d  from 

GenBank, no more d i s c u s s i o n  w i l l  be given on t h e s e  ORFs.  

5 . 4  - 5  Northern  b l o t  a n a l y s i s  o f  t h e  lbp and rnga 

t r a n s c r i p t s .  

T o  a n a l y z e  t h e  lbp and rnga t r a n s c r i p t s ,  RNA was 

p r e p a r e d  from S. uberis (su-1) , E. c o l i  DHSa(pLBP5) , E. c o l i  

DHSa(pLBP5L)  , E. coli DHSa(pMGA14F) and E. coli DHSa (pTZ18R) , 

and used f o r  t w o  Northern blots (F ig .  5-10 A and B) . Blot A 



( F i g .  5-10 A) w a s  probed w i t h  the 1 . 5  kb  HindIII-HpaI 

i n t e r n a l  f ragment  o f  lbp (LP1 i n  Fig. 5-11) . A 2 . 0  k b  band 

w a s  s e e n  i n  lanes c o n t a i n i n g  RNA f rom S. uberis, E .  coli 

DHSa(pLBP5) a n d  E. c o l i  DH5a (pLBP5L)  ( F i g .  5-10 A, l a n e  1, 2 

a n d  3, r e s p e c t i v e l y ) ,  b u t  was a b s e n t  i n  l a n e  4 which 

c o n t a i n e d  RNA from E. coli DHSa(pTZ18R) . T h i s  d a t a  i n d i c a t e s  

t h a t  o n l y  one major  t r a n s c r i p t  w a s  g e n e r a t e d  by  lbp i n  

r e c o m b i n a n t  E. c o l i  a s  w e l l  as i n  n a t i v e  S. uberis. B l o t  B 

( F i g .  5-10 B) was probed w i t h  t h e  1 . 0  kb NcoI-NheI i n t e r n a l  

f r a g m e n t  of  rnga (VP2 i n  F i g .  5-8) . A 1 . 8  kb band  was seen  i n  

lane 2 and  3 which c o n t a i n e d  RNA' f rom E .  coli D H S a  ( p L B P 5 )  

a n d  E. coli DHSa(pMGA14F), r e s p e c t i v e l y .  N o  b a n d  was found  

f r o m  S. uberis and  E. coli DHSa(pTZ18R) RNA samples (lane 1 

a n d  4 ,  r e s p e c t i v e l y )  . The rnga and mga' genes were t r a n s c r i b e d  

i n  r ecombinan t  E. c o l i ,  and  t h e  s t o p  codon of  the v e c t a r  must 

h a v e  been  u t i l i z e d  d u r i n g  t h e  t r a n s c r i p t i o n  of mga ' gene . 
However, there i s  no e x p e r i m e n t a l  e v i d e n c e  t o  p r o v e  whether  

t h e  a b s e n c e  o f  a v i s i b l e  h y b r i d i z a t i o n  band f r o m  S. uberis 

was d u e  t o  t h e  low q u a n t i t y  o f  the gene t r a n s c r i p t  o r  t h e  

i n a c t i v i t y  o f  the mga gene.  C l e a r l y ,  t h e r e  w a s  n o  d o u b t  abou t  

t h e  quality of S. uberis RNA, since t h e  same b a t c h  of RNA 

sample worked w e l l  when p r o b e d  with lbp. 



Figure  5-10. Northern b loc  analysis of ,WA f r r m  S. u b e r i s  azc! 
recom5ina-ri-t E .  coli clones. A, the o r i g h  or'  tne probe ( L E )  
is inaicateà ir! Fig, 5-11 - Larre  1, 2, 3 cnd 4 are =A samples 
f rorn su-1, E .  coli D H 5 a  (pLSPS),  E .  coli 3XSa(pLBoSL)  a,nc E .  
coli DH5a(pTZI8R), respectively. 3, the o r i g i z  of zhe probe 
( W 2 )  is i nd ica ted  in Fig. 3-8- Lone 1, 2, 3 and  4 are AwA 
samsLes f ro rn  su-1, Z. coli 9,ri5a(pL3?5) , E .  coll D E 5 a  (pEGA14F) 
2nd E. coli DE5a  (pTZI8R) , reçpectively . The arowhecds 
i n d i c a t e  t he  p o s i t i o n  anà size cf the nybridizing bands. 



5.4.6 Southern blot analysis of the lbp and mga 

distribution in S. u b e r i s  strains. 

A collection of S. u b e r i s  including 5 ATCC strains 

and 42 field isolates (Table. 5-1) was used in Southern 

hybridization experiments. Chromosomal DNA was prepared and 

digested with the restriction endonuclease H i n d I I I  and 

separated on agarose gels. To analyze the lbp gene 

distribution, a 1.5 kb HindIII-HpaI fragment which contained 

the most DNA sequence from the region encoding LBp (LP1 in 

Fig. 5-11)  was used as a probe. This probe hybridized with 

DNA from 42/47 strains (Fig. 5-12 and Table 5-1)- This result 

meant either that lbp shared a region of homology with most 

of the S. uberis strains or that among these strains, there 

were different regions of the l b p  gene homologous t o  the lbp 

T a b l e  5 - 1 .  S .  u b e r i s  strains and D N A  hybridization with LP 
and VP probes 

Probe 
Strain Sourcea 

LP1  LP2 LP3 LP4 vE'3 

ATCC9927 3 . 4 0 b  3 . 4 0  3 . 4 0  
ATCC13386 -c - - 
ATCC13387 3 . 6 0  - - 
ATCC19436 2 - 7 0  - - 
Chirino 93-1869 - - - 
Chirino 93-2017 - - - 
Chirino 93-8678-2 4.40 - - 
Chirino-S. uberis 5 . 0 0  - - 
ATCC27958 3 . 8 0  - - 
Greenfield 93-4997 3 . 2 0  - - 
Greenfield 93-4997 3 - 2 0  - - 



Table 5-1. (con t  i nued )  

Probe 
S t r a i n  Sourcea 

LP1 LP2 LP3 LP4 w3 

Leduc 
Leduc 
A l i x  
Magrath 
Ohaton 
Winf i e l d  
Not known 
Gibbons 
Ardrossan 
Not known 
DaPP 
Thorsby 
Ponoka 
Warburg 
Leduc 
F o r t  MacLeod 
Sherwood Park  
Barrhead 
Wainwright 
Tof i e i d  
Barrhead 
Barrhead 
Medicine H a t  
Ponoka 
Ponoka 
Ponoka 
Ponoka 
M i l l e t  
Lacombe 
Daysland 
Ohaton 
Ohaton 
Didsbury 
Didsbury 
Didsbury 
Didsbury 

" A l 1  s t r a i n s  a r e  f i e l d  i s o l a t e s  excep t  f i v e  ATCC (American 
Type C u l t u r e  C o l l e c t i o n )  s t r a i n s .  

"Sie of  h y b r i d i z i n g  fragment  ( i n  k i l o b a s e )  . 
Lack o f  h y b r i d i z a t i o n ,  



Figure 5-11. Probes u s e d  in hybridization analysis and 
structure of Lbp. The structure of Lbp (on t h e  top) is 
c o n s t r u c t e d  from the DNA s e q u e n c e  analysis. T h e  signal 
peptide, p r o l i n e  rich r e g i o n  a n d  transmembrane domain are 
i n d i c a t e d  by S,  P r o  and TM respectively. The A, B and C 
repeac  reqions are also shown. P robes  used i n  hybridizatioz 
are indicated by the hatched bars below t h e  map. 



Figure 5-12. Socthern b l o t  anelysis of the Ibp distri5uticz 
i n  S -  uberis strairis. T h e  o r i q i n  of the probe ( L P l )  is 

S C .  indicated rn zig. 5-11, Cnromosomal 3NA frorn each S. u b e r i ç  
s t r a i n  was c u t  w i t h  HindIII. Numbers on the top a re  S .  uberis 
s t c a i n  numbers, Malecular weight standara (in kb) is l abe l l ec  
on the left. T h e  s i z e  of each hybriaizing band is l i s t ed  Lz 
T c b l e  5-1. 



p r o b e .  To  l o c a t e  t h e  homologous  r e g i o n  ( s )  more speci fical l y ,  

chis Ibp p r o b e  was su~divided i n t o  s m a l l e r  s e g z e n t s  (Fiq. 5- 

11) . Two probes, the 6 4 3  b p  HindIII-XbaI f ragment  ( L P 2 )  a n d  

t h e  437  bp XbaI-StuI f r a g m e n t  ( L P 3 )  c o v e r i n g  t%e N-terminal 

a n d  c e n t r a l  p o r t i o n  o f  the c o d i n g  r e g i o n  i n  t h e  Ibp gerie 

r e s p e c t i v e l y  h y b r i d i z e d  o n l y  with su-1, t h e  s t r a i n  f rom which 

the l b p  gene was o r i g i n a l l y  c l o n e d ,  whereas  t h e  4 0 9  bp S t u I -  

HapI f r agmen t  f rom t h e  C - t e r m i n a l  r e g i o n  ( L P 4 )  h y b r i d i z e d  

w i t h  a l 1  t h e  s t r a i n s  t h a t  w e r e  h y b r i d i z e d  b y  p r o b e  L P 1  (Table 

5 - 1 )  . It a p p e a r s  t o  be c lear  t h a t  t h e  r e g i o n  o f  t h e  lbp gece 

encompass ing  t h e  c o d i n g  s e q u e n c e s  f o r  part of t h e  C r e p e a t ,  

t h e  p r o p o s e d  w a l l  a t t a c h m e n t  r e g i o n  a n d  t h e  membrane a n c h o r  

is conserved among S. uberis s t r a i n s ,  w h i l e  t h e  r e g i o n  

e n c o d i n g  the N- te rmina l  p o r t i o n  is of great  v a r i a b i l i t y  . T h e  

d i v e r s i t y  i n  sizes o f  chromosomal r e s t r i c t i o n  f r a g m e n t s  from 

t h e  d i f f e r e n t  s t r a i n s  t h a t  h y b r i d i z e d  w i t h  t h e  lbp p r o b e s  

would i n d i c a t e  some degree o f  r e s t r i c t i o n  s i t e  h e t e r o g e n e i t y  

( a  d i f f e r e n t  l o c a t i o n  f o r  HindIII s i t e )  among t h e s e  s t r a i n s .  

The appearance of m u l t i p l e  bands  of s t r a i n  4 4  o n  t h e  b l o t  

( F i g .  5-12)  was caused b y  i n c o m p l e t e  DNA d i g e s t i o n ,  s i n c e  

further purified DNA showed o n l y  o n e  h y b r i d i z a t i o n  band i n  

e a c h  s t r a i n  ( d a t a  n c t  shown)  . 
I n  o r d e r  t o  study whe the r  there was a  mga-related 

gene i n  o t h e r  S. uberis s t r a i n s ,  the p r e v i o u s  blot (Fia. 5 -  

1 2 )  w a s  s t r i p p e d  and r e p r o b e d  with a 5 7 2  bp HindIII f ragment  

t h a t  encompassed the 5' r e g i o n  o f  the mga gene ( V P 3  i n  Fig. 



