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C H A R A C T E R I Z A T I O N  OF PROTEIN-PROTEIN A N D  PROTEIN-LIGAND 
INTERACTIONS BY H I G H  PERFORltANCE SIZE EXCLUSION CHRONATOGMPHY 

Kenneth  C. Ingham,  Thomas F. Busby, Donald H. Atha 
and Hi lda  F o r a s t i e r i  

American Red Cross Plasma D e r i v a t i v e s  Labora tory  
9312 Old Georgetown Road 
Bethesda ,  Naryland 2081 4 

ABSTRACT 

HPLC has  been used i n  ou r  l a b o r a t o r y  t o  c h a r a c t e r i z e  a wide 
range of p r o t e i n - p r o t e i n  and p ro te in - l igand  i n t e r a c t i o n s .  In  a 
s t u d y  of  the  d i s s o c i a t i o n  and recombina t ion  o f  human c h o r i o n i c  
gonadot ropin  subun i t s ,  HPLC provided a f a s t  and s e n s i t i v e  method 
f o r  d i r e c t l y  o b s e r v i n g  t h e  s t a t e  o f  a s s o c i a t i o n  o f  s a m p l e s  
e q u i l i b r a t e d  under v a r i o u s  condi t ions .  The a s u b u n i t  (15 Kd) was 
e a s i l y  reso lved  from theB subun i t  (23 Kd) us ing  a Toyo Soda type  
SW 3000 column (0.8 x 60 cm) e l u t i n g  a t  1 ml/min. The s u b u n i t  
was poor ly  r e so lved  from the  i n t a c t  hormone (38 Kd) i n  agreement 
w i t h  r e s u l t s  ob ta ined  us ing  convent iona l  exc lus ion  media. I n  
ano the r  s tudy ,  t h e  same column was used t o  assess t h e  degree  o f  
aggrega t ion  of v a r i o u s  p r o t e a s e  i n h i b i t o r s  ( a n t i t h r o m b i n  I11 (AT 
111), C1  - i n a c t i v a t o r  and a, -p ro te inase  i n h i b i t o r )  a f t e r  h e a t i n g ,  
a s  p a r t  of an e f f o r t  t o  de te rmine  cond i t ions  under which t h e s e  
p o t e n t i a l l y  t h e r a p e u t i c  p r o t e i n s  might w i ths t and  p a s t e u r i z a t i o n  
to  reduce the  r i s k  of t r a n s f u s i o n  h e p a t i t i s .  The a b i l i t y  of AT 
I11 (65 Kd) t o  b i n d  h e p a r i n  (5-20 Kd) and t h r o m b i n  (37 Kd)  was 
a l s o  r e a d i l y  a s c e r t a i n e d  by  HPLC. When n a t i v e  i n h i b i t o r  was 
premixed wi th  excess  hepa r in ,  i t s  e l u t i o n  s h i f t e d  toward t h e  void  
and  b e c a m e  b r o a d e r  d u e  t o  t h e  p o l y d i s p e r s i t y  o f  t h e  
mucopolysaccharide. By c o n t r a s t ,  fo rma t ion  of a complex w i t h  
thrombin only  s l i g h t l y  inc reased  t h e  r a t e  of e l u t i o n  of AT 111. 
Never the l e s s ,  t h e  e x t e n t  of complex fo rma t ion  could be de te rmined  
from t h e  d e p l e t i o n  of t he  much s l o w e r  moving thrombin  peak. The 
l a t t e r  approach proved u s e f u l  f o r  c h a r a c t e r i z i n g  thrombin a f t e r  
cova len t  a t t achmen t  of f l u o r e s c e n t  probes. 
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230 INGHAM ET AL. 

I N T R O D U C T I O N  

O u r  i n t e r e s t  i n  HPLC was t r i g g e r e d  by t h e  a d v e n t  o f  a n  

e x c l u s i o n  co lumn t h r o u g h  which  a t  l e a s t  some o f  t h e  p r o t e i n s  

being s tud ied  i n  ou r  l a b o r a t o r y  would p a s s  f r e e l y .  The a b i l i t y  

t o  a s k  s i m p l e  s h o r t  t e r m  q u e s t i o n s  r e g a r d i n g  t h e  s t a t e  o f  

a s s o c i a t i o n  of  a macromolecule and r e a l i z i n g  t h e  answer i n  o n l y  

20-30 min has had a d e f i n i t e  impact  on our  program. Most of o u r  

exper ience  is  wi th  sys tems invo lv ing  s t r o n g  complexes which a r e  

s t a b l e  on t h e  column. These  i n c l u d e  ( 1 )  p r o t e a s e  i n h i b i t o r s ,  

which form covalen t  complexes wi th  t h e i r  t a r g e t  enzymes, and some 

of which i n t e r a c t  w i t h  hepar in ,  a mucopolysaccharide which b inds  

s t r o n g l y  but r e v e r s i b l y ,  s h i f t i n g  t h e  e l u t i o n  of t he  i n h i b i t o r s  

t o  s h o r t e r  t imes ,  (2)  human chor ion ic  gonadot ropin  (hCG) s u b u n i t s  

wh ich  i n t e r a c t  r e v e r s i b l y  t o  fo rm an a c t i v e  hormone  w i t h  a n  

a s s o c i a t i o n  cons t an t  > 108M-’ a t  room tempera tu re ;  and (3) hea ted  

p r o t e i n s  whose d e n a t u r a t i o n  i s  s o m e t i m e s  d e t e c t e d  by t h e  

fo rma t ion  of aggrega tes ,  o r  by l o s s  of a b i l i t y  t o  i n t e r a c t  w i t h  

