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ABSTRACT 

The usefulness of size-exclusion high-performance 
liquid chromatography for the study of gramicidin A (GA) 
dimer-monomer conformational equilibrium in polar organic 
solvents is demonstrated for the first time. The monome- 
rization process of GA in ethanol has keen analyzed using 
an Ultrastyragel 1000 column isocratically equilibrated 
with tetrahydrofuran, which has allowed the determination 
of kinetic and thermodynamic sonstants. Furthermore, the 
kinetics of interaction of Ca + with GA in ethanol has 
been followed using this methodology, and the binding 
mechanism has been investigated in terms of the poly- 
peptide dimer-monomer conformational equilibrium. 
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INTRODUCTION 

BRACO ET AL. 

Gramic id in  A is a l i n e a r  pen tadecapep t ide  which 
c o n s i s t s  a lmos t  e x c l u s i v e l y  of s t r o n g l y  hydrophobic  amino 
acids i n  an  a l t e r n a t i n g  L-D sequence (see r e f .  1 for  a 

review).  A well-known p r o p e r t y  o f  GA i s  i t s  a b i l i t y  t o  
form c a t i o n - s e l e c t i v e  transmembrane channe l s  i n  model 
and biological membranes (see ref.  2 f o r  a r e c e n t  review). 
I t  i s  c u r r e n t l y  b e l i e v e d ,  on t h e  b a s i s  of  I3C-NMR ( 3 - 5 )  I 

i n f r a r e d  (6,7) and c i r c u l a r  d i ch ro i sm measurements (8,9), 
t h a t  t h i s  channe l  c o n s i s t s  of e i t h e r  a dimer formed by 
t h e  amino end-to-amino end  j u x t a p o s i t i o n  of two monomers 
i n  a l e f t -handed  B603 h e l i c a l  conformat ion  (3-5,8,9) or  
a n  a n t i p a r a l l e l  double-s t randed  6 - h e l i x  ( 6 , 7 ) .  However, 
i t  h a s  been r e c e n t l y  p o i n t e d  o u t  from temperature-jump 
and vol tage- jump expe r imen t s  t h a t  a tetramer c o u l d  be t h e  
s m a l l e s t  conductance u n i t  o f  an  ac t ive  GA channel  (10). 

I n  t h e  l a s t  y e a r s ,  expe r imen ta l  (11,13) and theo -  
re t ical  (14,16) s t u d i e s  have  focused  on t h e  s e l e c t i v i t y  
and detailed mechanism of i o n  passage  through t h e  GA 

channe l .  I n  t h i s  connec t ion ,  t h e  i n t e r a c t i o n  of g r a m i c i d i n  
w i t h  monovalent  and d i v a l e n t  c a t i o n s  bo th  i n  vesicles 
(11,12117) and i n  o r g a n i c  s o l v e n t s  (17,18) h a s  been exa-  
mined by s p e c t r o s c o p i c  and conductance  measurements. 
The e f f e c t  o f  channe l  b l o c k i n g  by d i v a l e n t  c a t i o n s  such  
as Ca2+ o r  Ba2+ h a s  been p a r t i c u l a r l y  a matter o f  cons ide -  
rable i n t e r e s t .  T r a n s p o r t  s t u d i e s  u s i n g  a r t i f i c i a l  l i p i d  
b i l a y e r s  have r e v e a l e d  t h a t  Ca2+ i s  n o t  t r a n s p o r t e d  
th rough  t h e  channe l ,  b u t  it r a t h e r  b i n d s  t o  a s p e c i f i c  
s i t e  a t  the channe l  e n t r a n c e  (17). On t h e  contrary,mono- 
v a l e n t  cat ions such as  N a  
of abou t  lo7 i o n s / s  (19). As concern ing  t h e  s t u d i e s  i n  
o r g a n i c  s o l v e n t ,  it h a s  been  shown t h a t  i n  t r i f l u o r o -  
e t h a n o l  Ca2+ i s  s t r o n g l y  bound t o  GA whereas  Na+ and K+ 

+ and K+ a r e  t r a n s p o r t e d  a t  rates 
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GA DIMER-MONOMER CONFORMATIONAL EQUILIBRIUM 3465 

e x h i b i t  l i t t l e  o r  no i n t e r a c t i o n  ( 1 8 ) .  It  h a s  been a l so  
d e s c r i b e d  from s p e c t r o s c o p i c  d a t a  ( i n f r a r e d ,  CD and 13C- 

NMX) t h a t  C a 2 +  i n t e r a c t s  w i t h  GA i n  e t h a n o l  a n 8  methanol  
and it h a s  been s u g g e s t e d  t h a t  one g r a m i c i d i n  molecule  
h a s  t w o  ca lc ium-binding  sites located n e a r  t h e  COOH end  