5 - 8 ) .  Hybridization was d e t e c t a b l e  Ln a l 1  S. uberis s r r a i n s  

thac showed h o m o l ~ g y  wich t h e  lbp gene ( F i g .  5-13 and Table 

5-11  . Because o f  t h e  p r e s e n c e  o f  background  Bands c a ~ s e d  by 

i n c m p l e t e  s t r i p p i n g  ( F i g .  5-13) , the s p e c i f i c  band whict. 

reacted with the m g a  p r o b e  i n  each strain w a s  l is ted i n  Tab le  

5 . 6  Discussion 

The L b p  gene of S. uberis was c l o n e d  i n  E. c o l i  

a f t e r  s c r e e n i n g  a  gene l i b r a r y  by co lony  b l o t t i n g  w i ~ h  "'1- 

bLf . E, coli t r a n s f o r m a n t s  p r o d u c e d  f u n c t i o n a l l y  a c t i v e  bLf- 

b i n d i n g  p r o t e i n s  w i t h  m o l e c u l a r  w e i g h t s  o f  7 6  kDa a n d  1 6 5  

kDa, s i m i l a r  t o  t h o s e  o f  n a t i v e  S. uberis. C o n s i d e r i n g  t h e  

o n e - a f f i n i t y  b i n d i n g  phenornenon of bLE with S. uberis 

(chapter 4 ) ,  w e  wondered w h e t h e r  t h e  1 6 5  kDa p r o t e i n  was a 

d imer  of t h e  76  kDa m o l e c u l e .  Trea tment  w i t h  t he  r e d u c i n g  

r e a g e n t  P -mercap toe thano l  d i d  n o t  have a n y  effect on t h e  

m o b i l i t i e s  o f  these p r o t e i n s ,  i n d i c a t i n g  t h e  a b s e n c e  of  

d i s u l p h i d e  bridges i n  t h e  p r o t e i n  s t r u c t u r e .  T h i s  w a s  

c o n f i r m e d  after the s e q u e n c i n g  data was a v a i l a b l e ;  t h e r e  are 

no a p p r o p r i a t e  c y s t e i n e  r e s i d u e s  w i t h i n  this p r o t e i n .  A f t e r  

b o i l i n g  f o r  30 a i n  i n  t h e  p r e s e n c e  of 3 M u r e a ,  p r o t e i n s  were 

corr.pletely d e ~ a t u r e d .  T h i s  t reatrnent  r o s u l t e d  F F  2 

s i g n i f i c a n t  m o l e c u l a r  weigh t  d e c r e a s e  o f  t h e  1 6 5  kDa p r o t e i n ,  

p r o b a b l y  r e s u l t i n g  f rom the d i s s o c i a t i o n  o f  t h e  d imer ,  and a n  



Figure 5-13. Southern blot analysis of the mya distrijctio;? 
i n  S. uberis s t r a i n s .  T h e  o r i g i n  o f  the probe ( W 3 )  Fs 
i nd i ca t ed  in Fig. 5-8,  Chrornosomal DKA £ r o m  each S .  uberis 
s t r a i n  was c ü t  w F t h  HindIII. Numbers on t h e  t o p  a r e  S. uheris 
strai-ri nrrmbers. Molecular w e i g h t  stzndard ( i n  k b )  is l abe l lec  
on the l e f t .  T k e  s i z e  of each h y b r i d i z i n g  band Fs listed i n  



i ~ c r e a s e  i n  m o l e c u l a r  w e i g h t  o f  t h e  7 6  kDa r e s u l t i n g  from 

p r o t e i n  u n f o l d i n g .  T h e  dimer s t r u c t u r e  seems t o  be v e r y  

s t a b l e ,  s i n c e  t r e a t m e n t  w i t h  l o w e r  c o n c e n t r a t i o n  o f  urea o r  

s h o r t e r  b o i l i n g  t i m e  c o u l d  n o t  a l t e r  t h e  r n o b i l i t y  o f  t h e  165 

k C a  band  (data n o t  shown) . The p r e s e n c e  o f  b o t h  monorneric and 

d i m e r i c  Lbp i n  S. uberis ce11 w a l l  p r e p a r a t i o n s  ( F i g .  5-1, 

l a n e  1) may imply  t h e  e x i s t e n c e  of b o t h  forrns on t h e  

b a c t e r i a l  s u r f a c e .  However, it i s  p o s s i b l e  that o n l y  t h e  

d imer i c  form e x i s t s  on t h e  b a c t e r i a l  c e l l ;  t h e  monomer might 

corne from t h e  c y t o p l a s m  d u e  t o  p a r t i a l  ce11 l y s i s  caused by 

g l a s s  b e a d  t r e a t m e n t .  The d i s s o c i a t i o n  of  t h e  dimer t o  a 

monomer during sample  p r e p a r a t i o n  seems u n l i k e l y  b e c a u s e  of  

t h e  s t a b i l i t y  o f  t h e  dimer. 

T h e  complex n a t u r e  o f  t h e  S. uberis Lbp w a s  f u r t h e r  

conf  i r m e d  f rom t h e  n u c l e o t i d e  s e q u e n c e  a n a l y s i s  . As e x p e c t e d ,  

t h e  two L b p s  were encoded  b y  a s i n g l e  ORE' of  1 , 6 8 3  bp. It is 

q u i t e  p o s s i b l e  t h a t  two c o p i e s  o f  t h e  t r a n s l a t e d  p r o d u c t  

i n t e r a c t  w i t h  e a c h  o t h e r  t o  form a homodimer. I n t e r a c t i o n s  

be tween  s u b u n i t s  c o u l d  be e x t e n s i v e  a n d  e x t e n d  t h r o u g h o u t  t h e  

l e n g t h  o f  the  m o l e c u l e  d u e  t o  t he  e x i s t e n c e  o f  t h e  h i g h  a- 

h e l i c a l  c o n t e n t .  W e  h ave  no  e v i d e n c e  t o  prove w h e t h e r  a- 

h e l i c e s  a d o p t  a c o i l e d  c o i 1  s t r u c t u r e  s i m i l a r  t o  t h o s e  of 

q r o u p  A s t r e p t o c o c c a l  M p r o t e i n s  ( F i s c h e t t i ,  1 9 8 9 )  . However, 

l i k e  M p r o t e i n s  ( F i s c h e t t i ,  19891,  Lbp s h a r e s  s i g ~ i f  i c a n t  

sequence homology w i t h  a number o f  a-helical c o i l e d  

s t r u c t u r e - c o n t a i n i n g  mammalian f i b r i l l a r  p r o t e i n s  s u c h  a s  



human myos in  heavy c h a i n  and k i n e s i n  heavy c h a i n .  

The deduced  arnino ac id  s e q u e n c e  of  Lbp i n d i c a t e d  

t h e  e x i s t e n c e  o f  a s i g n a l  p e p t i d e  o f  5 0  amino a c i d s  ( i f  

t r a n s l a t i o n  s t a r t e d  a t  the f i r s t  ATG s t a r t  codon)  a t  t h e  N 

t e r m i n u s ,  as  e x p e c t e d  f o r  a p r o t e i n  t h a t  a p p e a r s  on the 

o u t s i d e  o f  a b a c t e r i a l  c e l l .  The s t r u c t u r e  of  t h i s  s i g n a l  

p e p t i d e  i s  comparab l e  t o  t h e  c o n s e n s u s  s t r u c t u r e s  f o r  s i g n a l  

p e p t i d e s  i n  p r o t e i n s  from G r a m  p o s i t i v e  b a c t e r i a  d e s c r i b e d  

p r e v i o u s l y  (Simonen and P a l v a ,  1993;  Goward e t  a l . ,  1993; 

Per lman  a n d  Halvorson ,  1983;  von-Hei jne ,  1983;  1 9 8 6 ) .  

A n a l y s i s  o f  t h e  C t e r m i n u s  o f  Lbp  r e v e a l e d  the 

p r e s e n c e  o f  an  amino ac id  s e q u e n c e  t y p i c a l  o f  membrane ancho r  

m o t i f s  f o u n d  i n  many o t h e r  p r o t e i n s  f rom Gram p o s i t i v e  

b a c t e r i a  ( F i s c h e t t i  et a l . ,  1991 )  . Such r e g i o n s  have been 

shown t o  play a r o l e  i n  t h e  a n c h o r i n g  o f  p r o t e i n s  i n  the ce11 

w a l l  ( P a n c h o l i  and  F i s c h e t t i ,  1988;  Schneewind e t  a l . ,  1992 ;  

1 9 9 3 )  . I t  i s  probably v i a  the C - t e r m i n a l  amino acids t h a t  Lbp 

becomes anchored on  the  ce11 s u r f a c e .  T h e  membrane ancho r  

m o t i f s  described here appear t o  have no f u n c t i o n  i n  E. c o l i  

s i n c e  the  Lbp e x p r e s s e d  i n  E .  c o l i  was main ly  s e c r e t e d ,  

similar t o  the  s t r e p t o c o c c a l  M6.1 p r o t e i n  which was found  

p r e d o m i n a n t l y  i n  t h e  p e r i p l a s m  ( F i s c h e t t i  e t  a l . ,  1984)  . 

T h e  5' a n d  p r o g r e s s i v e  3'  d e l e t i o n s  per fo rmed  i n  

t h e  lbp gene a l l owed  t h e  d e f i n i t i o n  o f  a l a r g e  domain ( abou t  

2 0 0  c o d o n s )  a t  t h e  N t e r m i n u s  which c o u l d  b i n d  bLf. A 

cornparison o f  t h i s  r e g i o n  w i t h  t h e  t r a n s f e r r i n  b i n d i n g  domain 



o f  Tbp2 f r o m  N e i s s e r i a  (Vonder Haar  e t  a l . ,  1994) showed r.2 

significant homology.  Also,  t h e  bLf binding region repsrzcr! 

h e r e  d i d  not c o n t a i n  any of t h e  domains  w i t h  t r a n s f e r r i n  

b i n d i n g  a c t i v i t y  found  i n  the t r a n s f e r r i n - b i n d i n g  p r o t e i n  

( T f b A )  o f  Actinobacillus pleuropneumoniae ( S t r u t z b e r g  et al., 

1995). T h i s  is n o t  s u r p r i s i n g  s i n c e  o u r  p r e v i o u s  s t u d y  showed 

t h a t  b o v i n e  o r  human t r a n s f e r r i n  c o u l d  n o t  b l o c k  t h e  b i n d i n g  

o f  b o v i n e  l a c t o f e r r i n  t o  S I  uberis ( c h a p t e r  4 ) ,  w h i c h  

i n d i c a t e s  a d i f f e r e n c e  between t h e  b L f - b i n d i n g  domain and t h e  

T f - b i n d i n g  domain. To d a t e ,  there i s  no i n f o r m a t i o n  on Lf- 

b i n d i n g  domains  a v a i l a b l e  f o r  cornpar i son .  To i o c a t e  t h e  bLf 

b i n d i n g  domain more p r e c i s e l y ,  more p r o g r e s s i v e  d e l e t i o n s  

w i l l  be n e e d e d .  An a l t e r n a t i v e  approach i s  t o  s y n t h e s i z e  

o l i g o p e p t i d e s  b a s e d  on t h e  amino acid  s e q u e n c e  of t h e  l a r g e  

domain w e  have l o c a l i z e d  and use t h e m  t o  i n h i b i t  t h e  b i n d i n g  

o f  bLf t o  S. uberis. The onef  s capable of b l o c k i n g  b i n d i n g  

s h o u l d  r e p r e s e n t  t h e  Lf -b ind ing  r e g i o n .  T h i s  work i s  i n  

p r o g r e s s .  

W h i l e  s e q u e n c i n g  t h e  Lbp  gene,  w e  f ound  a s econd  

ORF,  mga, i n  t h e  a d j a c e n t  region.  T h e  p u t a t i v e  p r o d u c t  o f  

t h i s  gene ( c o n t a i n i n g  4 9 9  amino acid r e s i d u e s )  has comparable  

m o l e c u l a r  s i z e  and  sequence  t o  VirR12 ( 4 9 9  r e s i d u e s )  a n d  Mry 

( 5 3 0  r e s i d u e s ) ,  t h e  p o s i t i v e  r e g u l a t o r s  of  t h e  M p r o t e i n  

g e n e s  o f  group A s t r e p t o c o c c i  (Chen et a l . ,  1 9 9 3 ;  Perez-Casal  

et al., 1 9 9 1 )  . However, Mry and VirR12 had 98% homology (Chen 

et a l . ,  19931, whereas Mga showed o n l y  3 4 %  homology w i t h  



them. This may be attributed to the difference of species. 