o t h e r  macromolecules,  e i t h e r  event  be ing  amenable t o  d e t e c t i o n  

and c h a r a c t e r i z a t i o n  by HPLC . The l a t t e r  a p p l i c a t i o n  is p a r t  of 

a program t o  de t e rmine  c o n d i t i o n s  which prevent  d e n a t u r a t i o n  s o  

t h a t  p o t e n t i a l l y  t h e r a p e u t i c  human p l a s m a  p r o t e i n s  c a n  b e  

pas t eu r i zed  t o  reduce the  r i s k  of t r a n s f u s i o n  h e p a t i t i s .  The 

p u r p o s e  o f  t h i s  r e p o r t  i s  t o  s h a r e  o u r  e x p e r i e n c e  w i t h  h i g h -  

performance s i ze -exc lus ion  chromatography so  t h a t  o t h e r s  might 

a p p r e c i a t e  t he  power of t h i s  tool.  The r e s u l t s  p re sen ted  h e r e  
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PROTEIN-PROTEIN AND PROTEIN-LIGAND INTERACTIONS 231 

have been published i n  p r e l i m i n a r y  form as p a r t  o f  t h e  a b s t r a c t s  

of t h e  I n t e r n a t i o n a l  Symposium on HPLC of P r o t e i n s  and Pep t ides ,  

November, 1981 , Washington I). C. 

MATERIALS AND METHODS 

Highly p u r i f i e d  hCG and i t s  s u b u n i t s  were obta ined  from Dr. 

R o b e r t  C a n f i e l d  o f  Columbia  U n i v e r s i t y  v i a  t h e  C e n t e r  f o r  

Popu la t ion  Research, Na t iona l  I n s t i t u t e  Child Heal th  and Human 

Development, N I H .  Antithrombin I11 and C1-Ina were g i f t s  from 

Dr. M i l a n  Wickerhauser of t h i s  i n s t i t u t i o n .  The p u r i f i c a t i o n  and 

c h a r a c t e r i z a t i o n  of  AT I11 has  been desc r ibed  (1). C1-Ina was 

p a r t i a l l y  p u r i f i e d  from plasma by ion  exchange chromatography 

and f u r t h e r  p u r i f i e d  as d e s c r i b e d  h e r e i n .  Alphal  - p r o t e i n a s e  

i n h i b i t o r  was obta ined  from Dr. Char les  Glazer  of t h e  I n s t i t u t e s  

o f  Nedica l  Sc iences ,  San Francisco. CIS was p a r t i a l l y  p u r i f i e d  

by a m o d i f i c a t i o n  of t he  procedure of Ring e t  al., (2) and Tay lo r  

e t  al., ( 3 ) .  Thrombin was a g i f t  of Dr. John Fenton, of  t h e  New 

York S t a t e  D e p a r t m e n t  of H e a l t h ,  Albany. Bov ine  P a n c r e a t i c  

Tryps in  was purchased from Cal Biochem and used wi thou t  f u r t h e r  

p u r i f i c a t i o n .  

A l l  c h r o m a t o g r a p h y  e x p e r i m e n t s  w e r e  c o n d u c t e d  a t  room 

tempera ture  u s i n g  0.8 x 60 cm exc lus ion  columns donated by o r  

purchased from Toyo Soda Manufacturing (TSK G3000SW). Unless 

o t h e r w i s e  s t a t e d ,  t h e  e l u t i n g  b u f f e r  was 0.02 M p o t a s s i u m  

phosphate pH 7.35, p lus  0.15 M N a C 1 .  E l u t i o n  was c o n t r o l l e d  a t  1 
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2 3 2  INGHAM ET AL. 

ml/min wi th  a Waters M600A pump. Samples were i n j e c t e d  w i t h  a 

Waters U 6 K  i n j e c t o r  and p r o t e i n  e l u t i o n  was monitored a t  280 nm 

w i t h  a Waters Model 450 V a r i a b l e  Wave leng th  d e t e c t o r .  O t h e r  

d e t a i l s  o f  t he  expe r imen ta l  c o n d i t i o n s  can be found i n  t h e  f i g u r e  

legends and i n  the  a p p r o p r i a t e  r e fe rences  g iven  i n  the  t ex t .  

RESULTS 

Human Chor ionic  Gonadotropin 

Human c h o r i o n i c  g o n a d o t r o p i n  (hCG) i s  a g l y c o p r o t e i n  

comprised of two n o n i d e n t i c a l  subun i t s ,  ci and B ,  held t o g e t h e r  by 

n o n c o v a l e n t  bonds  ( 4 , 5 ) .  The d i s s o c i a t e d  s u b u n i t s  a r e  

b i o l o g i c a l l y  i n a c t i v e  but  a c t i v i t y  can be recovered by combining 

the  i s o l a t e d  s u b u n i t s  under phys io log ica l  cond i t ions  (6). S t u d i e s  

o f  t h e  k i n e t i c s  o f  d i s s o c i a t i o n  and r e c o m b i n a t i o n  would be 

f a c i l i t a t e d  by the  a v a i l a b i l i t y  o f  a f a s t  and s e n s i t i v e  method t o  

a s s e s s  t h e  s t a t e  of a s s o c i a t i o n  o f  a g i v e n  sample .  The TSK 

G3000SW column has  proven u s e f u l  f o r  t h i s  purpose and we have 

u t i l i z e d  HPLC along wi th  t h a t  of f l uo rescence  p o l a r i z a t i o n ,  t o  

s tudy  the  r e v e r s i b l e  d i s s o c i a t i o n  o f  hCG s u b u n i t s  a t  e l eva ted  

tempera tures  and n e u t r a l  pH (7). 