(17) * 

I n  s p i t e  of a l l  t h e  l i t e r a t u r e  d a t a  a v a i l a b l e  on 
t h e  i n t e r a c t i o n  of C a 2 +  w i t h  GA, which have been  o b t a i n e d  
b a s i c a l l y  f r o m  s p e c t r o s c o p i c  t echn iques ,  w e  have  n o t  
found any r e f e r e n c e  a n a l y z i n g  t h e  mechanism of t h i s  i n t e -  
r a c t i o n  i n  t e r m s  of t h e  confo rma t iona l  e q u i l i b r i u m  o f  t h e  
p o l y p e p t i d e .  I n  f a c t ,  it h a s  been wide ly  described t h a t  
g r a m i c i d i n  i n  o r g a n i c  s o l v e n t s  e x h i b i t s  a dimer-monomer 
confo rma t iona l  e q u i l i b r i u m ,  t h e  dimer:monomer r a t i o  b e i n g  
dependent  on t empera tu re ,  s o l v e n t  p o l a r i t y  and t o t a l  
p o l y p e p t i d e  c o n c e n t r a t i o n  ( 2 0 , 2 2 ) .  Although H e i t z  and 
Gavach ( 1 7 )  have r e c e n t l y  c a r r i e d  o u t  a comprehensive 
s t u d y  of t h e  b i n d i n g  of ca lc ium t o  GA i n  e t h a n o l  and 
methanol ,  t h e  confo rma t iona l  e q u i l i b r i u m  o f  t h e  p e p t i d e  
i n  t h e  a l c o h o l i c  s o l u t i o n  w a s  n o t  t a k e n  i n t o  a c c o u n t  and 
t h e  changes observed upon a d d i t i o n  of calcium w e r e  ex- 
p l a i n e d  i n  terms o f  a r a t h e r  ambiguous calcium-induced 
GA " t r ansconfo rma t ion" .  However, f a c t o r s  such as polypep- 
t i d e  c o n c e n t r a t i o n  and t h e  t i m e  a t  which measurements 
were performed ( a t  e q u i l i b r i u m  c o n d i t i o n s  o r  n o t )  shou ld  
have been cons ide red ,  because  t h e  a c t u a l  dimer:monomer 
r a t io  s t r o n g l y  depends on them. 

The most d i rect  ev idence  for t h e  e x i s t e n c e  of a 
dimer-monomer confo rma t iona l  e q u i l i b r i u m  of GA i n  non- 
p o l a r  s o l v e n t  h a s  been  r e c e n t l y  o b t a i n e d  i n  o u r  l a b o r a -  
t o r y  by u s i n g  HPSEC ( 2 2 , 2 3 ) .  The advantages  o f  HPLC 

t e c h n i q u e s  i n  t h e  e v a l u a t i o n  of e q u i l i b r i u m  and r a t e  
c o n s t a n t s  have  been  demonst ra ted  i n  a s e t  of experimen- 
t a l  c o n d i t i o n s  (23,24)  . 
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3266 BERRY AND LAWSON 

c o n t a i n e d  ( 0 . 5  m i c r o n )  f i l t e r ;  and c o n v e r s i o n  of t h e  

i n t e r n a l  l o o p  v a l v e  (200-10 ,000  n a n o l i t e r )  t o  a n  e x t e r n a l  

loop v a l v e  ( 1 0 , 0 0 0  n a n o l i t e r  and h i g h e r )  ( 1 4 ) .  For  l o w  k' 

s a m p l e s ,  where  column e f f i c i e n c y  is l e a s t ,  and u s i n g  a 75 

nun X 3 mm i . d .  column, up t o  50% decrease i n  column 

e f f i c i e n c y  was found w i t h  t h e  d i r e c t  c o u p l i n g  compared t o  

u s i n g  a 50 X 0.007 i n c h  c o n n e c t o r  t u b e  w i t h  t h i s  v a l v e .  

The 7410 v a l v e  i n j e c t o r  f rom Rheodyne ( C o t a t i ,  C A )  

u s e s  a loop d i sc  w i t h  a f i x e d  l o o p  ( e i t h e r  5 0 0 ,  1 , 0 0 0  or 

5 , 0 0 0  n a n o l i t e r )  b u t  t h e  7413 v a l v e  c a n  b e  ordered w i t h  a 

t r i p l e  l o o p  d i sc  of v a r i o u s  c o m b i n a t i o n s  of t h e  volumes 

( 5 0 0 ,  1 , 0 0 0 ,  2 , 0 0 0  and 5 , 0 0 0  n a n o l i t e r )  ( 1 4 ) .  Rheodyne 

a l so  o f f e r s  a f i x e d  volume i n j e c t o r  (Model 7520)  

" d e s i g n e d  f o r  m i c r o b o r e  LC" w i t h  volumes of 2 0 0 ,  5 0 0 ,  or 

1 , 0 0 0  n a n o l i t e r s .  T h i s  v a l v e  is  s imi l a r  t o  t h e  ear l ier  

