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A RAPID ISOLATION OF HUMAN CHORTONIC 
GONADOTROPIN AND ITS SUBUNITS 

BY REVERSED-PHASE H I G H  PERFORWNCE L I Q U I D  CHROMATOGRAPHY 

Gerald J. Put te rman,  * Fhry Beth Spear ,  Kimberly S. Meade-Cobun, 
Martha W d r a  and  C a t h e r i n e  V. Hixson 

B i o l o g i c a l  Markers  Program, N a t i o n a l  Cancer  I n s t i t u t e -  
F r e d e r i c k  Cancer  Research  F a c i l i t y  

P.O. Box B ,  F r e d e r i c k ,  Maryland 21701  

ABSTRACT 

A r a p i d  i s o l a t i o n  of human c h o r i o n i c  g o n a d o t r o p i n  and i t s  
s u b u n i t s  from a commerc ia l ly  a v a i l a b l e  c o n c e n t r a t e  of  human u r i n e  
h a s  been  a c h i e v e d  u s i n g  reversed-phase  h i g h  per formance  l i q u i d  
chromatography.  With VBondapak C18 columns and a g r a d i e n t  
employing aqueous t r i f l u o r o a c e t i c  a c i d  a s  one s o l v e n t  and  d i l u t e  
t r i f l u o r o a c e t i c  a c i d  i n  a c e t o n i t r i l e  as  t h e  o t h e r ,  c o m p l e t e  sepa-  
r a t i o n  c a n  he accompl ished  i n  one day whereas  s t a n d a r d  column 
c h r o m a t o g r a p h i c  p r o c e d u r e s  t a k e  a b o u t  t w o  weeks. S p e c i f i c  r a d i o -  
i m m n o a s s a y s ,  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 ,  and  amino a c i d  
a n a l y s e s  were used  t o  i d e n t i f y  and c h a r a c t e r i z e  c h r o m a t o g r a p h i c  
pealcs. 

INTRODUCTION 

Human c h o r i o n i c  g o n a d o t r o p i n  (hCG) (1) i s  a t r o p h i c  hormone 

composed of two d i s s i m i l a r  n o n c o v a l e n t l y  a t t a c h e d  g l y c o p e p t i d e  

*Author t o  whom c o r r e s p o n d e n c e  s h o u l d  be a d d r e s s e d .  
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716 PUTTERMAN ET AL. 

s u b u n i t s ,  t e r n e d  a and r?. The amino a c i d  s e q u e n c e s  ( 2 - 4 )  as  w e l l  

a s  t h e  c a r b o h y d r a t e  s e q u e n c e s  of b o t h  s u b u n i t s  have been d e t e r -  

mined ( 5 - 6 ) .  The a s u b u n i t  c o n t a i n s  90-92 amino a c i d  r e s i d u e s  

w h i l e  t h e  (3 s u h u n i t  c o n t a i n s  145. Each s r ibuni t  i s  e x t e n s i v e l y  

c r o s s l i n k e d  by i n t r a m o l e c u l a r  d i s u l f i d e  bonds and c o n t a i n s  a b o u t  

30%: c a r b o h y d r a t e  which carises hCG t o  elrite from g e l  f i l t r a t i o n  

colrimns ea r l i e r  t h a n  e x p e c t e d  and f a r i l t t a t e s  i t s  a g g r e g a t i o n .  

The hormone hCG i s  normal ly  s y n t h e s i z e d  by t r o p h o b l a s t i c  

c e l l s  of t h e  p l a c e n t a .  L e v e l s  of hCC are  u s u a l l y  h i g h e s t  i n  t h e  

u r i n e  of women i n  t h e i r  f i r s t  trimester of pregnancy.  The hor-  

mone a n d / o r  i t s  s u b u n i t s  a re  a l s o  s y n t h e s i z e d  hy m a l i g n a n t  

t r o p h o h l a s t i c  c e l l s  a s  w e l l  as  hy o t h e r  human c a n c e r  c e l l s ,  i n -  

c l u d i n g  carc inomas ,  lymphomas and melanomas ( 7 ,  8). 