F igu re  1 A  i l l u s t r a t e s  t h e  e l u t i o n  of  s e v e r a l  samples  of hCG 

which  were  i n c u b a t e d  i n  0.01 M p o t a s s i u m  p h o s p h a t e  pH 7, a t  

va r ious  t empera tu res  u n t i l  e q u i l i b r i u m  was e s t a b l i s h e d .  P r o f i l e  

A r e f e r s  t o  the  i n t a c t  n a t i v e  hormone which e l u t e s  as a s i n g l e  

symmet r i ca l  peak, wh i l e  p r o f i l e  B refers t o  a sample incubated  
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PROTEIN-PROTEIN ANU PROTEIN-LIGAND INTERACTIONS 2 3 3  

R -  

D- 

0 2  4 6  8 - R  

F i g u r e  1 - A n a l y s i s  o f  t h e  s t a t e  o f  a s s o c i a t i o n  o f  human 
c h o r i o n i c  gonadot ropin  s u b u n i t s  u s ing  Toyo Soda e x c l u s i o n  column 
TSK G3000SW. 

- -  

Determina t ion  o f  t h e  e x t e n t  o f  d i s s o c i a t i o n  of  hCG (54 
1 0  f o l l o w i n g  p r o l o n g e d  i n c u b a t i o n  a t  n e u t r a l  pH a t  
v a r i o u s  t empera tu res  a )  25OC (1 00% a s s o c i a t e d ) ,  b) 8 O o C  
(100% d i s s o c i a t e d ) ,  c )  6 5 O C  (33% a s s o c i a t e d ) ,  d )  
d i s s o c i a t e d  s u b u n i t s  incubated  a t  3 7 O C  f o r  18 h r s  (78% 
a s s s o c i a t e d ) .  

Ana lys i s  of  t h e  t i m e  couse f o r  recombina t ion  o f  ac id -  
d i s s o c i a t e d  hCG s u b u n i t s  (22 VM) a )  i n t a c t  n a t i v e  
hormone, b) d i s s o c i a t e d  s u b u n i t s  ob ta ined  by i n c u b a t i o n  
a t  pH 2.5 and 37OC f o r  1 h r ,  c - f )  samples withdrawn a t  
t h e  i n d i c a t e d  times a f t e r  ad jus tmen t  of  pH t o  7. 

Second o r d e r  k i n e t i c  p l o t  o f  t h e  r e c o m b i n a t i o n  d a t a  
shown i n  pane l  b. k = 385M m m -  . -1 . 1 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
7
:
5
1
 
2
4
 
J
a
n
u
a
r
y
 
2
0
1
1



2 3 4  INGHhM ET AL. 

a t  80' C r e s u l t i n g  i n  c o m p l e t e  d i s s o c i a t i o n .  The c1 s u b u n i t  

e l u t e s  s e v e r a l  minutes l a t e r  than  e i t h e r  t he  i n t a c t  hormone o r  

the  f3 subun i t ,  the  l a t t e r  two being unreso lved  on t h i s  column. A 

s i m i l a r  l a c k  of r e s o l u t i o n  between hCG and hCG-a! i s  obta ined  by 

convent iona l  chromatography us ing  Sephadex G-I  00 (8). The r a t e  

of subun i t  recombina t ion  a t  room t empera tu re  under t h e  c o n d i t i o n s  

of e l u t i o n  i n  Fig. 1 A  i s  too slow to  cause a s i g n i f i c a n t  change 

in t h e  s t a t e  o f  a s s o c i a t i o n  d u r i n g  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 .  The r e l a t i v e  a r e a s  under the  two peaks i n  p r o f i l e  R is  

c o n s i s t e n t  w i t h  t h e  known e x t i n c t i o n  c o e f f i c i e n t s  o f  t h e  

subuni t s .  P r o f i l e  C r e f e r s  t o  a sample e q u i l i b r a t e d  a t  65' C. 

Analys is  of t he  a r e a s  i n d i c a t e s  t h a t  33% of the  hormone is i n  

the  a s s o c i a t e d  s t a t e ,  cor responding  t o  a d i s s o c i a t i o n  c o n s t a n t  of 

7.3 x 10-5T.I. U s i n g  t h i s  approach it was p o s s i b l e  t o  de t e rmine  

t h e  dependence  o f  t h e  s u b u n i t  d i s s o c i a t i o n  c o n s t a n t  on 

tempera ture  (7). P r o f i l e  D i l l u s t r a t e s  t h e  r e v e r s i b i l i t y  of t h e  

r e a c t i o n .  This p r o f i l e  re fe rs  t o  a s a m p l e  which  was f i r s t  

e q u i l i b r a t e d  a t  80' C caus ing  complete d i s s o c i a t i o n  and then  he ld  

overn ight  a t  77' r e s u l t i n g  i n  78% recombina t ion;  l onge r  t i m e s  a r e  

r equ i r ed  f o r  complete recombina t ion  under t h e s e  cond i t ions .  

F igu re  1B i l l u s t r a t e s  t h e  t ime  course  f o r  recombina t ion  of 

ac id -d i s soc ia t ed  hCG s u b u n i t s  i n  0.01 M potassium phosphate pH 7 

a t  37' C. The i n t a c t  hormone ( p r o f i l e  A )  was d i s s o c i a t e d  by 

incuba t ing  a t  pH 2.5 and 37' ( p r o f i l e  8 )  and then neu t r a l i zed .  A 

sample withdrawn immedia te ly  a f t e r  n e u t r a l i z a t i o n  had the  same 
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PROTEIN-PROTEIN AND PROTEIN-LIGAND INTERACTIONS 2 35 

p r o f i l e .  Samples withdrawn a t  v a r i o u s  t imes  a f t e r  n e u t r a l i z a t i o n  

showed i n c r e a s i n g  amounts of recombina t ion  ( p r o f i l e s  C-F). A 

second o rde r  p l o t  of the  k i n e t i c  d a t a  obta ined  i n  t h i s  f a sh ion  is  

shown i n  F igure  1C. The r a t e  cons t an t  ob ta ined  from the  s l o p e  ( k  

= 385M^’1n in -~ )  i s  i n  good a g r e e m e n t  w i t h  t h a t  o b t a i n e d  

p rev ious ly  by s p e c t r a l  methods (9). 