1 0 0  n a n o l i t e r  JASCO v a l v e  (ML-422)  t h a t  was r e d u c e d  t o  20  

n a n o l i t e r  by T a k e u c h i  and I s h i i  ( 1 5 ) .  Rheodyne a lso 

of fe rs  t h r e e  6 - p o r t  v a l v e s  t h a t  c a n  u s e  l o o p s  f rom 5 , 0 0 0  

nL up,  some w i t h  smaller i n t e r n a l  c h a n n e l s ,  f o r  s h a r p e r  

p e a k s ,  ( b u t  r e q u i r i n g  more p r e s s u r e  t o  load l a r g e  

s a m p l e s ) .  They n o t e  t h a t  i n  a d d i t i o n  t o  t h e  factors 

s a m p l e  volume, or p r e s s u r e  t o  l o a d ,  o t h e r  f a c t o r s  may b e  

more i m p o r t a n t  i n  a p a r t i c u l a r  a p p l i c a t i o n ,  s u c h  as 

volume t o  p r o p e r l y  load ( f l u s h )  t h e  v a l v e ,  ease of 

s e t t i n g  t e n s i o n  t o  p r e v e n t  l e a k s ,  p o r t  s p a c i n g  f o r  

i n s e r t i n g  f i t t i n g s ,  peak s p r e a d i n g  ( e s p e c i a l l y  a t  k' 

below ca. 5 ,  w i t h  n o n - g r a d i e n t  e l u t i o n ) ,  and  w a s t a g e  
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and emiss ion  f i l t e r s  wavelengths  were 254 and 338 nm 

r e s p e c t i v e l y )  and a Var ian  Varichrom v a r i a b l e  wavelength 
u l t r a v i o l e t - v i s i b l e  d e t e c t o r  se t  a t  2 9 4  run. The sys tem 
was equipped  w i t h  a 100-nm nominal  po re  s i z e  U l t r a s t y -  
r a g e 1  column ( U l t r a s t y r a g e l  1000  A ,  30 x 0.78 c m  I.D.) 
from Waters  Assoc. The chromatograms were moni tored  u s i n g  
a Yokogawa Elec t r ic  Works dua l -channel  r e c o r d e r .  

Procedures  

A l l  chromatographic  expe r imen t s  w e r e  conducted  
a t  room tempera tu re .  The column w a s  a lways e l u t e d  iso- 
c r a t i c a l l y  w i t h  THF a t  a f low rate o f  1 . 0  ml/min. 

Monomerization k i n e t i c s  of q r a m i c i d i n  A i n  e t h a n o l  

were t a k e n  a t  d i f f e r e n t  t i m e s  and i n j e c t e d .  I t  w a s  p r e -  
v i o u s l y  ver i f ied t h a t  t h e  i n j e c t i o n  of moderate volumes 
of e t h a n o l  (5-10 ~ 1 )  r e s u l t e d  i n  temporary damage of  t h e  
r e s o l u t i o n  power of t h e  column. The re fo re ,  a GA concen- 
t r a t i o n  of 0 . 5  mg/ml w a s  used  i n  a l l  t h e  expe r imen t s  which 
a l lowed an  adequa te  d e t e c t i o n  o f  t h e  peaks  w i t h  a n  i n j e c -  
t i o n  volume o f  o n l y  2 p 1  of a l c o h o l i c  s o l u t i o n .  

K i n e t i c s  of Ca2+-gramicidin A i n t e r a c t i o n  i n  e t h a n o l  

GA samples  were dissolved i n  e t h a n o l  and a l i q u o t s  

+ Pr io r  t o  t h e  s t u d y  o f  t h e  k i n e t i c s  o f  C a 2  -GA 

i n t e r a c t i o n  i n  e t h a n o l ,  t h r e e  p rocedures  f o r  t h e  p repa -  
r a t i o n  and t h e  i n j e c t i o n  of t h e  sample c o n t a i n i n g  t h e  
r e a c t i o n  mix tu re  were t e s t e d  and compared: N o .  1) d i r e c t  
i n j e c t i o n  of  2 p 1  of t h e  e t h a n o l i c  s o l u t i o n ;  N o .  2 )  d i -  
l u t i o n  1 : 2 5  (v /v)  i n  THF o f  t h e  r e a c t i o n  m i x t u r e ,  v o r t e -  
Xing f o r  45 s and f u r t h e r  i n j e c t i o n  of 50 p 1  ( c o n t a i n i n g  
2 p1 of a l c o h o l ) ;  and N o .  3 )  t h e  same procedure  a s  i n  
KO. 2 b u t  i n c l u d i n g  an  a d d i t i o n a l  s t e p  of f i l t r a t i o n  of  
t h e  THF-diluted sample th rough  a M i l l i p o r e  0.45-vm 
M i l l e x  HV f i l t e r  p r e v i o u s l y  washed w i t h  THF. It  w a s  ve- 
r i f i e d  t h a t  i n  b o t h  l a t te r  cases t h e  d i l u t i o n  i n  THF 
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3468 BRACO ET AL. 