A p r e v i o u s  p a p e r  f rom t h i s  l a b o r a t o r y  (9 )  d e s c r i b e d  a 

l e n g t h y  p r o c e d u r e  f o r  i s o l a t i n g  hCG and i t s  s c i h u n i t s  from commer- 

c i a l l y  a v a i l a b l e  c r u d e  material. T h i s  p r o c e d u r e  i n c l u d e d  d i a l y -  

s is ,  ion-exchange chromatography and g e l  f i l t r a t i o n  and took 

a b o u t  two weeks. Below w e  d e s c r i h e  t h e  u s e  of r e v e r s e d - p h a s e  

k i g h  performance l i q u i d  chromatography (HPLC) t o  r a p i d l y  o b t a i n  

h i g h l y  p u r i f i e d  s u b u n i t s  of hCG. 

EXPERLHENTAL 

Chemi ca Is 

HPLC g r a d e  w a t e r  was o b t a i n e d  by p a s s i n g  o u r  s t a n d a r d  lah-  

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

Column (Hydro S e r v i c e s  and S u p p l i e s ,  I n c . ,  Durham, NC) which 

c o n t a i n s  h i g h l y  p u r i f i e d ,  a c t i v a t e d  c h a r c o a l  and h a s  a 0.2 urn 

p o l y c a r b o n a t e  f i l t e r  (Nucleopore  Corp., P l e a s a n t o n ,  CA) 

a t t a c h e d  t o  i t s  o u t l e t .  T r i f l u o r o a c e t t c  a c i d  (TFA) and penta-  

f l r i o r o p r o p i o n i c  a c i d  (PFPA), h o t h  S e q u a n a l  Grade,  o h t a i n e d  from 

P i e r c e  Chemical Co. (Rockford,  I L ) ,  and  a c e t o n i t r i l e  purchased  
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ISOLATION OF HUMAN CHORIONIC GONADOTROPIN 717 

f rom Burdick and J a c k s o n  L a b o r a t o r i e s  (Muskegon, M I ) ,  were used  

w i t h o u t  f u r t h e r  p u r i f i c a t i o n .  Crude hCG i s o l a t e d  from t h e  u r i n e  

o f  p r e g n a n t  women, w a s  p u r c h a s e d  from Organon, Inc. (Oss ,  t h e  

N e t h e r l a n d s ) .  (Met) and (Leu)  E n k e p h a l i n s  were o b t a i n e d  from 

Calhiochem-Rehring Corp. (La J o l l a ,  CA). Ribonr ic lease  A and 

lysozyme were purchased  from r l o r t h i n g t o n  Biochemica l  Co. 

( F r e e h o l d ,  NJ) and i n s i i l i n  was o b t a i n e d  from Sigma Chemical  

co. ( S t .  L o u i s ,  MO). 

A p p a r a t u s  

HPLC was performed w i t h  a n  A l t e x  Model 312 MP ( A l t e x  

I n s t r u n e n t s ,  B e r k e l e y ,  CA) c h r o m a t o g r a p h i c  sys tem which con- 

s i s t e d  of a n  A l t e x  Model 420 m i c r o p r o c e s s o r  c o n t r o l l e r / p r o g r a m -  

m e r ,  two A l t e x  Model l l O A  pumps, a n  A l t e x  g r a d i e n t  mix ing  

chamber, and a Rheodyne ( B e r k l e y ,  CA) Model 7120 s y r i n g e - l o a d i n g  

sample  i n j e c t i o n  v a l v e  e q u i p p e d  w i t h  a 3.5 m l  sample loop. Sepa- 

r a t i o n s  were per formed w i t h  0.39 x 30 c m  and  0.78 x 30 cm 

pBondapak C 1 8  columns (Waters  A s s o c i a t e s ,  M i l f o r d ,  MA). The 

p a r t i c l e  s € z e  of t h e  column p a c k i n g s  was 10 microns.  Runs were 

m o n i t o r e d  a t  206 nm w i t h  a Model 970A v a r i a b l e  wavelength  d e t e c -  

t o r  f rom T r a c o r  I n s t r i i m e n t s  ( A u s t € n ,  "X) and a n  A l t e x  Model 385 

r e c o r d e r .  

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

and m a i n t a i n  a s t a b l e  h a s e l € n e  ( 1 0 ,  11). 