The l a c k  of  r e s o l u t i o n  between hCG and hCG-6 on t h i s  column 

a s  w e l l  a s  on convent iona l  exc lus ion  columns could be due to  an 

u n f o l d i n g  o f  t h e  i s o l a t e d  B s u b u n i t  r e s u l t i n g  i n  a l a r g e r  

e x c l u s i o n  r a d i u s .  However,  an  u n f o l d e d  c o n f o r m a t i o n  s e e m s  

u n l i k e l y  i n  view of t he  high p o l a r i z a t i o n  of t y r o s y l  f l u o r e s c e n c e  

(8). S t u d i e s  w i t h  t h e  homologous  ho rmone ,  o v i n e  l u t r o p i n ,  

suggested t h a t  most of the  unfo ld ing  which accompanies s u b u n i t  

d i s s o c i a t i o n  o c c u r s  i n  t h e  a s u b u n i t  (10). An a l t e r n a t i v e  

e x p l a n a t i o n  for t h e  p e c u l i a r  e l u t i o n  b e h a v i o r  would  be t h e  

e x i s t e n c e  of a h i g h l y  asymmetric but perhaps r i g i d  conformat ion  

f o r  hCG-B which combines w i t h  a f l e x i b l e  a subun i t  t o  form a m o r e  

s p h e r i c a l  complex whose exc lus ion  r a d i u s  i s  s i m i l a r  t o  t h a t  o f  

i s o l a t e d  a. I t  is of i n t e r e s t  t h a t  t h e  e l u t i o n  peak for hCG-B is 

n a r r o w e r  t h a n  t h a t  o f  t h e  i n t a c t  hormone s u g g e s t i n g  a l o w e r  

d i f f u s i o n  c o e f f i c i e n t  f o r  the  former ,  c o n s i s t e n t  w i t h  an asymmet- 

r i c  conformation. 

Antithrombin 111 

A n t i t h r o m b i n  111 ( A T  111) i s  a c i r c u l a t i n g  p r o t e a s e  

i n h i b i t o r  which i n a c t i v a t e s  thrombin and m o s t  s e r i n e  p r o t e a s e s  o f  
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A 

30 min r / \ -  

1 I l l 1 1 1  

6 8 10 12 14 16 18 
ELUTION VOLUME (ml) 

i i  
I ,  I /  

Pasteurized 
0.5 M Citrate 

Pasteurized / ;, 

Figure  2 - A: Formation o f  h igh  molecular  weight aggrega te s  o f  
an t i t h rombin  I11 as a f u n c t i o n  o f  time a t  6OoC. AT I11 samples  
(2  mg/ml) were hea ted  i n  0.02 M potassium phosphate buf fer ,  pH 
7.35 con ta in ing  0.15 M N a C 1 ,  removed a t  i n d i c a t e d  times, s t o r e d  
a t  Z0C and subsequent ly  app l i ed  t o  t he  column. B: Measurements 
of h e p a r i n  b i n d i n g  t o  s a m p l e s  of AT III i n  t h e  p r e s e n c e  o f  
c i t r a t e .  AT I11 s a m p l e s  ( 2  m g / m l )  c o n t a i n i n g  t h e  i n d i c a t e d  
concen t r a t ions  of  sodium c i t r a t e  were heated a t  6OoC in 0.02 M 
p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7.35, c o n t a i n i n g  0.15 M NaC1, 
removed a f t e r  10 hr ,  cooled t o  2 O C  and subsequent ly  app l i ed  to 
the  HPLC. The hea ted  and c o n t r o l  samples  were d i a l y z e d  a g a i n s t  
0.02 M potassium phosphate b u f f e r ,  pH 7.35, p l u s  0.15 M N a C 1 ,  
mixed wi th  h e p a r i n  f o r  a f i n a l  c o n c e n t r a t i o n  of  0.7 mg/ml AT 111, 
12 m g / m l  hepar in  and app l i ed  to  t h e  column. (----), no hepa r in ;  
(-- ), h e p a r i n  added. Adapted from Busby e t  al., (18). 
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PROTEIN-PROTEIN AND PROTEIN-LIGAND INTERACTIONS 237 

t h e  b lood  c o a g u l a t i o n  s y s t e m  (11,12). I t  i s  o f  p o t e n t i a l  

t h e r a p e u t i c  i n t e r e s t  f o r  replacement therapy  i n  p a t i e n t s  w i t h  

i n h e r i t e d  o r  acqui red  d e f i c i e n c i e s .  A major  r i s k  a s s o c i a t e d  w i t h  

such the rapy  is t r a n s f u s i o n  h e p a t i t i s  and one approach t o  reduce 

t h i s  r i s k  i s  t o  de t e rmine  c o n d i t i o n s  under which t h e  p r o t e i n  can 

be pas t eu r i zed  ( f o r  10h a t  60') to  i n a c t i v a t e  t h e  v i r u s .  I n  t h e  

case  of AT 111, t h e  presence  of 0.5 M c i t r a t e  is  s u f f i c i e n t  t o  

p r e s e r v e  most  of t h e  a c t i v i t y  (13). I n  t h e  a b s e n c e  o f  

s t a b i l i z e r s ,  t h e  i n h i b i t o r  undergoes e x t e n s i v e  aggrega t ion  and 

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

i n h i b i t  t h r o m b i n .  A l l  t h r e e  o f  t h e s e  e v e n t s  c a n  b e  r e a d i l y  

monitored by HPLC. 