p r i o r  t o  i n j e c t i o n  p r a c t i c a l l y  s t o p s  t h e  r e a c t i o n .  
Methods No .1and  2 y i e l d e d  i d e n t i c a l  r e s u l t s  ( e r r o r  < 2 % )  
whereas  No. 3 a l t e r e d  r e s o l u t i o n ,  p robab ly  due t o  some 
component o f  t h e  f i l t e r  p a r t i a l l y  d i s s o l v e d  by THF. 
Consequent ly ,  method N o .  2was  s e l e c t e d  s i n c e  t h e  h i g h e r  
a b s o l u t e  i n j e c t e d  volume p r o v i d e s  a h i g h e r  accu racy .  

For  t h e  k i n e t i c  a n a l y s i s ,  a 0 . 5  mg/ml s o l u t i o n  
of GA i n  e t h a n o l  w a s  p r e p a r e d  and al lowed t o  e q u i l i b r a -  
t e d  o v e r n i g h t ,  p r i o r  t o  t h e  a d d i t i o n  of ca lc ium.  Zero 
t i m e  w a s  t a k e n  i n  a l l  cases upon a d d i t i o n  of an  a l i q u o t  
(13 .5  1-11) o f  a 0 . 1  M s o l u t i o n  of Ca2+ i n  e t h a n o l  t o  
1 0  m l  of p r e v i o u s l y  e q u i l i b r a t e d  p o l y p e p t i d e  s o l u t i o n .  
The r e a c t i o n  mix tu re  w a s  immediately stirred for 1 min. 
As i n d i c a t e d  above, t h e  i n j e c t i o n  volume w a s  a lways  50 ~1 
of t h e  THF-diluted sample c o n t a i n i n g  2 p1 of e t h a n o l .  

I n  a l l  t h e  expe r imen t s ,  t i g h t l y  s toppe red  g l a s s  
t u b e s  were comple t e ly  f i l l e d  w i t h  t h e  co r re spond ing  
s o l u t i o n s  to  minimize h y d r a t i o n  and,  when stored over- 
n i g h t ,  t h e y  were ma in ta ined  a t  25 'C. Other  detai ls  of 
t h e  e x p e r i m e n t a l  c o n d i t i o n s  used  can  be found i n  t h e  
co r re spond ing  l egends  t o  F i g u r e s .  

RESULTS AND DISCUSSION 

Monomerization k i n e t i c s  of g r a m i c i d i n  A i n  e t h a n o l  

F ig .  1A d e p i c t s ,  as a n  example, some e l u t i o n  
p r o f i l e s  co r re spond ing  t o  t h e  monomerization of GA i n  
e t h a n o l ,  fo r  a c o n c e n t r a t i o n  of i n j e c t e d  p o l y p e p t i d e  of 
0.5 mg/ml. Two peaks  are e l u t e d  (which absorb a t  294 nm 
and also e x h i b i t  f l u o r e s c e n c e )  a t  t h e  same e l u t i o n  volu-  
m e s  as t h o s e  p r e v i o u s l y  r e p o r t e d  f o r  t h e  dimeric ( V e =  

7.9 m l )  and  monomeric (Ve=8.4  ml) confo rma t iona l  s p e c i e s  
of GA i n  THF u s i n g  an  U l t r a s t y r a g e l  1000 d COlUmn ( 2 3 ) .  
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Based on t h i s  f ac t  and on l i t e r a t u r e  s p e c t r o s c o p i c  d a t a  
o f  GA confo rma t iona l  e q u i l i b r i u m  i n  e t h a n o l  (21), which 
have p o i n t e d  o u t  t h a t  t h e  monomerization ra te  of t h e  
p e p t i d e  i s  much h i g h e r  i n  t h i s  p o l a r  s o l v e n t  t h a n  i n  non- 
p o l a r  o n e s ,  some c o n s i d e r a t i o n s  can  be made on t h e  mecha- 
nisms invo lved  i n  t h e  e l u t i o n  p rocess .  A f t e r  i n j e c t i o n ,  
t h e  2 1.11 o f  e t h a n o l  are immediately removed from t h e  poly-  
p e p t i d e  confo rma t iona l  s p e c i e s  due  t o  a s i z e - e x c l u s i o n  
e f f e c t .  On t h e  o t h e r  hand, it i s  n o t  l i k e l y  t h a t  t h e  ra te  
o f  d i m e r i c  and monomeric s p e c i e s  i s  a l te red  through t h e  
column s i n c e  t h e  confo rma t iona l  e q u i l i b r i u m  of GA i n  THF 
( e l u e n t )  i s  ex t remely  slow ( s e v e r a l  days  ( 2 3 , 2 4 ) )  and 
t h e  t i m e  r e q u i r e d  f o r  t h e  a n a l y s i s  i s  o n l y  9 min. There- 
fore, t h e  chromatograms i n  F ig .  1 A  can b e  c o n s i d e r e d  as 
rep roduc ing  t h e  a c t u a l  s i t u a t i o n  of t h e  confo rma t iona l  
e q u i l i b r i u m  e x i s t i n g  i n  a l c o h o l i c  s o l u t i o n  b e f o r e  i n j e c -  
t i o n ,  i.e., t h e  a c t u a l  dimer:monomer r a t i o  i n  e t h a n o l  a t  

a g iven  t i m e ,  t . 