Sirnilarly, VirR49 of an OF' GAS showed less homology (76%) tc 

Mry or VirR of OF' GAS (Podbielski et al., 1995) . 
The cytoplasmic location of Mga was suggested by 

the absence of a signal peptide at the N terminus of t h e  

deduced protein. A potential -10 and -35 promoter was f o u n d .  

However due to the high A and T content in this region, 

identification of such a promoter through analysis of the 

sequence alone may be of limited value. Thereby, experimental 

determination of the S. uberis mga promoter appears to be 

necessary for further comparison of this promoter with those 

of Mry and VirR, 

Studies have shown that mry is autoregulated and 

environmentally regulated in response to the level of CO, 

(Okada et al., 1993) , Expression of mry was stimulated by 

increased concentrations of CO,. In our experiments, S ,  

uberis cells were cultured under conditions without an 

additional supplementation of CO,. The absence of a 

stimulating environment could have resulted in a very low 

level of rnga expression. This could be the reason that 

Northern blot analysis did not detect any mga transcript frorn 

S. uberis. It would be expected that in recombinant E. c o l i ,  

rnga would nat likely be regulated by environmental signals 

d u e  to the absence of other regulatory components s u c h  as the 

sensing protein. 

It would be interesting to know whether mga 



regulates the e x p r e s s i o n  o f  l b p .  Nc p o t e n t i a l  ~ i r R - b i n d i n g  

boxes t h a t  a r e  present  i n  t h e  p r c m o t e r s  c f  a n d  M - l i k e  

p r o t e i n  g e n e s  ( F o d b i e l s k i  e t  a l .  , 1 9 9 2 ;  1995) w e r e  f ound  i n  

the irnrnediate ups t ream p o r t i o n  o f  the -35 region o f  lbp b y  

homology compar i sons .  W e  t h e n  b l o t t e d  4 7  S. uberis s t r a i n s  

w i t h  rnga a n d  lbp s p e c i f i c  probes,  i n t e n d i n g  t o  see t h e  

d i s t r i b u t i o n  of mga and i t s  r e l a t e d n e s s  t o  lbp i n  t h i s  

s t r e p t o c o c c a l  g roup .  Results showed that a l 1  t h e  s t r a i n s  t h a t  

w e r e  lbp p o s i t i v e  c o n t a i n e d  mga. However, n e i t h e r  s e q u e n c e  

c o m p a r i s o n s  nor b l o t t i n g  r e s u l t s  l e a d  t o  any c o n c l u s i o n s  

r e g a r d i n g  the  r e l a t i o n s h i p  of mga a n d  lbp. G e n e r a t i n g  a  mga- 

n e g a t i v e  S. uberis s t r a i n  w i l l  allow u s  t o  e v a l u a t e  w h e t h e r  

mga is r e q u i r e d  for lbp e x p r e s s i o n  b y  comparing the  Lf 

binding a c t i v i t y  and lbp mRNA level  of mga-negative mu tan t  

a n d  t h e  w i l d t y p e  s t r a i n .  To f u r t h e r  d e f i n e  and q u a n t i f y  t h e  

e n v i r o n m e n t a l  impact  s u c h  as c u l t u r e  media, CO, o r  0, l e v e l s ,  

and dif  f e r e n t  phase s  o f  i n f e c t i o n  i n  vivo, o n  t h e  r e g u l a t o r y  

c i r c u i t ,  a s h u t t l e  v e c t o r  w i t h  a reporter gene such as t h e  

CAT ( s t a p h y l o c o c c a l  c h l o r a m p h e n i c o l  t r a n s a c e t y l a s e )  g e n e ,  

which i s  c a p a b l e  o f  r e p l i c a t i n g  i n  S. uberis needs t o  be 

c o n s t r u c t e d .  A f t e r  i n s e r t i n g  t h e  Ibp promote r  n e x t  t o  t h e  

p r o m o t e r l e s s  CAT gene and i n t r o d u c i n g  t h i s  c o n s t r u c t  i n t o  S. 

uberis, t h e  ce l l s  s h o u l d  be grown i n  v i t r o  and i n  vivo f o r  

cornpar ison of  t h e  mga mFWA l e v e l  and CAT a c t i v i t y ,  which 

would  r e f l e c t  t h e  lbp e x p r e s s i o n  i n  r e s p o n s e  t o  p a r t i c u l a r  

e n v i r o n m e n t a l  s t i m u l i .  



S o u t h e r n  b l o c  a n a l y s i s  o f  ibp i n  S. uberis s t r a i r . s  

usinq subgenomic p r o b e s  r e v e a l e d  t h a t  t h e  C - t e r m i n a l  sequence 

i s  c o n s e r v e d  among s t r a i n s ,  whe rea s  t h e  N- t e rmina l  region 

shows greater v a r i a t i o n .  T h i s  phenornenon r e s e m b l e s  t h a t  

d e s c r i b e d  f o r  M p r o t e i n  g e n e s  i n  g r o u p  A s t r e p t o c o c c i .  By 

using DNA h y b r i d i z a t i o n  w i t h  p r o b e s  from t h e  s t r u c t u r a l  gene 

f o r  t h e  M 6  p r o t e i n ,  S c o t t  et a l .  (1986) showed t h a t  t h e  C- 

t e r m i n a l  r e g i o n  is h i g h l y  c o n s e r v e d  among s t r a i n s  of 

d i f f e r e n t  M serotypes  and t h e  N - t e r m i n a l  r e g i o n  i s  h i g h l y  

v a r i a b l e .  C o n s i s t e n t  w i t h  t h i s ,  de ta i led  amino a c i d  sequence  

compar i sons  a n d  a n t i b o d y  r e a c t  i v i t i e s  r e v e a l e d  l i m i t e d  

d i f f e r e n c e s  w i t h i n  t h e  c o n s e r v e d  C - t e r m i n a l  r e g i o n s  and much 

more extensive v a r i a b i l i t y  a t  t h e  N t e r m i n i  (Bessen and 

F i s c h e t t i ,  1990b; Bessen  e t  a l . ,  1 9 8 9 ;  Kehoe, 1 9 9 1 )  . I n  t h e  

c a s e  of  Li b i n d i n g  p r o t e i n s  of  S. uberis, however,  l i m i t e d  

sequence  a n d  s e r o l o g i c a l  data are a v a i l a b l e  for c o m p a r i s o n s .  

I n  M p r o t e i n s ,  t h e  N- te rmina l  r e g i o n  is d i s t a l  t o  the 

s t r e p t o c o c c a l  ce11 s u r f a c e ,  and  t h u s  would be expected t o  be 

t h e  r e g i o n  o f  t h e  m o l e c u l e  most exposed t o  imrnunological  

s e l e c t i v e  p r e s s u r e .  Theref ore it is u n d e r s t a n d a b l e  t o  f i n d  

that t h e  N- te rmina l  r e g i o n  varys i n  s e q u e n c e  among d i f f e r e n t  

s e r o l o g i c a l  t y p e s  of M p r o t e i n .  I n  contrast, the s e q u e n c e  of 

t h e  C- t e rmina l  r e g i o n  of t h e  m o l e c u l e  s h o u l d  be 

e v o l u t i o n a r i l y  c o n s e r v e d  t o  a s s ü r e  a t t a c h m e n t  t o  t h e  

s t r e p t o c o c c a l  s u r f a c e .  S i n c e  L b p  has a s t r u c t u r e  s i m i l a r  t o  

that o f  M p r o t e i n ,  it is n o t  s u r p r i s i n g  t o  f i n d  t h a t  i t s  C- 



t e r m i n a l  s e q u e n c e  is  conserved amcng s t r a i n s ,  whereas the Ei- 

t e r m i n a l  r e g i o n  shcws variation. 

S i n c e  t h e  N - t e r m i n a l  part of  t h e  Lbp i s  v a r i a b l e  

a n o n g  S. uberis s t r a i n s ,  o u r  f i n d i n g  that this part o f  t h e  

mulecule i s  r e s p o n s i b l e  for Lf ~ i n d i n g  seems surprisinq. 

However, similar o b s e r v a t i o n s  nave b e e n  r e p o r t e d  i n  

Actinobacill u s  pleuropneumoniae. Three i s o f o r m s  of 

t r a n s f e r r i n  b i n d i n g  p r o t e i n s  (Tbp2) from d i f  f e r e n t  A .  

pleuropneumoniae s e r o t y p e s  c o n t a i n  a variable  N - t e r m i n a l  h a l f  

and a c o n s e r v e d  C - t e r m i n a l  half (Bunka e t  al,, 1 9 9 5 ;  G e r l a c h  

e t  a l . ,  1 9 9 2 )  ; tne N-terminal ha l f  of t h e  m o l e c u l e  i s  

responsible for transf e r r i n  b i n d i n g  ( S t r u t z b e r g  e t  a l . ,  

1995). 



6 . 0  EVALUATXON OF THE PROTECTIVE CAPACITY OF TRE RECOMBINANT 

CAMP FACTOR AND LACTOFERRIN BINDING PROTEIN AGAINST 

CBALLENGE BY S. üBERIS 

The CAMP factor and lactoferrin-binding protein 

genes of S. uberis were overexpressed under the control of 

the tac promoter in plasmid pGH433 in E. coli. CAMP factor 

and Lbp were prepared as inclusion bodies, solubilized and 

used to immunize lactating dairy cows . Animals vaccinated 
with CAMP factor generated specific antibody in serum and - 

milk, and possessed low somatic ce11 counts in milk after 

challenge. In contrast, Lbp did not induce the production of 

specific antibody in the immunized animals, and the mean 

somatic ce11 count in milk of these animals was similar to 

that of animals which received a placebo. 



6 . 2  Introduction 

Mastitis is an inflammatory reaction of udder 

tissue to bacteria, chemical, thermal, or mechanical in jury 

(schultz, et al., 1978). The inflamrnatory response is 

characterized by an increased number of somatic cells in 

milk, including neutrophils, macrophages and epithelial cells 

sloughed f rom milk-producing tissue during lactation as a 

result of ce11 death. The threshold value for somatic ce11 

counts (SCC) was set at SO0,OoO cells/ml by the International 

Dairy Federation (Bramley, 1991) , above which, anirnals would 

have clinical mastitis. Inf larnmatory changes affect the 

process of milk synthesis both quantitatively and 

qualitatively. The level of the main constituents such as 

fat, protein and lactose declines and the pH value is shifted 

to a more alkaline level (Kitchen, 1981). 

S. uberis is one of the chief bacteria involved in 

bovine mastitis. At least 20% of ail cases of clinical 

mastitis are now due to this organism (Wilesmith, et al., 

1986). Since S. uberis is widely distributed in the 

environments such as bedding, pastures and many sites of the 

cow (Bramley, 1982; Kruze and Bramley, 1982), the 

conventional controî measures 'Dased on post-milking teat 

disinfection, dry-cow antibiotic therapy and other hygienic 

milking techniques reducing the residual contamination of the 

teat skin by pathogens are of limited effectiveness against 



mast it i s  caused b y  this b a c t e r i a l  s ~ e c i e s  . V a c c i n a t i o n  would 

appear t o  be a p r o m i s i n g  approach f o r  the c o n t r o l  o f  S.  

uberis i n f e c t i o n .  S t u d i e s  have shown that a p r imary  i n f e c t i o n  

with S. uberis can  c o n s i d e r a b l y  reduce the ra te  of  i n f e c t i o n  

f o l l o w i n g  a  second c h a l l e n g e  with t h e  same s t r a i n  ( H i l l ,  

1988b). L o c a l  v a c c i n a t i o n  w i t h  k i l l e d  S. uberis p r o t e c t e d  the 

mammary g l a n d  a g a i n s t  e x p e r i m e n t a l  intramammary c h a l l e n g e  

w i t h  the homologous s t r a i n  ( F i n c h  e t  a l . ,  1994) A ~ S O ,  

s u b c u t a n e o u s  v a c c i n a t i o n  wi th  live S. uberis c a u s e d  a 

d r a m a t i c  m o d i f i c a t i o n  o f  t h e  p a t h o g e n e s i s  of mast i t i s  w i t h  

t h e  same s t r a i n  ( H i l l  et a l . ,  1994)  . 
Attempts  t o  develop mastitis vaccine (s) should be 

based  on  knowledge o f  t h e  v i r u l e n c e  d e t e r m i n a n t s  and 

p r o t e c t i v e  antigen (s) o f  the bacterial s p e c i e s .  I t  i s  known 

that S. uberis p r o d u c e s  h y a l u r o n i c  a c i d  c a p s u l e  ( H i l l ,  1988)  , 

h y a l u r o n i d a s e  (Schaufuss  et  al., 19891, R- l ike  p r o t e i n  

(Groschup and  Tirnoney, 1993), a n d  a cohemolysin,  the CAMP 

f a c t o r  ( S k a l k a  and  Smola, 1981) . However, v e r y  l i t t l e  i s  

known o f  t h e i r  r o l e s  i n  inducing  p r o t e c t i o n  a g a i n s t  S. uberis 

m a s t i t i s .  