Figure  2A i l l u s t r a t e s  t h e  t ime  course  of  aggrega t ion  i n  a 

sample of AT 111 which was hea ted  a t  60' C. Higher molecular  

weight forms  a r e  d e t e c t a b l e  a f t e r  2 min and by 60 min v e r y  l i t t l e  

monomer remains. The m u l t i p l e  peaks presumably correspond t o  

d i f f e r e n t  o l i g o m e r s  wh ich  a r e  fo rmed  and can  b e  r e s o l v e d  by  

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

d o d e c y l  s u l f a t e  ( d a t a  n o t  shown). T h i s  a g g r e g a t i o n  c a n  b e  

e n t i r e l y  p r e v e n t e d ,  even  a f t e r  10h  a t  60' C ,  by a d d i t i o n  o f  

sodium c i t r a t e  a t  c o n c e n t r a t i o n s  50.5 M. This  i s  i l l u s t r a t e d  by 

the  dashed p r o f i l e s  i n  F igu re  2B where i t  can be seen  t h a t  t h e  

samples  pas t eu r i zed  i n  0.5 o r  1.0 M c i t r a t e  a r e  i n d i s t i n g u i s h a b l e  

from t h e  unpas t eu r i zed  c o n t r o l ,  whereas t h a t  pas t eu r i zed  i n  0.25 

M c i t r a t e  showed s u b s t a n t i a l  aggrega t ion .  
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2 3 8  INGHAM ET AL. 

The s o l i d  p r o f i l e s  i n  F i g u r e  2 B  i l l u s t r a t e  t h e  manner  i n  

which HPLC can be used t o  assess t h e  a b i l i t y  of AT I11 t o  bind 

heparin. Premixing wi th  an excess  of t h e  mucopolysaccharide,  

which i s  e s s e n t i a l l y  t r a n s p a r e n t  a t  280 nm, s h i f t s  t h e  absorbance 

p r o f i l e  of unpas teur ized  AT I11 to  an e a r l i e r  e l u t i o n  t ime  w i t h  a 

c o n c o m i t a n t  b r o a d e n i n g  o f  t h e  peak. T h i s  b r o a d e n i n g  i s  

presumably due to the  po lyd i spe r se  n a t u r e  of t he  crude hepa r in  

used i n  these  exper iments  (>Ir = 5000-20000) S i m i l a r  r e s u l t s  a r e  

seen w i t h  the  sample pas t eu r i zed  i n  1.0 M c i t ra te  whereas t h e  

sample pas t eu r i zed  i n  0.5 M c i t r a t e  appeared t o  c o n t a i n  s l i g h t l y  

more monomer wh ich  d i d  n o t  s h i f t .  The 0.25 M c i t r a t e  s a m p l e  

conta ined  apprec iab le  amounts of h ighe r  molecular  weight  s p e c i e s  

even  i n  t h e  a b s e n c e  o f  h e p a r i n  and a d d i t i o n  o f  h e p a r i n  c a u s e d  

o n l y  a p a r t i a l  d e p l e t i o n  o f  t h e  monomer peak. T h i s  a p p r o a c h  

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

i n t e r a c t i o n  of  AT I11 w i t h  v a r i o u s  hepa r in  p r e p a r a t i o n s  and f o r  

r ap id  assessment  o f  t h e  a b i l i t y  of va r ious  modified a n t i t h r o m b i n s  

to  i n t e r a c t  w i th  heparin.  

HPLC h a s  a l s o  been  used  t o  m o n i t o r  t h e  f o r m a t i o n  o f  

complexes between AT 111 and one of i t s  t a r g e t  enzymes, thrombin. 

T h i s  i s  p a r t  o f  an  e f f o r t  i n  o u r  l a b o r a t o r y  t o  p r e p a r e  

f l u o r e s c e n t - l a b e l e d  d e r i v a t i v e s  of AT I11 and t h r o m b i n  w h i c h  

r e t a i n  t h e i r  a b i l i t y  t o  form enzyme- inhib i tor  cmplexes i n  a t ime 

d e p e n d e n t  r e a c t i o n  whose r a t e  c o u l d  be  d i r e c t l y  m o n i t o r e d  b y  

o b s e r v i n g  c h a n g e s  i n  f l u o r e s c e n c e  p o l a r i z a t i o n .  The e l u t i o n  
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PROTEIN-PROTEIN AND PROTEIN-LIGAND INTERACTIONS 2 39 

FLUORESCEIN 

lAl, FLUORESCEM , > L , h  THROMBIN PYRENE TIlROMW 

+AT 111 

k 8 14 20 

1 FLUORESCEIN TWROMBM 

LL 8 14 20 

I THROUBM 

8 14 20 

ELUTION VOLUME (ml) 

F i g u r e  2 - High pe r fo rmance  s i z e  e x c l u s i o n  ch romatography  o f  
v a r i o u s  f l u o r e s c e n t - l a b e l e d  d e r i v a t i v e s  o f  t h r o m b i n ,  
ant i thrombin,  and t h e i r  mixtures.  Samples (25 pl) of thrombin (1 
mg/ml) o r  AT 111 (1-2  rng/ml) were i n j e c t e d  i n t o  t h e  HPLC and 
e l u t e d  w i t h  0.01 M K phospha te  pH 7.35, 0.1 M NaC1. Complex 
formation was observed i n  mixtures  containing labeled thrombin 
(0.5 mg/ml) and an excess of unlabeled AT I11 (1.0 mg/rnl). These 
mixtures were incubated 15 minutes a t  3 7 O C  p r i o r  t o  i n j e c t i o n  (50 
!A). 