W e  have r e c e n t l y  demonst ra ted  t h a t ,  when t h e  mono- 
m e r i z a t i o n  k i n e t i c s  o f  GA i s  fo l lowed by absorbance  measu- 
rements  a t  294 nm u s i n g  THF as e l u e n t ,  it i s  p o s s i b l e  t o  
e v a l u a t e  t h e  mass f r a c t i o n  o f  each  s p e c i e s  d i r e c t l y  from 
t h e  peak h e i g t h s  i n  t h e  chromatograms (24). F i g .  1B 
shows t h e  mass f r a c t i o n  of monomer as a f u n c t i o n  of t i m e  
f o r  a 0 . 5  mg/ml s o l u t i o n  of GA i n  e t h a n o l .  I t  i s  e v i d e n t  
t h a t  t h e  e l a p s e d  t i m e  r e s u l t s  i n  a d i sp lacemen t  of e q u i -  
l i b r i u m  f r o m  t h e  GA dimer ( z e r o  t i m e )  towards monomeric 
forms ( F i g s .  1A and B ) .  A t  t h i s  p o l y p e p t i d e  c o n c e n t r a t i o n ,  
e q u i l i b r i u m  i s  reached  i n  abou t  one hour ,  i n  c o n t r a s t  t o  
t h e  several d a y s  r e q u i r e d  i n  THF (23,241. 

Using t h e  r e s u l t s  i n  F ig .  l B ,  a detailed k i n e t i c  
a n a l y s i s  h a s  been c a r r i e d  o u t  bo th  t o  v e r i f y  o u r  above 

assumption of a s imple  dimer-monomer e q u i l i b r i u m  of GA 
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in ethanol and to determine the rate constant for the 
dissociation process. 

Let us assume the following equilibrium for GA: 

k l  

k- 1 
M 2 e  2 M  

The integrated form of the velocity equation 
written as ( 2 4 ) :  

(1) 

can be 

where [M2]o , 
at zero time, at equilibrium and at a given time, t, 
respectively. kl ( s - ' )  denotes the rate constant of the 
direct process. For simplicity, the whole fraction of 
the first member will be referred to as P .  kl value can 
be determined from the slope of the straight line in 
eqn. 2. 

[MJe and [M2] refer to dimer concentration 

Fig. 1C plots the chromatographic results in 
Fig. 1B according to eqn. 2. A good fitting is observed 
which demonstrates, on the one hand, the validity of the 
model in eqn. 1, and on the other, the accuracy in the 
chromatographic determination of dimer and monomer con- 
centrations. From three independent sets of measurements 
of the GA monomerization kinetics, an average kl value 
of (5.0 2 0.4) x s-' has been obtained. On the other 
hand, an average value for the dissociation equilibrium 
constant, Kd, has been obtained from the data at equili- 
brium (see Fig. 1B as an example), this value being 
Kd = (1.0 2 0.3) x M. The kl and K values determi- d 
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Elution volume (m!) 

FIGURE 2. Fluorescence detect ion-monitored e l u t i o n  
p r o f i l e s  of C a 2 t  GA i n t e r a c t i o n  k i n e t i c s  i n  
e t h a n o l ,  a t  a 0..5 mq/ml p e p t i d e  c o n c e n t r a t i o n ,  
f o r  a Ca2+:GA molar ra t io  R =  0-5, E1uent:THF; 
flow rate: 1.0 ml/min. The chromatogram a t  
z e r o  t i m e  corresponds t o  t h e  i n j e c t i o n  of t h e  
GA sample e q u i l i b r a t e d  b e f o r e  t he  a d d i t i o n  
of calcium. 

ned from t h e  a n a l y s i s  of chromatographic  r e s u l t s  are 
of t h e  same o r d e r  of magnitude as t h o s e  r e p o r t e d  by 
Veatch and B lou t  ( 2 1 )  from s p e c t r o s c o p i c  measurements 
of GA i n  e t h a n o l .  