I n  our  l a b o r a t o r y ,  w e  c loned  and sequenced t h e  gene 

cod ing  f o r  t h e  CAMP f a c t o r ,  a 28 kD e x t r a c e l l u l a r  p r o t e i n  

( J i a n g  et a l . ,  1 9 9 6 ) .  W e  a l s o  i d e n t i f i e d  a bovine 

l a c t o f e r r i n - b i n d i n g  p r o t e i n  (Lbp) on t h e  b a c t e r i a l  s u r f a c e ,  

which has  a s t r u c t u r e  s i m i l a r  t o  M p r o t e i n  of g r o u p  A 

s t r e p t o c o c c i  (chapter 4 and 5). On t h e  b a s i s  of p r e v i o u s  



w o r k ,  t h e  CAMP f a c t o r  and Lbp have been expressed i n  an IPTG- 

i n d u c i b l e  expression s y s t e m .  T o  determine whe the r  these 

p r o t e i n s  could induce p r o t e c t i o n  a g a i n s t  S. uberis m a s t i t i s ,  

a p re l i rn ina ry  experiment was conducted and some of t h e  

r e s u l t s  a re  p r e s e n t e d  h e r e .  



6.3 ~aterials and Methods 

6.3.1 Bacterial strains, vectors and media. 

S. uberis strain su-1 (ATCC 9927) was obtained from 

a clinical case of bovine mastitis. Bacterial cells were 

grown in tryptic soy broth, aliquoted and stored at -70°C on 

blood beads until needed. The E .  coli strain D H S a  was used in 

al1 transformation experiments. E. coli c e l l s  were cultured 

in Luria medium, and the medium for the growth of 

transforrnants was supplemented with 50 pg/ml of ampicillin. 

The plasmid pGH433 (Anderson et al., 1991) was used to 

express the recombinant proteins under the control of an IPTG 

(isopropyl $-D-thiogalacto-pyranoside)-inducible promoter. 

6.3.2 PAGE and Western blotting. 

SDS-polyacrylamide g e l  electrophoresis (Laemmli, 

1970) was used for analysis of the CAMP factor. Lbp inclusion 

bodies were dissolved in sample buffer in the presence of 4 

M urea and run on a SDS-PAGE gel containing 4 M urea. Western 

blotting using convalescent serum from an su-1-infected cow 

was as described in 3 . 3 . 7  except that a 1:75 dilution of cow 

convalescent serum and a 1:5000 dilution of goat anti-bovine 

IgG coupled to alkaline phosphatase were used. 

6.3.3 Protein purification. 

A culture of E. coli transformants (1 L) was grown 



to an absorbance at 660 nm of 0.5 and induced with 2 mM IPT'C-. 

After 2 h of continuous, vigorous shaking at 37OC, the cells 

were harvested and the protein inclusion bodies were prepared 

as described in 3.3.5. Antigens for ELISA were purified frsn 

SDS-PAGE gels or 4 M urea SDS-PAGE gels by elution. 

6.3.4 Determination of protein purity and 

concent rat ion. 

Protein purity was estimated by SDS-PAGE and 

subsequent  Coomassie blue staining. The protein concentration 

was determined using Bio-Rad DC protein assay as described by 

the supplier. Bovine serum albumin (Pierce Chemical Co., 

Rockford, IL) was used as a standard. The amount of target 

protein v s .  total protein was determined after scanning the 

Coomassie blue stained SDS-PAGE with a Bio-Rad 620 

Densitometer. 

6.3.5 Vaccine preparation and vaccination. 

The vaccines consisted of proteins emulsified in 

the adjuvant VSA3 which had been diluted with 0.1 M PBS, pH 

7.2. Each 2 ml dose of vaccine contained VSA (0.67 ml) , PBS 
(1.33 ml) , and 50 pg of protein antigen dissolved in 5-10 pl 

of 4 M guanidine hydrochloride. Fifteen healthy lactating 

dairy cows from the Pennsylvania S t a t e  University Mastitis 

Research Herd were vaccinated intramuscularly at drying off 

and again 28 days later. Animals were assigned to three 



groups  of five cows. Group 1 was g i v e n  CAMP f a c t o r ;  group 2 

was g iven  Lbp; and g roup  3 ( p l a c e b o )  was g iven  a d j u v a n t  o n l y .  

6.3.6 Chal l enge .  

The b a c t e r i a l  c h a l l e n g e  c u l t u r e  was p r e p a r e d  by 

r o l l i n g  the  s t o c k  bead  c u l t u r e s  o n t 0  e s c u l i n  b l o o d  agar 

p l a t e s  c o n t a i n i n g  5% whole b lood.  A f t e r  24  hours  i n c u b a t i o n  

a t  37OC, a s i n g l e  c o l o n y  w a s  u s e d  t o  i n o c u l a t e  100 m l  of  

Ultra High Temperature  p a s t e u r i z e d  (UHT) m i l k  a n d  i n c u b a t e d  

for 1 2  h o u r s  a t  37OC. T h e  2 4  hour  c u l t u r e  was mixed w e l l  and 

a 100 p l  a l i q u o t  was removed t o  i n o c u f a t e  a second 100 m l  of  

UHT mi lk .  A f t e r  a second 9 h o u r  i n c u b a t i o n  a t  37OC, t h e  

c u l t u r e  was s e r i a l l y  d i l u t e d  i n  1 0 - f o l d  inc remen t s  u s i n g  

s te r i le  s a l i n e .  The co lony  forming u n i t s  (CFU) p e r  m l  of each  

d i l u t i o n  w a s  de te rmined  by absorbance  on a spec t ropho tomete r  

and conf i rmed by p l a t i n g  on t0  b l o o d  a g a r .  Animals w e r e  

c h a l l e n g e d  by intramammary i n f u s i o n  o f  200 CFU o f  S. uberis 

i n  1 m l  o f  s a l i n e  i n  t he  teat c a n a l  of one q u a r t e r  on day 

f o u r  of  l a c t a t i o n .  

6.3.7 Sampling. 

Milk and b l o o d  samples  w e r e  o b t a i n e d  a t  t h e  times 

o u t l i n e d  i n  T a b l e  6-1. 



Table 6-1. Imrnunization, c h a l l e n g e  and  Sampling schedule. 
Il 1 

6.3.8 Antibody T i t e r s  . 
T o t a l  IgG t i t e rs  f o r  each expe r i rnen ta l  a n t i g e n  w e r e  

d e t e r m i n e d  by  an  i n d i r e c t  ELISA.  Nunc Immunlon-2 p l a t e s  w e r e  

coated w i t h  a n t i g e n  i n  c a r b o n a t e  b u f f e r .  P r i o r  t o  u s e ,  t h e  

p l a t e s  w e r e  b l o c k e d  w i t h  TBST ( 1 0 0  mM T r i s - C l ,  p H  8 . 0 ;  150  rnM 

N a C l ;  0 . 0 5 %  Tween-20) a n d  3% BSA f o r  1 h o u r .  A f t e r  b l o c k i n g ,  

t he  p l a t e s  w e r e  washed w i t h  d i s t i l l e d  w a t e r .  Serum a n d  m i l k  

s amples  w e r e  s e r i a l l y  d i l u t e d  i n  3 - fo ld  i n c r e m e n t s  u s i n g  TBST 

c o n t a i n i n g  1% BSA. R a b b i t  a n t i s e r a  f o r  e a c h  a n t i g e n  w a s  a l s o  

d i l u t e d  a n d  s e r v e d  a s  a p o s i t i v e  c o n t r o l .  Negat ive  c o n t r o l  

s amples  c o n t a i n e d  TBST w i t h  1% BSA. The d i l u t e d  samples  and 

c o n t r o l s  w e r e  t r a n s f e r r e d  t o  t h e  c o a t e d  p l a t e s  a n d  were 

i n c u b a t e d  f o r  1 hour a t  room t e m p e r a t u r e .  The p l a t e s  were 

washed t h o r o u g h l y  w i t h  d i s t i l l e d  water and  a l 1  w e l l s  were 

TIME 

d r y  o f f ,  D-O 

1 4  d a y s  d r y ,  D+14 

28 d a y s  d r y ,  D+28 

52 d a y s  d r y ,  D+52 

c a l v i n g ,  C-O 

4 d a y s  l a c t a t i o n ,  CH-O 

7 d a y s  l a c t a t i o n ,  CH+3 

1 4  d a y s  l a c t a t i o n ,  CH+lO 

2 1  d a v s  l a c t a t i o n ,  CH+17 

SAMPLE 

serum, m i l k ,  irnmunization 

serum 

serum, immunizat i o n  

serum 

serum, m i l k  

serum, m i l k ,  c h a l l e n g e  

serum, m i l k  

serum, m i l k  

serum, m i l k  



incubated with a horse radish peroxidase conjugate of qoat 

anti-IgG diluted 1:2000 in TBST containing 1% BSA. Following 

a 1 hour incubation at room temperature, the plates were 

washed with distilled water. The amount of antibody present 

in samples was visualized using ABTS substrate. The titers of 

each sample were based on the absorbance reading at 405 nm 

with a reference wavelength of 495  nm. A positive reading for 

samples was one in which the absorbance was two times the 

absorbance of the blank (negative control) . Titers were 

determined by taking the reciprocal of the last dilution 

giving a positive reading. Consistency among assay plates was 

monitored by the absorbance reading of positive controls. 

6.3.9 Milk compositional analysis. 

Milk pH values, total somatic ce11 counts, fat, 

pro te in ,  and lactose were determined using a Fossomatic Ce11 

and Milk Analyzer ( A / S  Foss Electric, Hiller~d, Denmark). 

6.3.10 DNA manipulations- 

Al1 molecular techniques were as recommend by the 

supplier (Pharmacia Canada Ltd. ) or Maniatis et al. (1989) . 

When required, plasmid DNA fragments were isolated from 

agarose gels using a Gene Clean kit (Bio/can Scientific). 



6 . 4  Results 

6 . 4 . 1  E x p r e s s i o n  of the CAMP factor a n d  L b p  u n d e r  

t h e  c o n t r o l  o f  t h e  tac promoter. 