p r o f i l e s  of s e v e r a l  labeled d e r i v a t i v e s  of AT I11 and thrombin 

a r e  shown i n  the upper and middle po r t ion  of Figure 3. Thrombin, 

which has a molecular weight of about 77,000, e l u t e s  c lose  t o  the  

s a l t  volume ( 22 ml) suggest ing a tendency t o  i n t e r a c t  with the  

column. When mixed wi th  excess unlabeled AT 111, the  thrombin 

peak disappeared and was replaced by a new peak emerging s l i g h t l y  
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2 40 INGHAM ET AL. 

ahead of AT 111, a s  shown i n  t h e  lower  t h r e e  pane l s  of F igu re  7. 

Thus ,  t h e  p r e s e n c e  o f  t h e  l a b e l s  d i d  n o t  i n t e r f e r e  w i t h  t h e  

a b i l i t y  to  form complexes. 

The small d i f f e r e n c e  between the  e l u t i o n  o f  AT I11 and t h a t  

of t h e  AT 111-thrombin complex could be due to  r e t a r d a t i o n  of  t h e  

l a t t e r  due t o  i n t e r a c t i o n  ok t h e  thrombin moie ty  wi th  t h e  column 

o r  t o  conformat iona l  changes accompanying complex fo rma t ion  which 

r e s u l t  i n  a more compact s t r u c t u r e .  This  behavior  is  r e m i n i s c e n t  

of  t h a t  seen wi th  t h e  combination of  gonadotropin s u b u n i t s ,  as 

d i s c u s s e d  above  and i s  i n  c o n t r a s t  t o  t h e  b e h a v i o r  s e e n  w i t h  

hepa r in  which caused a s u b s t a n t i a l  s h i f t  i n  t h e  e l u t i o n  of AT 

111. The l a t t e r  e f f e c t  can be a t t r i b u t e d  t o  the  fo rma t ion  o f  a 

heparin:AT I11 complex from which s u b s t a n t i a l  p o r t i o n s  of t h e  

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

r a d i u s .  

Alphal -Pro te inase  I n h i b i t o r  

A lpha l  - p r o t e i n a s e  i n h i b i t o r  (a 1 - P I ,  a l s o  t e r m e d  a 1  - 

a n t i t r y p s i n )  i s  t h e  most abundant p ro tease  i n h i b i t o r  i n  plasma 

(1 4). I n d i v i d u a l s  w i th  i n h e r i t e d  d e f i c i e n c i e s  of  t h i s  p r o t e i n  

a r e  predisposed t o  pulmonary emphysema and might b e n e f i t  from 

replacsment  t he rapy  wi th  t h e  p u r i f i e d  p r o t e i n  (15). A s  wi th  AT 

111, p a s t e u r i z a t i o n  t o  i n a c t i v a t e  h e p a t i t i s  v i r u s  r e s u l t s  i n  l o s s  

of a c t i v i t y  and e x t e n s i v e  aggrega t ion .  Treatment f o r  10h a t  60°C 

i n  t h e  absence of s t a b i l i z e r s  s h i f t e d  a l l  of t he  p r o t e i n  i n t o  
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PROTEIN-PROTEIN AND PROTEIN-LIGAND INTERACTIONS 2 4 1  

A 

W 

E L U W N  YDLUlE IML’ 

F i g u r e  5 - A: Heat inBuced  a g g r e g a t i o n  o f  a l - p r o t e i n a s e  
i n h i b i t o r  (al -PI). The p r o t e i n  (0.50 m g / m l )  was “pas t eu r i zed“  a t  
6OoC f o r  10 h r  i n  0.02 M p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7.35 
c o n t a i n i n g  0.15 M NaC1. R: complex fo rma t ion  between a l - P I  (0.56 
mg/ml) and t r y p s i n  (1.0 mg/rnl) incubated  toge the r  f o r  10 min a t  
25OC. Note d isappearance  of t r y p s i n  peak wi thou t  f o r m a t i o n  o f  
new peak. 

t he  void of t he  TSK-G3000SW column (Figure  4 A )  s u g g e s t i n g  t h a t  

t he  aggrega t ion  is even more ex tens ive  than  wi th  AT 111. 

F o r m a t i o n  o f  a complex  be tween  a l - P I  and t r y p s i n  is  

i l l u s t r a t e d  i n  F igu re  4B The peak due to  f r e e  t r y p s i n  n e a r  21 

m l  d i sappea r s  when the  enzyme i s  premixed wi th  excess  al-PI. No 

new peak  i s  a p p a r e n t ,  s u g g e s t i n g  t h a t  t h e  e n z y m e - i n h i b i t o r  

complex e l u t e s  i n  the  same p o s i t i o n  a s  t h e  f r e e  i n h i b i t o r .  The 

sma l l  peak e l u t i n g  ahead o f  t h e  main peak i n  t h e  upper p r o f i l e  is 
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2 4 2  INGHAM ET AL. 

no t  l a r g e  enough t o  account f o r  more than  a small f r a c t i o n  o f  t h e  

t o t a l  amount of complex expected. This  behav io r  is  a l s o  s i m i l a r  

t o  t h a t  seen wi th  hCG/hCG-$ and A? I I I / t h rombin .  