K i n e t i c s  of Ca2+-gramicidin A i n t e r a c t i o n  i n  e t h a n o l  

F ig .  2 d e p i c t s ,  as a n  example, s o m e  e l u t i o n  pro-  
files a t  d i f f e r e n t  i n c u b a t i o n  t i m e s  of t h e  r e a c t i o n  of 
ca l c ium wi th  GA p r e v i o u s l y  e q u i l i b r a t e d  i n  e t h a n o l ,  a t  a 
0 .5  mg/ml p e p t i d e  c o n c e n t r a t i o n ,  f o r  a Ca2+:GA molar  
r a t io ,  R =  0.5.  Samples were moni tored  s imul t aneous ly  
w i t h  f l u o r e s c e n c e  and absorbance  d e t e c t o r s .  However, i n  
o r d e r  n o t  t o  overcrowd t h e  F i g u r e ,  on ly  t h e  f l u o r e s c e n c e  
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response is shown. The chromatogram a t  ze ro  t i m e  co r re s -  
ponds t o  t h e  i n j e c t i o n  of t h e  GA sample e q u i l i b r a t e d  i n  
e t h a n o l  be fo re  t h e  a d d i t i o n  of  calcium. Two peaks are 
observed i n  t h e  chromatograms which are e l u t e d  a t  
e x a c t l y  t h e  same e l u t i o n  volumes as GA f r e e  dimeric  
(peak 1) and monomeric (peak 11) s p e c i e s .  A broad t a i l e d  
peak becomes appa ren t  with e l apsed  t i m e  a t  a h ighe r  e l u -  
t i o n  volume, which could be a t t r i b u t e d  t o  a calcium-poly- 
p e p t i d e  complex (peak 111). 

Two p o s s i b l e  non-exclusive a l t e r n a t i v e  explana- 
t i o n s  can be given f o r  t h e  r a t h e r  l a r g e  e l u t i o n  volume 
of t h i s  spec ie s :  i) a Ca2+- inCiuced GA conformational  
change r e s u l t i n g  i n  a lower hydrodynamic volume. I t  

should be noted t h a t  GA e x h i b i t s  i n  non-polar s o l v e n t  a 
8 - h e l i c a l  conformation (20,21) and i n  THF a Ca2+-poly- 
pep t ide  complex would be expected t o  adopt  a t i g h t e r ,  
more compact s t r u c t u r e .  ii) a r e t e n t i o n  of t he  Ca2'- GA 

complex on t h e  suppor t  hydrophobic ma t r ix .  I n  t h i s  con- 

nec t ion ,  it h a s  been r e c e n t l y  po in t ed  o u t ,  when s tudy ing  
the  e l u t i o n  behavior  of  C a 2 t  binding p r o t e i n s  by hydro- 
phobic i n t e r a c t i o n  chromatography (HIC-HPLC)  us ing a 
phenyl group-derivat ized suppor t ,  t h a t  t h e  e l u t i o n  volume 
s t r o n g l y  depends on t h e  presence o r  absence of  calcium i n  
t h e  e l u e n t  ( 2 5 ) .  The r e t e n t i o n  observed f o r  t h e  calcium- 
bound p r o t e i n  r e l a t i v e  to  t h e  calcium-free one has  been 
a s c r i b e d  t o  a C a 2 t  dependent exposure of some p r o t e i n  
hydrophobic sites ( 2 6 ) ,  so  t h a t  i t  would i n t e r a c t  m o r e  
s t r o n g l y  with t h e  hydrophobic g e l  ma t r ix .  F ig .  2 a l s o  
shows t h a t  t h e  a d d i t i o n  of calcium causes  two e f f e c t s :  
a dec rease  i n  t h e  a b s o l u t e  h e i g h t s  of f r e e  dimer and 
monomer peaks and a p a r a l l e l  i n c r e a s e  i n  t h e  area of the 
peak of complex. 

Fig.  3 p l o t s  ( s o l i d  l i n e )  t h e  r e s u l t s  correspon- 
d ing  t o  t h e  k i n e t i c s  of  i n t e r a c t i o n  of C a 2 +  w i th  GA f o r  
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FIGURE 3 .  Sol id  l i n e :  Var ia t ion  of the r e l a t i v e  he igh t  o f  
t he  f r e e  dimer peak, hM2/h&, with incubation t i m e  
f o r  t he  C a 2 t G A  i n t e r a c t i o n  k i n e t i c s  i n  e thanol  a t  
a 0 - 5  mg/ml pept ide  concentration, f o r  R = 0 , 5 ,  
h i  denotes the  he ight  of the  f r e e  dimer peak ( i n  
a r g i t r a r y  u n i t s )  a t  zero t i m e .  Dashed l i n e :  Time- 
dependent Ca2+- GA complex formation expressed as 
t he  v a r i a t i o n  of the semi-area of peak I11 i n  the  
chromatograms. 