A back p r e s s u r e  of 150 l b / i n 2  was p l a c e d  on t h e  

S o l v e n t s  

A s t o c k  s o l u t i o n  o h t a i n e d  by mixing  10 m l  of  TFA w i t h  100 

m l  o f  p u r i f i e d  w a t e r  was used  t o  p r e p a r e  t h e  c h r o m a t o g r a p h i c  

s o l v e n t s .  S o l v e n t  A was p r e p a r e d  by d i l u t i n g  5 m l  of  t h e  s t o c k  

s o l u t i o n  t o  1 l i t e r  w i t h  water and s o l v e n t  B w a s  p r e p a r e d  by 

d i l u t i n g  4.25 m l  o f  t h e  s t o c k  s o l u t i o n  t o  1 l i t e r  w i t h  a c e t o n i -  

t r i l e .  
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PUTTERMAN ET AL. 

P rocedu r e 

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

a t  0% B f o r  5 mfn and t h e n  employing a l i n e a r  g r a d i e n t  from 0% 

B t o  60% B i n  60 min. An e x t e n d e d  program c o n s i s t e d  of r u n n i n g  

i s o c r a t t c a l l y  a t  0% B f o r  4 min and t h e n  u s i n g  a l i n e a r  s t e p  

g r a d i e n t  from 0% B t o  20% B i n  15 min, t h e n  20% B t o  45% B i n  75 

min, and f i n a l l y  €rom 4 5 %  B t o  60% B i n  1 5  mfn. Thus, t h e  over -  

a l l  t i m e  f o r  t h i s  program w a s  109 min. With both  programs a 

f l o w  r a t e  of 1.0 ml/min was used. Samples t o  be r e r u n  on HPLC 

were f i r s t  p l a c e d  under  a stream of p u r i f i e d  n i t r o g e n  which 

e v a p o r a t e d  t h e  a c e t o n i t r i l e .  A l i q u o t s  were removed f o r  i d e n t 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  a s  d e s c r i b e d  below and  t h e  remain- 

i n g  sample was r e - i n j e c t e d  i n t o  t h e  HPLC system. 

O t h e r  methods 

The hormone hCG and i t s  s u h u n i t s  were i d e n t i f i e d  and p e a k s  

were c h a r a c t e r i z e d  by means of  s p e c i f i c  R L A s ,  SDS-polyacrylamide 

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

d e s c r i h e d  ( 9 ) .  

RESULTS AND DISCUSSION 

S t a n d a r d s  

I n  ea r l i e r  work ( 9 )  hCG was d i s s o c i a t e d  i n t o  i t s  s u b u n i t s  

by i n c u b a t i o n  i n  1 M p r o p i o n i c  a c i d ,  a p r o c e d u r e  which d i d  n o t  

a p p a r e n t l y  d i s t u r b  immunological  s p e c i f i c i t y  o r  damage t h e  

p o l y p e p t i d e  c h a i n s .  Thus, t h e  r e c e n t l y  r e p o r t e d  s o l v e n t  s y s t e m s  

f o r  r e v e r s e d - p h a s e  HPLC whlch  c o n t a i n  d i l u t e  aqueous  TFA a s  t h e  

more p o l a r  s o l v e n t  (10-12) seemed i d e a l l y  s u i t e d  f o r  t h e  i s o l a -  

t i o n  of hCG s u b u n i t s .  To e v a l u a t e  t h e  e f f e c t i v e n e s s  of our  HPLC 

sys tem,  a m i x t u r e  of  n o d e l  p e p t i d e s  and  p r o t e i n s  employed hy 

o t h e r s  (11)  was a n a l y z e d  w t t h  t h e  a b b r e v i a t e d  program (EXPERI- 

W2NTA.L) and e x c e l l e n t  r e s u l t s  were o b t a i n e d  ( F i g u r e  1). 
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FIGURE 1: Reversed-phase HPLC chromatogram of model p e p t i d e s  and 
p r o t e i n s  u s i n g  t h e  a b b r e v i a t e d  program. The o r d e r  of e l u t i o n  
i s :  ( N e t )  Enkepha .'in, (Leu) E n k e p h a l i n ,  r i b o n u c l e a s e  A ,  i n s u l i n ,  
and lysozyne .  Sample s i z e :  20 wg of  e a c h  component. 