A r ecombinan t  plasmid containing t h e  carboxjr- 

terminal 9 8 %  of t h e  CAMP f a c t o r  gene  ( c f u )  w a s  c o n s t r u c t e d  b y  

c l o n i n g  a 1 . 7  k b  EcoRI-BamfII fragment from pJLD21-2 i n t o  t h e  

BamHI s i t e  of pGH433 w h i c h  p r o v i d e s  a 12 amino  acid l e a d e r  

p e p t i d e  a n d  a n  IPTG- induc ib le  tac p r o m o t e r .  T h e  e n d s  o f  t h e  

p l a s m i d  f r a g m e n t s  w e r e  f i l l e d  i n  by  t h e  Klenow f r agmen t  

b e f o r e  l i g a t i o n ,  The r e s u l t a n t  c o n s t r u c t ,  d e s i g n a t e d  as pGH-  

CAMP ( F i g .  6  p roduced  a p o s i t i v e  CAMP r e a c t i o n  on b lood 

agar p l a t e s  ( d a t a  not shown)  . 
P l a s m i d  pGH-LBP w a s  c o n s t r u c t e d  b y  i n s e r t  i n g  t h e  

1 . 8  kb SphI-RsaI f r agmen t  from pLBP5  i n t o  t h e  BamHI s i t e  o f  

pGH433 ( F i g .  6-11 . B e f o r e  l i g a t i o n ,  the i n s e r t  was t r e a t e d  

w i t h  mung b e a n  n u c l e a s e  t o  remove t h e  3' o v e r h a n g  from t h e  

e n d  generated by SphI, a n d  the BamHI-cut v e c t o r  w a s  f i l l e d  i n  

b y  the Klenow f r agmen t  t o  produce b l u n t  ends. The pGH-LBP 

c o n t a i n e d  the c a r b o x y - t e r m i n a l  96% of the Lbp g e n e  (lbp), 

which was preceded by a 1 2  amino acid leader peptide and t h e  

tac p r o m o t e r  p r o v i d e d  b y  vector pGH433. Analysis of t h e  

n u c l e o t i d e  sequence a t  the f u s i o n  site revealed i d e n t i t y  t o  

t h e  s e q u e n c e  of t h e  lbp presented i n  chapter S .  



Figure  6-1. Physical maps of the  recombinant plasmids used t o  
express the  aggregated CAMP factcr and Lbp. T h e  plasmid 
pJLD21-2 and pLBP5 c o n t a i n  2 . 5  and 3.7 kb of S. uberis- 
derived DNA respectively, in the vector pTZ18R. The plasmid 
pGH-CAMP and pGH-LBP were constructed by subcloning an EcoRI- 
BamHI fragment from pJLD21-2 and a SphI-RsaI fragment from 
pLBPS into vector pGH433, r e s p e c t i v e l y .  P,,, indicates  t h e  
locat ion  of the tac promoter. The CAMP f a c t o r  and Lbp genes 
are shown by arrows labelled as c f u  and lbp respect ive ly .  



6 . 4 . 2  P u r i f i c a t i o n  of  r eccmbinan t  p r o t e i n s .  

The CAMP f a c t o r  and Lbp of S, uberis w e r e  expressed 

i n  E.  coli DH5a u s i n g  pGH-CAMP and  pGH-LBP r e s p e c t i v e l y .  I n  

t h i s  s y s t e m ,  e x p r e s s i o n  of t h e  r ecombinan t  p r o t e i n  w a s  

r e p r e s s e d  u n d e r  normal growth  c o n d i t i o n s -  Upon IPTG-  

i n d u c t i o n ,  t h e  recombinant  p r o t e i n  was p roduced  i n  a n  

a g g r e g a t e d  form; the 28 kD CAMP f a c t o r  made up 17% of t h e  

t o t a l  p r o t e i n  ( F i g .  6-2 A l ,  l a n e  1) and t h e  82 and 90  kD Lbp 

made u p  3 6 %  o f  the  t o t a l  p r o t e i n  (Fig. 6-2 BI, lane 1). 

Isolated p r o t e i n  aggregates w e r e  d i s s o l v e d  i n  4 M guanid ine  

h y d r o c h l o r i d e  and used f o r  v a c c i n e  f o r m u l a t i o n .  The CAMP 

f a c t o r  and L b p  w e r e  p u r i f  ied f r o m  SDS-PAGE gel and  4 M u r e a  

SDS-PAGE g e l  r e s p e c t i v e l y  (Fig. 6-2 Al, l a n e  2 and Fig.  6-2 

B1, lane 2 ,  r e s p e c t i v e l y )  and u s e d  as antigens f o r  E L I S A .  

Both  aggregated a n d  p u r i f i e d  CAMP o r  Lbp were demons t ra ted  t o  

be a n t  i g e n i c a l l y  a c t i v e  by Western  b l o t t i n g  using 

c o n v a l e s c e n t  serum from S. uberis i n f e c t e d  c o w  ( F i g .  6-2 A2 

and 8 2 )  . 

6 . 4 . 3  Somatic  ce11 counts i n  m i l k  following 

e x p e r i m e n t a l  b a c t e r i a l  c h a l l e n g e .  

The mean s o m a t i c  ce11 count  i n  m i l k  from cha l l enged  

quar ters  of nonvacc ina t ed  c o n t r o l  an i rna ls  increased u p  t o  

3 , 0 0 0 , 0 0 0  cell/ml 3 days f o l l o w i n g  c h a l l e n g e  ( F i g .  6-3) . I n  

contrast, t h e  an imals  which h a d  r e c e i v e d  CAMP f a c t o r  

v a c c i n a t i o n s  did n o t  show any e l e v a t i o n  i n  m i l k  SCC a f t e r  



Figure 6 2  SDS-PAGE a n d  immunoblot a n a l y s i s  o f  t h e  
recombinant CAMP f a c t o r  a n d  Lbp. A 1, coomassie b l u e - s t a i n e d  
1 0 %  polyacrylamide-SDS ge l .  Lane 1, CAMP f a c t o r  a g g r e g a t e  
p r o t e i n ;  l a n e  2 ,  p u r i f i e d  CAMP f a c t o r ,  A 2, immunoblot of t h e  
gel  p r e s e n t e d  i n  p a n e l  A 1 u s i n g  conva le scen t  serum from S. 
uberis i n f e c t e d  cow. B 1, coomass ie  b l u e - s t a i n e d  7.5 % 
polyacrylarnide-SDS g e l  c o n t a i n i n g  4 M u r e a .  Lane 1, Lbp 
a g g r e g a t e  p r o t e i n ;  lane 2,  p u r i f i e d  L b p .  B 2 ,  immunoblot of 
t h e  gel p r e s e n t e d  i n  p a n e l  B 1 u s i n g  c o n v a l e s c e n t  serum f rom 
S. uberis i n f e c t e d  cow. T h e  molecu la r  weight (MW) s t a n d a r d s  
(kD) a r e  r e p r e s e n t e d  by  arrows t o  the l e f t .  





D-O CH-O CH+3 CH+10 CH+17 
Time 

Figure 6-3. Effect of vaccination with CAMP factor and Lbp on 
somatic ce11 counts in m i l k .  Somatic ce11 counts ( S C C )  per 
milliliter of milk are means of 5 cows. D-O, day of dry o f f ;  
CH-O, day of challenge (4 days l a c t a t i o n ) ;  CH+3, 7 days 
lactation; CH+lO, 14 days lactation; CH+17, 21 days 
lactation. Symbols: i, CAMP factor; A, Lbp; @, placebo. 



challenge. However, the challenged quarters of animals 

vaccinated with Lbp showed a  rapid increase i n  the mean SCC 

which was close t o  that in the control group (Fig. 6-3) . 

6.4.4 Ef fect of vaccination of CAMP factor and Lbp 

-specif ic antibody titers. 

The mean levels of antibodies specif ic  to CAMP 

factor and Lbp in the serum and milk of the control animals 

were low prior to experimental challenge (Fig. 6 4 .  ln 

contrast, the mean levels of CAMP factor-specific antibodies 

were significantly eievated in the serum and milk of CAMP 

factor-vaccinated animals prior to challenge compared with 

the levels before vaccination or with levels in the c o n t r o l  

cows (Fig. 6 - 4 ) .  However, Lbp-specific antibody levels in the 

serum and milk of animals vaccinated with L b p  were n o t  

significantly increased following vaccination when compared 

with prevaccination levels or levels in the control animals 

(Fig. 6-41 . 



CAMP Plrorbo 

Figure  6-4. Serum and milk antibody titers to CAMP factor and 
Lbp in immunized and unimmunized control animals. Antigens 
for immunization are shown at the bottom of each pane l .  
Syrnbols : O,  prevaccination (D-O) ; I, postvaccinntion (CH-O) . 



6 . 4 . 5  Changes o f  p H  v a l u e  and main constituent of 

m i l k  after c h a l l e n g e .  

T h e  mean p H  v a l u e s  o f  m i l k  from a n i m a l s  v a c c i n a t e d  

with p lacebo ,  CAMP f a c t o r  a n d  Lbp changed  i n  a s i m i l a r  

p a t t e r n  a f t e r  challenge ( F i g .  6 5  . T h e  p e r c e n t a g e  o f  f a t ,  

l a c t o s e  and p r o t e i n  i n  m i l k  f rom immunized and unimrnunized 

a n i m a l s  a l s o  changed  i n  a s i m i l a r  p a t t e r n  a f t e r  c h a l l e n g e .  N o  

o b v i o u s  decrease of t h e s e  values o c c u r r e d .  T h e  changes of  

m i l k  fat, l a c t o s e  a n d  p r o t e i n  are shown i n  F i g .  6-6, Fig. 6- 

7 ,  and F i g .  6-8. 
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0-0 C-O CH-O CH+3CH+lOCH+17 
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Figure 6 5  Changes in pH of milk following intramammary 
challenge. D-O, day of dry o f f ;  C-O, day of calving; CH-O, 
day of challenge (4 days lactation) ; CH+3, 7 days lactation; 
CH+10, 14 days lactation; CH+17, 21 days lactation. Symbols: 
i f  CAMI? factor; A, Lbp; @, placebo. 
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D-O CH-O CH+3 CH+10 CH+17 
Tirne 

Figure 6-6. Changes of t h e  percentage of  milk f a t  fo l lowing 
intramanunary c h a l l e n g e .  D-O, day of dry off; CH-O, day of 
c h a l l e n g e  ( 4  days l a c t a t i o n ) ;  CH+3, 7 days l a c t a t i o n ;  CH+10, 
1 4  days l a c t a t i o n ;  CH+17, 2 1  days lactation. Symbols: u, CAMP 
f a c t o r ;  A, Lbp; 0 ,  placebo.  



De0 CH-O CH+3 CH+10 CH+17 
Tirne 

G i g u t e  6-7 .  Changes of the percentage of m i l k  l a c t o s e  
following intramammary challenge.  D-O, day of d r y  off; CH-O, 
day of challenge ( 4  days l a c t a t i o n )  ; CH+3, 7 days l a c t a t i o n ;  
C H + 1 0 ,  1 4  days lactation; CH+17, 2 1  days l a c t a t i o n .  Symbols: 
i, CAMP f a c t o r ;  A, Lbp; a, placebo. 



CH-O 

Figure 6-8. Changes of the percentage of milk protein 
following intramarnmary challenge. D-O, day of dry off; CH-O, 
day of challenge (4 days lactation); CH+3, 7 days lactation; 
CH+10, 14 days lactation; CH+17, 21 days lactation. Symbols: 
a,  CAMP factor; A, Lbp; a, placebo. 