a 0.5 mg/ml p e p t i d e  concen t r a t ion  and f o r  R = 0 . 5 ,  expres-  
s ed  as  the  v a r i a t i o n  of  t he  r e l a t i v e  h e i g h t  o f  t h e  f r e e  
dimer peak (peak I ) ,  hM2/hi2,  as a func t ion  of incuba- 
t ion  t i m e  . 
( i n  a r b i t r a r y  u n i t s )  a t  zero t i m e ,  i . e . ,  t h a t  correspond- 
i n g  t o  t h e  i n j e c t i o n  of  t h e  e q u i l i b r a t e d  GA sample be fo re  
t h e  a d d i t i o n  of  Ca2+. W e  have considered it more adequate  
t o  use t h e  h e i g h t s  of t h e  dimer peak i n  t h e  k i n e t i c  
p l o t s ,  because t h e  f r e e  monomer peak i s  p a r t i a l l y  over-  
lapped with t h e  complex one. 

denotes  t h e  h e i g h t  of t he  f r e e  d i m e r  peak h i 2  

On t h e  o t h e r  hand, as an e s t i m a t i o n  of t h e  appear- 
ance of  t h e  Ca2+-GA complex, t he  semi-area of peak I11 
( i n  a r b i t r a r y  u n i t s ,  dashed l i n e )  i s  a l s o  p l o t t e d  i n  
Fig.  3 as a f u n c t i o n  of incuba t ion  t i m e .  A good t i m e  
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c o r r e l a t i o n  between t h e  d i sappea rance  o f  f r e e  dimer and 
t h e  fo rma t ion  of  t h e  complex can be  observed ,  t h e  sample 
r e a c h i n g  p r a c t i c a l l y  e q u i l i b r i u m  a t  a b o u t  9-10 hour s .  

S ince  t h e  f r e e  dimer:monomer r a t i o  seems t o  be 

ma in ta ined  w i t h  e l a p s e d  t i m e  (see F ig .  21 ,  t h e  a p p a r e n t  

d i s s o c i a t i o n  c o n s t a n t ,  KaPP , 
brium i n  t h e  p re sence  of  Ca2+ was c a l c u l a t e d  as  a func-  
t i o n  of i n c u b a t i o n  t i m e .  W e  have p r e v i o u s l y  ver i f ied  
t h a t ,  when mon i to r ing  a GA sample wi th  bo th  UV and 
f l u o r e s c e n c e  detectors, f o r  t h e  same h e i g h t  of  t h e  dimer 
peak,  t h e  h e i g h t  of t h e  monomer one w a s  a lways  h i g h e r  

w i t h  f l u o r e s c e n c e  than  w i t h  UV d e t e c t i o n ,  t h e  f a c t o r  

be ing  1.20 2 0.05 as de termined  f r o m  a set of 10  inde-  

pendent  i n j e c t i o n s .  T h i s  behav io r  i s  due t o  t h e  f a c t  

t h a t  GA dimer and monomer have d i f f e r e n t  quantum y i e l d s  
i n  o r g a n i c  s o l v e n t  ( 2 1 ) ,  and p a r t i c u l a r l y  i n  THF t h e  
monomer quantum y i e l d  i s  h i g h e r  t han  t h e  dimer one 
( ( 2 3 ) ,  and manusc r ip t  i n  p r e p a r a t i o n ) .  So, i n  order t o  

de te rmine  K:pp d i r e c t l y  from t h e  h e i g h t s  of t h e  peaks ,  
a c o r r e c t i o n  w a s  made i n  a l l  c a s e s  f o r  t h e  h e i g h t  o f  t h e  
monomer peak,  which w a s  d i v i d e d  by t h e  f a c t o r  1.20. 

f o r  t h e  M 2 e = = = = =  2 M  e q u i l i -  d 

Table  1 summarizes t h e  v a l u e s  o f  K:pp as a 
f u n c t i o n  of  i n c u b a t i o n  t i m e .  I t  c a n  be seen t h a t ,  u n t i l  - 2.5 h o u r s  of i n c u b a t i o n ,  IZ:pp v a l u e s  remain p r a c t i c a l -  
l y  c o n s t a n t  and s imilar  t o  t h e  v a l u e  i n  t h e  absence  of  
Ca2+, whereas  a1  l o n g e r  t i m e s ,  t h e r e  is a n o n - s i g n i f i c a n t  
s l i g h t  i n c r e a s e  i n  R:pP p robab ly  due t o  an o v e r e s t i m a t i o n  
o f  t h e  monomer c o n c e n t r a t i o n ,  as a consequence o f  t h e  

o v e r l a p p i n g  between free monomer and complex peaks .  
The re fo re ,  it seems r e a s o n a b l e  t o  assume t h a t  e q u i l i -  

brium between f r e e  p o l y p e p t i d e  s p e c i e s  ( M 2 ' t -  2M) is  
ma in ta ined  d u r i n g  t h e  i n t e r a c t i o n  k i n e t i c s .  I f  so, C a  

cou ld  b i n d  e i t h e r  t o  both  confo rma t iona l  s p e c i e s  w i t h  

t h e  same a f f i n i t y ,  or o n l y  t o  one of them s h i f t i n g  t h e  
confo rma t iona l  e q u i l i b r i u m  between free s p e c i e s .  