C1-Inac t iva tor  

C 1  - i n a c t i v a t o r  ( C l - I n a )  i s  a n o t h e r  p r o t e a s e  i n h i b i t o r  

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

complemen t  s y s t e m .  P a r t i a l l y  p u r i f i e d  p r e p a r a t i o n s  o f  t h i s  

p r o t e i n  have  been  shown t o  be  e f f e c t i v e  i n  t h e  t r e a t m e n t  o f  

h e r e d i t a r y  ang ioedema  p a t i e n t s  (16 ) .  HPLC h a s  b e e n  u s e f u l  i n  

moni tor ing  the  heat-induced aggrega t ion  of  C1-Ina a s  p a r t  of an 

e f f o r t  t o  de f ine  c o n d i t i o n s  f o r  p a s t e u r i z a t i o n .  

F igu re  5 A  i l l u s t r a t e s  t he  manner i n  which HPLC was used f o r  

r ap id  p u r i f i c a t i o n  o f  C1-Ina and one of i t s  t a r g e t  enzymes, C I S ,  

from crude  c o n c e n t r a t e s  of each pro te in .  ?he upper two p r o f i l e s  

r e p r e s e n t  t h e  i m p u r e  s t a r t i n g  m a t e r i a l s  wh ich  g a v e  m u l t i p l e  

peaks. When an t igen  p o s i t i v e  f r a c t i o n s  were pooled and r eapp l i ed  

t o  the  column, the  two lower  p r o f i l e s  were ob ta ined  i n d i c a t i n g  

s i z e  homogeneity. A p o r t i o n  of each of t he  peak f r a c t i o n s  was 

rechromatographed, s e p a r a t e l y ,  and a f t e r  mixing, producing the  

p r o f i l e s  i n  F i g u r e  5B. ?he u p p e r  p r o f i l e  of t h e  m i x t u r e  

c o n t a i n e d  a new p e a k ,  w e l l  r e s o l v e d  f rom e i t h e r  c o n s t i t u e n t ,  

presumably r e p r e s e n t i n g  the  enzyme- inhib i tor  complex. Res idua l  

m a t e r i a l  i n  the  p o s i t i o n  of  t he  i n d i v i d u a l  components could be 

due  t o  i m p u r i t i e s  of t h e  same s i z e  a s  t h e  componen t s  o r  t o  

unreac ted  o r  i n a c t i v e  components. 
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PROTEIN-PROTEIN AND PROTEIN-LIGAND INTEKACTIONS 243 

A 
A * c FY 

I 
D 

F i g u r e  2 - Use o f  HPLC t o  f u r t h e r  p u r i f y ,  c h a r a c t e r i z e  h e p a r i n  
b i n d i n g ,  and d e m o n s t r a t e  complex  f o r m a t i o n  of C I S  and C 1 -  
i n a c t i v a t o r  (CI-Ina). A: A f t e r  i n j e c t i o n  of c rude  p r e p a r a t i o n s  
o f  C l s  a n d  C 1 - I n a  ( t o p  t w o  p r o f i l e s ) ,  and  p o o l i n g  t h e  
i m m uno r e  a c  t i  Y e f r a c  t i o n s  , s u b s  t a n t i a 1 pu r i f i c a t  i o n o f b o t h 
p r o t e i n s  from l a r g e r  molecular  weight  contaminants  was achieved  
( b o t t o m  two p r o f i l e s ) .  B: Upon m i x i n g  t h e  C l s  and C1-Ina  
p u r i f i e d  i n  5 A ,  f o l l o w e d  by a 30 min  i n c u b a t i o n  p r i o r  t o  
i n j e c t i o n  i n t o  t h e  HPLC, t h e  f o r m a t i o n  o f  a c o m p l e x  c o u l d  b e  
demonst ra ted  ( t o p  curve). C: When t h e  p u r i f i e d  C l s  and C1-Ina 
from 5A were premixed wi th  hepa r in  b e f o r e  i n j e c t i o n ,  t h e  p r o t e i n -  
h e p a r i n  complexes e l u t e d  e a r l i e r  than  t h e  p r o t e i n s  a l o n e  (compare 
t o p  two cu rves  w i t h  those  i n  pane l  B). The p r o f i l e  o f  t he  Cls- 
hepa r in  mix tu re  (second from top) i n d i c a t e s  t he  presence  of a 
s u b s t a n t i a l  amount of non-heparin b ind ing  p r o t e i n  contaminant  
wh ich  e l u t e s  i n  t h e  same p o s i t i o n  as C l s  a l o n e .  F u r t h e r  
p u r i f i c a t i o n  on heparin-Sepharose,  gave material r ep resen ted  by 
t h e  middle  curve  from which t h e  non-heparin b inding  contaminant  
was e l i m i n a t e d ,  as shown b y  t h e  second  c u r v e  f r o m  b o t t o m .  A 
mix tu re  of t he  p u r i f i e d  C I S  and C1-Ina, a f te r  p r i o r  i ncuba t ion  
f o r  30 min,  e x h i b i t e d  a s i n g l e  peak ,  p r e s u m a b l y  t h a t  o f  t h e  
enzyme- inhib i tor  complex ( lower  curve). The e l u t i n g  b u f f e r  f o r  
t hese  ana lyses  was 0.033 M sodium c i t r a t e ,  0.045 M NaCl, pH 7. 
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When Cl-Ina was premixed wi th  hepa r in ,  i t s  e l u t i o n  s h i f t e d  

from 10.9 m l  (F igu re  5B) t o  about  10.7 m l  (F igu re  5C). When CIS 

was p remixed  w i t h  h e p a r i n ,  o n l y  p a r t  o f  t h e  m a t e r i a l  s h i f t e d  

i n d i c a t i n g  t h e  presence  of i m p u r i t i e s  which f a i l  t o  i n t e r a c t  w i t h  

hepa r in  (F igure  5C). Therefore ,  t he  impure p r e p a r a t i o n  o f  C I S  

was f r a c t i o n a t e d  by a f f i n i t y  chromatography on h e p a r i n  Sepharose. 