6 . 5  Discussion 

The f a i l u r e  o f  e x i s t i n g  c o n t r o l  measures  t o  

signif i c a n t l y  r e d u c e  new intramammary i n f e c t i o n s  by S. uberis 

has emphasized t h e  n e e d  t o  i n v e s t i g a t e  a n  a l t e r n a t i v e  

a p p r o a c h  s u c h  a s  v a c c i n a t i o n .  The development  o f  e f f e c t i v e  

v a c c i n e s  m u s t  be based on a n  u n d e r s t a n d i n g  o f  t h e  d e f e n c e  

mechanisms r e s p o n s i b l e  f o r  r e s i s t a n c e  t o  i n f e c t i o n .  The 

i n f i l t r a t i o n  of  po lymorphonuc lea r  l e u k o c y t e s  ( P m )  i n t o  t h e  

mammary g l a n d  f o l l o w i n g  b a c t e r i a l  i n f e c t i o n  h a s  l o n g  been 

r e c o g n i z e d  a s  a p r i m a r y  p r o t e c t i v e  mechanism a g a i n s t  mas t i t i s  

c a u s e d  b y  c o l i f o r m s  ( H i l l  e t  a l . ,  1978; J a i n  e t  a l  ., 1971) 

and s t a p h y l o c o c c i  (Schalm e t  a l . ,  1 9 7 6 ) .  A n t i - t o x i n  immunity 

m e d i a t e d  by a n t i b o d i e s  directed a t  b a c t e r i a l  t o x i n s  is  

a n o t h e r  key mechanism o f  a m e l i o r a t i n g  t h e  p a t h o l o g i c a l  

c h a n g e s  i n  s t a p h y l o c o c c a l  m a s t i t i s  (Anderson, 1978)  . 
CAMP f a c t o r  i s  a cohemolysin  which  c a u s e s  

s y n e r g i s t i c  h e m o l y s i s  o f  s h e e p  o r  b o v i n e  e r y t h r o c y t e s  i n  t h e  

p r e s e n c e  of  t h e  p - tox in  o f  S t a p h y l o c o c c u s  a u r e u s  ( C h r i s t i e  e t  

a l . ,  1 9 4 4 ;  P h i l l i p s  et a l . ,  1 9 8 0 )  . The l e t h a l  e f f e c t  o f  

p a r t i a l l y  p u r i f i e d  CAMP f a c t o r  t o  r a b b i t s  ( S k a l k a  and  Smola, 

1 9 8 1 )  s u g g e s t s  t h a t  t h i s  p r o t e i n  may p l a y  a  p a t h o g e n i c  r o l e  

i n  some diseases, i n c l u d i n g  bovine m a s t i t i s .  Theirefore, 

imrnunizat ion w i t h  t h i s  p r o t e i n  may r educe  t h e  s e v e r i t y  o r  

even p r e v e n t  t h e  o c c u r r e n c e  o f  m a s t i t i s .  T h e  l a c t o f e r r i n -  

b i n d i n g  p r o t e i n  o f  S .  uberis h a s  been  i d e n t i f  ied a s  an  M - l i k e  

p r o t e i n  ( c h a p t e r  4 and  5) . Although t h e  i r o n  a c q u i s i t i o n  
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fcr .c t ion  o f  t h i s  p r o t e i n  has nr,z been demons t ra ted ,  its 

s u r f a c e  exposure would s t i l l  mako it a  p o t e n t i a l  vaccine 

cacd ida t e  by i n c r e a s i n g  t h e  Levels of opson ic  a n t i b o d y  i n  

milk and p o t e n t i a t i n g  t h e  speed of PMN r e c r u i t m e n t  i n t o  the  

mamary g l a n d .  Eur thermore ,  Our experiment showed t h a t  both 

CAY3 f a c t o r  and Lbp c o u l d  be recoggized by  bovine serum from 

a n  animal which r ecove red  from an S. uberis i n f e c t i o n ,  

i n d i c a t i n g  t h a t  both proteins are expressed i n  vivo and cows 

respond t o  them immunologically. Based on a l 1  these 

c o n s i d e r a t i o n s ,  w e  t e s t e d  t h e  p r o t e c t i v e  c a p a c i t y  of the  

recombinant CAMP f a c t o r  and Lbp i n  l a c t a t i n g  d a i r y  cows 

a g a i n s t  c h a l l e n g e  b y  S. uberis. 

~ 0 t h  CAMP f a c t o r  and Lbp were produced a s  i n c l u s i o n  

bod i e s  i n  t h e  e x p r e s s i o n  system used, f a c i l i t a t i n g  t he  

p u r i f i c a t i o n  o f  l a r g e  q u a n t i t i e s  of pu re  recombinant 

p r o t e i n s .  W e  do no t  know why aggregated L b p  showed two major 

bands fo l l owing  PAGE (Fig. 6-2 B1) with  molecu la r  weights 

lower than t h e  L b p  ( 1 0 5  kD) from the  c u l t u r e  s u p e r n a t a n t  of 

recombinant E .  c o l i  ( F i g .  5-3, lane  7 i n  Chapter  5)  . I t  i s  

p o s s i b l e  that t h e  82 kD protein i s  a degrada t ion  p r o d u c t  of 

t h e  90 kD p r o t e i n ,  o r  the 90 kD pro t e in  is a p r e c u r s o r  with 

t h e  uncleaved s i g n a l  pept ide .  Amino-terminal sequence 

a n a l y s i s  of these two products s h o u l d  be able t o  c l a r i f y  this 

ques t i on .  When w e  analysed t h e  agoregated L b p  on a  4 M urea 

gel (Fig. 6-2 BI), w e  d i d  n o t  boil the sample. There fo re  t h e  

p r o t e i n  s t r u c t u r e  might not be completely unfolded as i n  t h e  



c a s e  o f  Lbp from t h e  s u p e r n a t a n t  ( F i g .  5-3, l a n e  7 i n  C h a p t e r  

5)  which was b o i l e d  f o r  3 0  min i n  t h e  p r e s e n c e  o f  3 M u r e a .  

Hence, t h e  u n b o i l e d  Lbp a g g r e g a t e  might m i g r a t e  f a s t e r  and  

show a  l o w e r  a p p a r e n t  m o l e c u l a r  w e i g h t .  

Our d a t a  c l e a r l y  show t h a t  t h e  m i l k  s o m a t i c  ce11 

c o u n t s  o f  cows v a c c i n a t e d  w i t h  CAMP f a c t o r  w e r e  s i g n i f i c a n t l y  

lower  t h a n  t h o s e  of c o n t r o l  a n i m a l s  f o l l o w i n g  b a c t e r i a l  

c h a l l e n g e .  Ixrununized a n i m a l s  p o s s e s s e d  h i g h  l e v e i s  o f  CAMP 

f a c t o r - s p e c i f i c  a n t i b o d i e s  i n  b o t h  serurn and m i l k .  I t  rnay be 

t h a t  anti-CAMP f a c t o r  a n t i b o d i e s  c o u l d  n e u t r a l i z e  CAMP f a c t o r  

p roduced  by  t h e  i n v a d i n g  b a c t e r i a  and  t h e r e f o r e  p r e v e n t  the 

ce11  i n f i l t r a t i o n  i n  t h e  c h a l l e n g e d  q u a r t e r s ,  a l t h o u g h  there 

i s  no direct  ev idence  f o r  t h i s .  I t  i s  t e m p t i n g  t o  s u g g e s t  

t h a t  CAMP f a c t o r  may have d i r e c t  c h e m o t a c t i c  a c t i v i t y  which  

pr imes  t h e  r e c r u i t m e n t  o f  n e u t r o p h i l s  o r  may, by a c t i n g  on  

enzyme sys t ems  o r  complement, cause the r e l e a s e  of  

c h e m o t a c t i c  s u b s t a n c e s .  

Unl ike  CAMP f a c t o r ,  Lbp did not  i n d u c e  h i g h  levels 

of  s p e c i f i c  a n t i b o d i e s  i n  t h e  irrununized cows. In  t h e s e  

a n i m a l s ,  b a c t e r i a l  c h a l l e n g e  r e s u l t e d  i n  h igh  s o m a t i c  ce11 

c o u n t s ,  i n d i c a t i v e  o f  mast i t i s .  T h e r e f o r e ,  v a c c i n a t i o n  w i t h  

Lbp d id  n o t  p reven t  the o c c u r r e n c e  of m a s t i t i s .  However, t h e  

s e r o l o g i c a l  r e sponse  t o  v a c c i n a t i o n  was very poor  and  

t h e r e f o r e  it is  n o t  p o s s i b l e  t o  draw any c o n c l u s i o n s  

r e g a r d i n g  t h e  p r o t e c t i v e  c a p a c i t y  of L b p .  The impor t ance  o f  

IgA i n  mucosal  s e c r e t i o n s  h a s  been w e l l  documented ( N o r c r o s s ,  



1 9 9 1 ;  Nordhaug et a l . ,  1994) , and  w e  have no d a t a  a v a i l a b l e  

a t  t h i s  t i m e  on t h e  i s o t y p e  o f  the a n t i b o d i e s  which were 

p r e s e n t .  T h e r e f o r e ,  it may be  p o s s i b l e  t o  u t i l i z e  a d i f f e r e n t  

means of a n t i g e n  d e l i v e r y  t o  s p e c i f i c a l l y  s t i m u l a t e  an IgA o r  

IgGz r e s p o n s e  (Nordhaug e t  a l . ,  1 9 9 4 )  . The p o t e n t i a l  

i nvo lvement  of mammary g l a n d  lymphocytes  i n  t h e  p r o t e c t i o n  

a g a i n a t  S. u b e r i s  m a s t i t i s  f o l l o w i n g  v a c c i n a t i o n  w i t h  k i l l e d  

S. uberis v i a  t h e  intramammary o r  s u b c u t a n e o u s  r o u t e  has been 

s u g g e s t e d  elsewhere ( F i n c h  e t  al., 1 9 9 4 )  . Recent  o b s e r v a t i o n s  

have  i n d i c a t e d  t ha t  t h e  p r o t e c t i o n  a g a i n s t  m a s t i t i s  caused b y  

S. uberis does  n o t  appear t o  be r e l a t e d  t o  l e v e l s  of  s p e c i f i c  

a n t i b o d y .  Intramarnmary o r  subcu taneous  a d m i n i s t r a t i o n  o f  S.  

uberis a t  d r y i n g  o f f  was shown t o  d r a r n a t i c a l l y  r educe  bo th  

the i n c i d e n c e  cf c l i n i c a l  m a s t i t i s  a n d  nurnbers of b a c t e r i a  

r e c o v e r e d  from t h e  m i l k  f o l l o w i n g  c h a l l e n g e  wi th  t h e  same 

s t r a i n  d u r i n g  t h e  n e x t  l a c t a t i o n  (F inch  et a l . ,  1994; H i l l  et 

al., 1 9 9 4 ) .  Although there w a s  a s i g n i f i c a n t  i n c r e a s e  i n  t h e  

l e v e l  s o f  S. u b e r i s - s p e c i f  i c  imrnunogIobu1in f o l l o w i n g  

v a c c i n a t i o n ,  there was no increase i n  the  o p s o n i c  activity of 

serum a n d  mi lk .  Furthermore,  it h a s  been  demons t ra t ed  t h a t  S. 

uberis c a n  resist t h e  b a c t e r i c i d a l  a c t i v i t y  of n e u t r o p h i l s  

d e s p i t e  t h e  p r e s e n c e  o f  Ig bound t o  t h e  s u r f a c e  o f  t h e  

b a c t e r i a  (Leigh and  F ie ld ,  1994)  . T h e r e f o r e ,  assessment  of  

c e l l u l a r  immune response  s h o u l d  be o f  e q u a l  importance t o  

that of antibody response  when e v a l u a t i n g  a v a c c i n a t i o n  

r e g i m e  a g a i n s t  S. uberis m a s t i t i s .  



The l a c t o f e r r i n  b i n d i n g  p r o p e r t y  of Lbp  raises t h e  

q u e s t i o n  o f  w h e t h e r  L b p - s p e c i f i c  a n t  ibody c o u l d  i n h i b i t  o r  

l i m i t  b a c t e r i a l  g r o w t h  by  i n t e r f e r i n g  w i t h  i r o n  a c q u i s i t i o n .  