2+ 
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TABLE 1 
Values of  t h e  Apparent D i s s o c i a t i o n  Constant ,  KaPP , as a Funct ion  

d 
of Incubat ion  Time 

t (min) lo4 x ~ y ( m o i / i )  t (min) lo4 xKaPP(mol/l) d 

O *  
4 
14 
29 
53 
68 
104 
148 
164 

1 .o 
1 - 1  
1.4 
1 .o 
1 " l  
1.2 
1 .o 
1 .o 
1.3 

204 
219 
251 
288 
33 1 
36 7 
376 

24 hours  

1.3 
1.4 
1.5 
1.5 
1.5 
1.9 
1.8 

1.3 

* Before t h e  a d d i t i o n  of calcium. 

I n  t h i s  connec t ion ,  w e  have o b t a i n e d  a d d i t i o n a l  

ev idence  s u p p o r t i n g  t h a t  Ca2+ b i n d s  p r e f e r e n t i a l l y  t o  
t h e  p o l y p e p t i d e  monomeric form ( n o t  shown).  For  t h i s  

purpose  , a Ca2+-conta in ing  a l i q u o t  was added t o  f r e s h l y  

d i s s o l v e d  GA d i m e r i c  (commercial GA) and monomeric (GA 

l y o p h i l i z e d  from a c e t i c  acid,  (23 )  ) e t h a n o l i c  s o l u t i o n s  

and t h e  samples  were chromatographed a t  very  s h o r t  

i n c u b a t i o n  times ( <  5 m i n  a t  a Ca2+:GA molar  r a t i o  R = 2 ) .  

Upon a d d i t i o n  o f  C a 2 + ,  bo th  a r a p i d  d e c r e a s e  and a 
s i g n i f i c a n t  de fo rma t ion  o f  t h e  peak co r re spond ing  t o  

monomeric GA w a s  obse rved ,  whereas  t h e  peak cor respond-  

i n g  t o  d i m e r i c  GA d i d  n o t  a p p r e c i a b l y  change. 

The r e s u l t s  p r e s e n t e d  above allow t o  propose  

t h e  fo l lowing  q u a l i t a t i v e  mechanism o f  Ca2+-gramicidin A 

i n t e r a c t i o n  i n  e t h a n o l  i n  t e r m s  of t h e  dimer-monomer 

confo rma t iona l  e q u i l i b r i u m :  

M 2 . A  2 M  

J + n C a 2 +  

complex 
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Such a mechanism ev idences  a p r e f e r e n t i a l  
b i n d i n g  of t h e  d i v a l e n t  ca t ion  t o  t h e  monomeric form 
r e l a t i v e  t o  t h e  d imer i c  one.  On t h e  o t h e r  hand,  t h i s  
f a c t  seems t o  be i n  l i n e  w i t h  U r r y ' s  model o f  GA channel ,  

which e s s e n t i a l l y  cons i s t s  of t h e  N-terminal-to-N-terminal 
j u x t a p o s i t i o n  of  two monomers ( 3 , 4 )  . Fur thermore ,  based  

on s p e c t r o s c o p i c  and t h e o r e t i c a l  d a t a  (15,17) suppor t -  
i n g  t h a t  t h e  calcium b i n d i n g  si te is  close t o  t h e  

e thano lamine  t e r m i n a l  of g r a m i c i d i n  A, it could be 

sugges t ed  from o u r  r e s u l t s  t h a t  t h e  carboxyl -end  i s  
more accesible i n  a monomeric conformat ion  t h a n  i n  a 
doub le  h e l i c a l  dimeric one. 

I n  summary, HPSEC h a s  proved t o  be a valuable 
t o o l  f o r  t h e  e l u c i d a t i o n  of t h e  mechanism of i n t e rac t ion  
of GA w i t h  Ca2+ i n  terms of t h e  p o l y p e p t i d e  conforma- 

t i o n a l  e q u i l i b r i u m .  Experiments  are a t  p r e s e n t  b e i n g  
c a r r i e d  o u t  i n  o u r  l a b o r a t o r y  t o  conf i rm t h e  mechanism 
proposed  and t o  c h a r a c t e r i z e  t h e  s t o i c h i o m e t r y  of t h e  

b i n d i n g  p r o c e s s  as  w e l l  as t o  de t e rmine  t h e  k i n e t i c  
and thermodynamic constants .  T h i s  methodology can  a l s o  
be extended  t o  t h e  s t u d y  of t h e  i n t e r a c t i o n  of GA w i t h  
monovalent cat ions (Na', K'. . . ) which are t r a n s p o r t e d  

th rough  t h e  g r a m i c i d i n  A transmembrane channe l  (8 ,11 ,12) .  
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