Gradient e l u t i o n  wi th  N a C l  produced a f r a c t i o n  which was more 

homogenous on HPLC and a l l  of which was s h i f t e d  toward t h e  void  

when premixed wi th  hepa r in  (F igure  5C) .  When t h i s  m a t e r i a l  was 

mixed w i t h  C1-Ina  ( i n  t h e  a b s e n c e  o f  h e p a r i n ) ,  a complex  was 

formed which e l u t e d  e a r l i e r  than  e i t h e r  component a l o n e  w i t h  l e s s  

evidence of r e s i d u a l  m a t e r i a l  i n  t he  p o s i t i o n  of t h e  i n d i v i d u a l  

components. The lower  s i g n a l  t o  no i se  r a t i o  seen  i n  the  lower  

p r o f i l e s  of F i g u r e  5C i s  due  t o  t h e  h i g h e r  s e n s i t i v i t y  r a n g e  

r equ i r ed  on the  samples  which were now q u i t e  d i l u t e  because o f  

t he  success ive  manipula t ions .  These examples n i c e l y  i l l u s t r a t e  

t h e  power  o f  t h i s  t o o l  i n  p r o b i n g  t h e  p u r i t y  and f u n c t i o n a l  

i n t e g r i t y  of  i n t e r a c t i n g  p r o t e i n s .  

r i  

DISCUSSION 

The molecular  we igh t s  and e l u t i o n  p r o p e r t i e s  of t h e  v a r i o u s  

p r o t e i n s  mentioned i n  t h i s  r e p o r t  a r e  summarized i n  F igure  6. 

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

i d e n t i f i e d  i n  t h e  legend,  which were chromatographed s e q u e n t i a l l y  

on t h e  same column on a s i n g l e  day. The open symbols r e p r e s e n t  
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2 

2 45 

- CI 1+ C ~ ~ I N A  
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4 
10. 

Figure  5 - Summary of t he  e l u t i o n  pa rame te r s  f o r  t he  v a r i o u s  
p r o t e i n s  used i n  these  s tud ie s .  The f i l l e d  c i r c l e s  r e p r e s e n t  
s t anda rd  g lobu la r  p r o t e i n s  i n  o r d e r  of  dec reas ing  Mr: phosphory- 
l a s e ,  a l d o l a s e ,  albumin, ovalbumin and chymotrypsinogen. Kav 
v a l u e s  were c a l c u l a t e d  as ( V e  - Vo)/(Vtotal - Vo). 

0 

I 1 1 1 1 h 

d a t a  g a t h e r e d  o v e r  a p e r i o d  o f  two y e a r s  on t h r e e  d i f f e r e n t  

columns of i d e n t i c a l  s ize .  Thrombin and t r y p s i n  a r e  both b a s i c  

p r o t e i n s  which may tend t o  i n t e r a c t  w i th  t h e  column accoun t ing  

f o r  t h e i r  l a t e  e lu t ion .  The r e l a t i v e l y  e a r l y  e l u t i o n  of some o f  

t h e  o t h e r  p r o t e i n s  may be due t o  t h e  presence  o f  l a r g e  amounts o f  

carbohydra te  i n  t h e i r  s t r u c t u r e s ,  a p rope r ty  which a l s o  a f f e c t s  

t h e  e l u t i o n  f rom c o n v e n t i o n a l  e x c l u s i o n  med ia  (17). I n  o u r  

exper ience ,  t h e  v a l u e  of t h i s  t o o l  f o r  a p a r t i c u l a r  a p p l i c a t i o n  

can b e s t  be de te rmined  by a few p r e l i m i n a r y  expe r imen t s  w i th  t h e  
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p r o t e i n s  involved. I t  is  d i f f i c u l t  t o  p r e d i c t  2 p r i o r i  whether a 

given p r o t e i n  w i l l  be amenable t o  a n a l y s i s .  F o r  example, human 

plasma f i b r o n e c t i n ,  a l a r g e  (440 Kd) g lycopro te in  i n t e r a c t e d  s o  

s t r o n g l y  w i t h  t h e  co lumn t h a t  i t  c o u l d  n o t  be  e l u t e d  i n  t h e  

absence of dena turants .  However, w i th  6 M u rea  i n  the  b u f f e r ,  

t h e  co lumn was u s e f u l  f o r  o b s e r v i n g  t h e  d e g r a d a t i o n  o f  

f i b r o n e c t i n  i n t o  s m a l l e r  fragments.  The high expense of t h e s e  

co lumns  d i s c o u r a g e s  e x t e n s i v e  e x p l o r a t i o n  o f  t h e  u s e  o f  

dena turants .  This  is unfo r tuna te  s i n c e  exc lus ion  chromatography 

under d i s s o c i a t i n g  cond i t ions  could provide  a f a s t  and s e n s i t i v e  

a l t e r n a t i v e  t o  SDS-PAGE. These  and o t h e r  a p p l i c a t i o n s  a r e  

c e r t a i n  t o  emerge as improved and l e s s  expens ive  column m a t e r i a l s  

become ava i l ab le .  
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ABBREVIATIONS 

hCG, human chor ion ic  gonadot ropin ;  AT 111, Antithrombin 111; al - 
P I ,  a1 - p r o t e i n a s e  i n h i b i t o r ;  C 1  - I n a ,  C 1  - i n a c t i v a t o r  o r  C 1 -  

i n h i b i t o r  . . 
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