When e v a l u a t i n g  Tbp2 w i t h i n  the Tbpl-Tbp2 cornplex a s  a 

p o t e n t i a l  a n t i g e n  f o r  f u t u r e  meningococca l  v a c c i n e s ,  it was 

found  t h a t  Tbp2 c a n  e l i c i t  a n t i b o d i e s  t h a t  a r e  n o t  o n l y  

b a c t e r i c i d a l  b u t  a l s o  i n h i b i t o r y  f o r  meningococca l  g rowth  

( L i s s o l o  e t  a l . ,  1995) . To raise t h e  l e v e l  o f  L b p - s p e c i f i c  

a n t i b o d y ,  an a p p r o p r i a t e  v a c c i n e  f o r m u l a t i o n  a n d  imrnunizat i o n  

s c h e d u l e  s h o u l d  be d e v e l o p e d  by s t u d y i n g  t h e  e f fec t  o f  r o u t e  

o f  a d m i n i s t r a t i o n ,  d o s e  o f  a n t i g e n ,  a d j u v a n t ,  t i m e  of  

a d m i n i s t r a t i o n  i n  r e l a t i o n  t o  l a c t a t i o n  s t a g e s  and  number o f  

b o o s t e r  i n j e c t i o n s .  

D u r i n g  o u r  v a c c i n e  t r i a l ,  no  obv ious  c l i n i c a l  s i g n s  

of m a s t i t i s  w e r e  o b s e r v e d  a f t e r  c h a l l e n g e  i n  immunized o r  

unimrnunized a n i m a l s .  T h e r e f o r e ,  it is  n o t  s u r p r i s i n g  t h a t  t h e  

pH v a l u e  a n d  main c o n s t i t u e n t  o f  m i l k  were n o t  i n f l u e n c e d .  

T h e  d a t a  o b t a i n e d  f r o m  Our p r e l i m i n a r y  an ima l  

e x p e r i m e n t s  i s  v e r y  l i m i t e d .  However, it i s  v e r y  c lear  t h a t  

CAMP f a c t o r  c a n  i n d u c e  a n  a n t i b o d y  r e s p o n s e  a n d  p r e v e n t  ce11 

i n f i l t r a t i o n  i n  t h e  mamrnary g l a n d  o f  t he  c h a l l e n g e d  a n i m a l s .  

To f u r t h e r  d e m o n s t r a t e  t h e  r o l e s  o f  CAMP f a c t o r  a n d  Lbp i n  

t h e  i n d u c t i o n  of p r o t e c t i v e  imrnunity, t h e  t r i a l  i s  c u r r e n t l y  

b e i n g  r e p e a t e d  a t  a h i g h e r  c h a l l e n g e  d o s e .  



7 . 0  G E N E N U  DISCUSSION AND CONCLUSIONS 

T h e  o b j e c t i v e  o f  t h i s  t h e s i s  was t o  i d e n t i f y  

p o t e n t  i a l  v i r u l e n c e  f a c t o r s  and  p x o t e c t i v e  a n t i g e n s  o f  S. 

uberis. The work a c c o m p l i s h e d  d u r i n g  t h i s  s t u d y  i n c l u d e s  : 

c h a r a c t e r i z a t i o n  of t h e  S. uberis CAMP f a c t o r  gene, 

i d e n t i f i c a t i o n  o f  a b o v i n e  l a c t o f e r r i n  b i n d i n g  p r o t e i n  i n  S. 

uberis, c l o n i n g  a n d  c h a r a c t e r i z a t i o n  o f  t h e  S. uberis 

l a c t o f e r r i n  b i n d i n g  p r o t e i n  gene,  and e v a l u a t i o n  o f  t h e  

p r o t e c t i v e  c a p a c i t y  of t h e  recombinant  CAMP f a c t o r  a n d  

l a c t o f e r r i n  b i n d i n g  p r o t e i n  a g a i n s t  c h a l l e n g e  by S. uberis. 

I n  a d d i t i o n ,  two g e n e  l o c i  u p s t r e a m  from the CAMP f a c t o r  a n d  

l a c t o f e r r i n  b i n d i n g  p r o t e i n  g e n e s  were a l s o  i d e n t i f  ied, which 

a r e ,  r e s p e c t i v e l y ,  homologous t o  t h e  p o l a r  amino a c i d  b i n d i n g  

p r o t e i n  o f  Gram n e g a t i v e  bacter ia  and t h e  p o s i t i v e  r e g u l a t o r  

Mga o f  g roup  A s t r e p t o c o c c i .  Th is  c h a p t e r  w i l l  b r i e f l y  

i n t e r p r e t  the r e s u l t s  o b t a i n e d  and p r e s e n t  some g e n e r a l  

c o n c l u s i o n s .  

CAMP f a c t o r ,  o r i g i n a l l y  i d e n t i f i e d  i n  group B 

s t r e p t o c o c c i ,  is a cohemolys in  which c a n  c a u s e  c o m p l e t e  

hemolys i s  of sheep o r  cow e r y t h r o c y t e s  i n  che p r e s e n c e  o f  B- 
t o x i n  of Staphylococcus a u r e u s  (Bernheirner e t  a l . ,  1 9 7 6 ;  

C h r i s t i e  e t  a l . ,  1944) . T h e  p r o d u c t i o n  of  CAMP factor b y  S .  
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cberis  w a s  dernons t ra te2  decades a g o  (Heeschen  e t  a l . ,  1 9 6 7 ;  

skalka a n d  Smola,  1981) . However, a l t h o u g h  a r o l e  f x  CfL'?? 

f a c t o r  i n  p a t h o g e n i c i t y  h a s  b e e n  s u g g e s t e d  b y  some 

researchers (Fehrenbach e t  a l . ,  1 9 8 8 ;  J ü r g e n s  e t  a l . ,  1 9 8 7 ;  

Skalka a n d  Srnola, 1961), i t s  r o l e  i n  b o v i n e  mast i t is  ar;d 

i n d u c i n g  p r o t e c t i v e  immunity has n o t  b e e n  i n v e s t i g a t e d .  

I n  o u r  expe r imen t s ,  CAMP f a c t o r  w a s  p u r i f i e d  f rom 

t h e  c u l t u r e  s u p e r n a t a n t  o f  a CAMP r e a c t i o n  p o s i t i v e  S. uberis 

s t r a i n .  T h e  CAMP f a c t o r  g e n e  ( c f u )  w a s  c l o n e d  and e x p r e s s e d  

i n  E. c o l i -  T h e  recombinant  p r o t e i n  p o s s e s s e d  CAMP a c t i v i t y  

a n d  had a m o l e c u l a r  we igh t  s i m i l a r  t o  t h a t  o f  n a t i v e  S. 

uberis CAMP f a c t o r .  I t  w a s  r e c o g n i z e d  b y  mouse a n t i s e r u m  

directed a g a i n s t  t h e  p u r i f i e d  S. uberis p r o t e i n .  A l 1  t h e s e  

data i n d i c a t e  t h a t  t h e  r ecombinan t  CAMP f a c t o r  g e n e r a t e d  f rom 

o u r  e x p r e s s i o n  sys tem i s  s i m i l a r  t o  n a t i v e  S. uberis CAMP 

f a c t o r  w i t h  r e s p e c t  t o  i t s  p h y s i c a l  a n d  immuno1ogica1 

p r o p e r t i e s ,  which shou ld  e n a b l e  u s  t o  f u r t h e r  s t u d y  i ts  mode 

of  a c t i o n  i n  vitro and in vivo i n  t h e  a b s e n c e  of o t h e r  

factors f rom i t s  o r i g i n a l  h o s t  . 
We have f u l l y  c h a r a c t e r i z e d  t h e  S. uberis CAMP 

f a c t o r  g e n e  a n d  i t s  prornoter  r e g i o n .  T h i s  w i l l  p r o v i d e  a 

s o u n d  b a s i s  f o r  f u r t h e r  s t u d y  of t h e  r o l e  o f  CAMP factor i n  

v i r u l e n c e  o f  S. uberis. A p r o m i s i n g  a p p r o a c h  is  t o  c o r , s t r u c t  

c f u  m u t a n t s  and test  t k e i r  a b i l i t y  t o  e s t a b l i s h  an  i n f e c t i o n  

a f t e r  an e x p e r i m e n t a l  c h a l l e n g e .  T h e  most direct  method f o r  

c o n s t r u c t i n g  cfu mutants is an i n s e r t i o n a l  i n a c t i v a t i o n  



s c r a t e g y  w h e r e  a n  i n t e r i o r  fragment o f  c f u  can be subclorei 

into a  s h u t t l e  v e c t c r  and d e l i v e r e d  into S. u b e r i s  :CI 

f a c i l i t a t e  homologous recombinat ion i n t o  t h e  chromosome. I f  

t h e  mutant  i s  u n a b l e  t o  e s t a b l i s h  a n  i n f e c t i o n  o r  i f  t h e  

s e v e r i t y  of  t h e  i n f e c t i o n  is  s i g n i f  icant l y  r e d u c e d  r e l a t i v e  

t o  t h e  w i l d - t y p e  s t r a i n ,  t h e n  w e  would c o n c l u d e  t h a t  t h e  CAW? 

f a c t o r  c o n t r i b u t e s  t o  t h e  v i r u l e n c e  o f  t h i s  b a c t e r i u m .  

Amino a c i d  sequence a l i g n m e n t  showed t h a t  t h e  S. 

uberis CAMP f a c t o r  has 6 6 %  i d e n t i t y  t o  t h e  sequence  of S. 

agalactiae CAMP f a c t o r .  Also,  monospecif ic a n t i b o d i e s  r a i s e d  

a g a i n s t  S. uberis CAMP f a c t o r  c r o s s - r e a c t e d  wi th  S. 

a g a l a c t i a e  CAMP f a c t o r .  Al1 t h e s e  data i n d i c a t e  t h a t  t h e r e  is  

s i g n i f  i c a n t  s i m i l a r i t y  between t h e  CAMP f a c t o r s  from t h e s e  

two o r g a n i s m s .  T h e r e f o r e ,  r e sea rch  on S. uberis CAMP f a c t o r  

may c o n t r i b u t e  t o  t h e  s tudy  of  S. a g a l a c t i a e ,  ano the r  

i m p o r t a n t  p a t h o g e n  of  bov ine  m a s t i t i s .  

T h e  d i s t r i b u t i o n  of t h e  CAMP f a c t o r  gene i n  e i g h t  

S. uberis s t r a i n s  was examined b y  S o u t h e r n  b l o t t i n g  with a 

c f u - s p e c i f  i c  probe. Three CAMP r e a c t  i o n  p o s i t i v e  S. uberis 

s t r a i n s  were shown t o  c o n t a i n  t h e  cfu gene. Therefore ,  

p r o v i d e d  t h a t  CAMP f a c t o r  is a p r o t e c t i v e  a n t i g e n ,  it w i l l  

o n l y  result i n  s t r a i n - s p e c i f i c  immune protection as opposed 

t o  s p e c i e s - s p e c i f i c  p r o t e c t i o n .  I n  this c a s e ,  it w o u l d  Se  

advan tageous  t o  g e n e r a t e  a chimeric v a c c i n e  c o n t a i n i n g  CP-YP 

f a c t o r  and o t h e r  s t r a i n -  o r  s p e c i e s - s p e c i f i c  p r o t e c t i v e  

a n t i g e n ( s )  . An even more a t t r a c t i v e  approach  i s  t h e  



p o s s i b i l i t y  o f  d e v e l o p i n g  a c h i m e r i c  p r o t e i n  by c o n s t r u c t i n g  

a c h i m e r i c  gene c o n t a i n i n g  t h e  p r o t e c t i v e  p r o t e i n s  frûr?. 

d i f f e r e n t  s t r a i n s  . 
D u r i n g  t h e  c o u r s e  of our  s e q u e n c i n g  work  on t h e  

CRYP f a c t o r  g e n e ,  a n  abp gene  c a p a b l e  o f  c o d i n g  f o r  a 277 -  

r e s i d u e  p o l y p e p t i d e  w a s  i d e n t i f  i e d .  The d e d u c e d  p r o t e i n  

s e q u e n c e  h a s  s i m i l a r i t y  t o  a number o f  p o l a r  amino  ac id  and 

o p i n e  b i n d i n g  p r o t e i n s  o f  G r a m  n e g a t i v e  bacteria.  T o  a s s i g n  

a  s p e c i f i c  f u n c t i o n  t o  t h i s  p r o t e i n ,  a n  abp m u t a n t  s h o u l d  be  

c o n s t r u c t e c i  a n d  grown i n  minimal media c o n t a i n i n g  d i f f e r e n t  

amino a c i d s  as t h e  s o l e  s o u r c e  of  n i t r o g e n .  D i f  f e r e n c e s  i n  

t h e  growth c u r v e s  of t h e  mutan t  s t r a i n  w i t h  respect t o  t h e  

w i l d - t y p e  s t r a i n  would i n d i c a t e  t h a t  t h e  abp g e n e  p r o d u c t  

p l a y s  a  r o l e  i n  t h e  t r a n s p o r t  of  a particular a m i n o  acid .  

However, no d i f f e r e n c e  d o e s  n o t  n e c e s s a r i l y  mean that t h i s  

p r o t e i n  is n o t  i n v o l v e d  i n  amino a c i d  t r a n s p o r t  s ince,  as is  

t h e  c a s e  f o r  o t h e r  o r g a n i s m s  (Townsend a n d  W i l k i n s o n ,  1992), 

where each  a m i n o  ac id  rnight have more t h a n  o n e  t r a n s p o r t  

s y s t e m .  

T h e  abp g e n e  p r o d u c t  was r e c o g n i z e d  by c o n v a l e s c e n t  

s e rum of S. u b e r i s - i n f e c t e d  c a t t l e  (data not shown) ,  

i n d i c a t i n g  that it i s  e x p r e s s e d  d u r i n g  disease a n d  cows 

r e s p o n d  t o  it i m m u n o l o g i c a l l y .  S ince  more t r a n s p o r t  sys tems  

Sesides t h e  Abp-dependen t  one might e x i s t  f o r  a p a r t i c u l a r  

amino a c i d ,  t h e  i n t e r a c t i o n  of  Abp and its s p e c i f i c  a n t i b o d y  

might  no t  be able t o  i n t e r f e r e  wi th  t h e  t r a n s p o r t  o f  the 



amino ac id  and t h e r e b y  mcdulate b a c t e r i a l  g r o w t h .  T h e r e f o r e  

b lockage  o f  Abpfs b i o l o g i c a l  f u n c t i o n  by a n t i b o d y  d o e s  n o t  

a p p e a r  t o  be a b l e  t o  c o n f e r  p r o t e c t i o n  t o  S. uberis 

i n f e c t i o n .  However Abp i s  s u r f a c e - l o c a t e d  and may be  a b l e  t o  

i n d u c e  p r o d u c t i o n  of o p s o n i z i n g  a n t  i b o d i e s  and t h e r e f o r e ,  may 

s t i l l  have v a c c i n e  p o t e n t i a l  . 
I t  is  w e l l  documented t h a t  many b a c t e r i a ,  

e s p e c i a l l y  Gram n e g a t i v e  ones ,  a r e  c a p a b l e  o f  o b t a i n i n g  i r o n  

f rom t r a n s f e r r i n  a n d  l a c t o f e r r i n  ( H e r r i n g t o n  a n d  S p a r l i n g ,  

1985; Micke lsen  e t  al., 1 9 8 2 ) .  The a c q u i s i t i o n  o f  i r o n  f rom 

t h e s e  g l y c o p r o t e i n s  i s  e s s e n t i a l  f o r  the e s t a b l i s h m e n t  and 

d i s s e m i n a t i o n  of  most  b a c t e r i a l  i n f e c t i o n s .  I t  i s  known t h a t  

b a c t e r i a l  s u r f a c e  r e c e p t o r s  mediate t h e  t r a n s f e r r i n -  and 

l a c t o f e r r i n - m e d i a t e d  p r o c e s s e s  ( C o r n e l i s s e n  a n d  S p a r l i n g ,  

1994; W i l l i a m s  and G r i f f  i t h s ,  l 9 9 2 ) ,  and t h e r e a f t e r  a r e  

r e c o g n i z e d  as  important v i r u l e n c e  f a c t o r s  . 
Our s t u d y  d e m o n s t r a t e d  t h a t  S. uberis p o s s e s s e s  a  

r e c e p t o r  f o r  bov ine  l a c t o f  e r r i n ,  t h e  major  i r o n - b i n d i n g  

g l y c o p r o t e i n  i n  mi lk .  T h e  S. uberis Lbp gene  i s  t h e  f i r s t  and 

o n l y  one t h a t  has  b e e n  i d e n t i f i e d  and  c h a r a c t e r i z e d  i n  Gram 

p o s i t i v e  b a c t e r i a  t o  date .  Sequence a n a l y s i s  o f  t h i s  r e c e p t o r  

g e n e  d i d  n o t  show any s t r u c t u r a l  s i m i l a r i t y  between S. uberis 

Lbp  and t h e  Lf o r  T f  r e c e p t o r s  o f  G r a m  n e g a t i v e  b a c t e r i a .  

U n l i k e  G r a m  n e g a t i v e  Lf o r  Tf  r e c e p t o r s ,  which c o n t a i n  

menibrane-spanning r e g i o n s  f u n c t  i o n i n g  a s  gated channels for 

i r o n  ( P e t t e r s s o n  et  a l . ,  1994b; P o s t l e ,  1993; Rutz e t  al., 



1992), S. uberis Lbp dces not p o s s e s s  any r e g i o n s  w i - 5  

p o t e n t i a l  for t h e  t r a n s i t  o f  f r e e  i r o n  through t h e  membrar.~.  

P r o v i d e d  t h a t  S. uberis can use l a c t o f e r r i n  a s  an  i r s n  

s o u r c e ,  a t r a n s p o r t  sys t em c o n t a i n i n o  more t h a n  one  compon~r- t  

nay be r e s p o n s i b l e  f o r  i r o n  uptake ,  i n  which Lbp b i r . 5 ~  

l a c t o f e r r i n  from t h e  sur rounding  medium and mediates t 5 e  

c o n t a c t  of l a c t o f e r r i n  w i t h  o t h e r  component (s) funct i o n i n g  a s  

an i r o n  c h a n n e l .  The i s o l a t i o n  and s t u d y  of  lbp m u t a n t s  w i l l  

d e m o n s t r a t e  whether  Lbp is e s s e n t i a l  for t h e  a c q u i s i t i o n  o f  

i r o n  f r o m  l a c t o f e r r i n .  T h e  a v a i l a b i l i t y  of  t h e  c lo red  

r e c e p t o r  g e n e  w i l l  a l l o w  t h e  c o n s t r u c t i o n  of defined r n u t a ~ t s  

that a r e  d e f i c i e n t  i n  Lbp.  

If S. uberis does  n o t  use l a c t o f e r r i n  a s  an  i r o n  

s o u r c e ,  t h e  e x i s t e n c e  o f  t h e  l a c t o f e r r i n  b i n d i n g  p r o t e i n  on 

the b a c t e r i a l  s u r f a c e  m u s t  have o t h e r  b i o l o g i c a l  f u n c t i o n ( s )  . 

It h a s  b e e n  shown t h a t  l a c t o f e r r i n  is c a p a b l e  o f  a d i r e c t  

b a c t e r i c i d a l  e f f e c t  o n  a v a r i e t y  of mic roorgan i sms  (Arnold e t  

a l . ,  1980; 1981) . The rnechanism o f  t h i s  Lf-mediated 

b a c t e r i c i d a l  a c t i v i t y  is n o t  c l e a r  y e t .  A t o t a l  shutdown of  

a l 1  ce11 f u n c t i o n s  w i t h  l a c t o f e r r i n  t r e a t m e n t ,  i n c l u d i n g  t h e  

i n c o r p o r a t i o n  of  deoxyr ibonuc le i c  a c i d  a n d  r i b o n u c l e i c  ac id  

p r e c u r s o r s  and amino a c i d s ,  a s  we11 as  a shutdown i n  t h e  

uptake o r  metabol ism,  o r  both, of  c a r b o h y d r a t e s  h a s  bees 

observed (Arnold  e t  al., 1982) . Therefore, it is t e m p t i n g  s o  

speculate t h a t  t h e  i n t e r a c t i o n  between L f  a n d  the t a r c e t  

s i tes ,  r a t h e r  t h a n  t h e  s p e c i f i c  Lf  receptor, c o u l d  t r i g g e r  a 



shutdcwn o f  ce11 f u n c t i o n  and u l t i m a t e l y  lead t o  ce11  d e a t h ;  

binding o f  l a c t o f e r r i n  w i t h  i t s  s p e c i f i c  r e c e p t o r  on z k e  

bacterial s u r f a c e  might  s h e l t e r  t h e  t a r g e t  s i t es  from 

l a c t o f e r r i n  b i n d i n g ,  t h e r e a f t e r  p r e v e n t  l a c t o f e r r i n - m e d i a t e d  

b a c t e r i a l  k i l l i n g .  The r e s i s t a n c e  o f  a L f  r e c e p t o r - c o n t a i n i n g  

s t r a i n  and t h e  sensitivity o f  t h e  c o r r e s p o n d i n g  Lf r e c e p t c r -  

n e g a t i v e  m u t a n t  to Lf-mediated b a c t e r i c i d a l  ef fect w i l l  p r o v e  

t h e  above h y p o t h e s i s  . 
The s e q u e n c e  and  s t r u c t u r a l  s i m i l a r i t y  o f  S. uberis 

~ b p  to M p r o t e i n s  o f  g roup  A s t r e p t o c o c c i  makes t h i s  p r o t e i n  

a new rnember o f  t h e  M-like p r o t e i n  f a m i l y .  W e  have 

demonst r a t e d  t h a t  S. uberis d o e s  n o t  p r o d u c e  F c - r e c e p t o r s  

( d a t a  n o t  shown) . However, w e  do  n o t  know w h e t h e r  Lbp, l i k e  

o t h e r  M-like p r o t e i n s ,  has  f i b r i n o g e n -  b i n d i n g  p r o p e r t y .  

Also, whe the r  S. uberis Lbp p o s s e s s e s  a n t i p h a g o c y t i c  

properties, a character is t ic  of M p r o t e i n ,  needs  t o  be  

i n v e s t i g a t e d .  The p h a g o c y t i c  r e s i s t a n c e  of S. uberis h a s  been 

dernonstra ted i n  vitro and  t h i s  r e s i s t a n c e  has been  shown t o  

be media ted  by  the c a p s u l e  (Thomson and  Leigh, 1 9 9 3 )  . 
The presence of  a mga-l ike  gene  a d j a c e n t  t o  t h e  

gene f o r  a p o t e n t i a l  v i r u l e n c e  f a c t o r  ( t h e  l a c t o f e r r i n -  

b i n d i n g  p r o t e i n )  r a i s e s  a number of i n t e r e s t i n g  q u e s t i o n s :  

(1) whether  t h e  S. uberis mga g e n e  p r o d u c t ,  like its hornolcg 

i n  group A s t r e p t o c o c c i ,  is r e q u i r e d  for v i r u l e n c e  of  5. 

uberis; ( 2 )  w h e t h e r  mga r e g u l a t e s  e x p r e s s i o n  o f  lbp; ( 3 )  a r e  

there o t h e r  v i r u l e n c e  d e t e r m i n a n t s  c o o r d i n a t e l y - r e g u l a t e d  by 



mga; (4) w h a t  is the sensor conponent of the mga two- 

component rez-llatory system. Answers to these questions will 

contribute to our understanding of the virulence and 

pathogenicity of S. u b e r i s .  

Our preliminary animal experiments indicate that 

CAMP factor probably is a protective antigen which can induce 

an antibody response and prevent ce11 infiltration in the 

mammary gland of the challenged animals. The trial is 

currently being repeated at a higher challenge dose and this 

will further demonstrate the soles of both CAMP factor and 

LBP in the induction of protective imrnunity. 
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