To d e t e r m i n e  t h e  l o c a t i o n  of hCG and i t s  s u b u n i t s  on HPLC, 

w e  u s e d ,  as a s t a n d a r d ,  a m i x t u r e  of hCG and 3 s u b u n i t  

o b t a i n e d  by chromatographing  h i g h l y  p u r i f i e d ,  a c i d - d i s s o c i a t e d  

hCc, on Sephadex G-100 as  p r e v i o u s l y  d e s c r i b e d .  ( F i g u r e  3s of  

r e f e r e n c e  9 i l l u s t r a t e s  t h a t  s u c h  a m i x t u r e  r e s u l t s  f rom t h e  

i n c o m p l e t e  s e p a r a t i o n  of hCG from t h e  f3 s u b u n i t ) .  This 

m i x t u r e ,  h a v i n g  been e x t e n s l v e l y  l y o p h i l i z e d ,  w a s  i n c u b a t e d  a t  

3 7 ° C  i n  s o l v e n t  A f o r  1 hr. Immediately a f t e r  i n c u b a t i o n  t h e  

m i x t u r e  was a n a l y z e d  hy HPLC u s i n g  t h e  a b b r e v i a t e d  program 

(EXPERIMENTAL). P.esolution was a d e q u a t e  enough t o  d i s t i n g u i s h  

p e a k s ;  t h e s e  were s u h s e q u e n t l y  i d e n t i f i e d  by s p e c i f  i c  R I A s  € o r  

t h e  cl and 3 s u b u n i t s  and hy amino a c i d  a n a l y s e s .  R e s o l u t i o n  

was f u r t h e r  enhanced by u s i n g  t h e  e x t e n d e d  program (EXPERIMENTAL). 

HPLC a n a l y s i s  of c r u d e  hCG 

A 2 mg h a t c h  of c r u d e  hCG was i n c u b a t e d  f o r  1 hr  i n  TFA and 

a n a l y z e d  by HPLC r is ing t h e  e x t e n d e d  program (EXPERIMENTAL). The 
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720 PUTTERMAN ET AL. 

c o n t e n t s  of e a c h  of t h e  p e a k s  n o t e d  i n  F i g u r e  2 were subse-  

q u e n t l y  r e r u n  u s i n g  t h e  e x t e n d e d  program (EXPERIMENTAL). Again, 

s p e c i f i c  R I A s  and amino a c i d  a n a l y s e s  c l e a r l y  i d e n t i f i e d  t h e  

p e a k s  but  SDS-polyacrylamide g e l  e l e c t r o p h o r e s i s  r e v e a l e d  t h a t  

e a c h  s u b u n i t  was c o n t a m i n a t e d  t o  a b o u t  5% w i t h  t h e  o t h e r  s u b u n i t .  

Changing t h e  c o n d i t i o n s  f o r  d i s s o c i a t i n g  t h e  c r u d e  mater ia l  o r  

u s i n g  PFPA i n  p l a c e  of TFA d i d  l i t t l e  t o  improve t h e  r e s o l u t i o n  

o f  t h e  s u b u n i t s .  An a l t e r n a t e  a p p r o a c h  f o r  i s o l a t i n g  t h e  sub- 

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

sample  of hCG f o r  s u h s e q u e n t  a n a l y s i s  by HPLC. This p a r t i a l l y  

p u r i f i e d  hCG was o b t a i n e d  by d i s s o l v i n g  2 mg of c r u d e  hCG in 

s o l v e n t  A and i m n e d i a t e l y  r u n n i n g  t h e  m i x t u r e  on HPLC. The pro- 

f i l e  shown i n  F i g u r e  3 i n d i c a t e s  t h a t  o m i t t i n g  t h e  i n c u b a t i o n  

s t e p  r e s u l t s  i n  t h e  a p p e a r a n c e  of a new peak of a g g r e g a t e d  hCG 

( u n d e r l i n e d  in t h e  f i g u r e ) .  The c o n t e n t s  of t h i s  peak were 

f r e e d  of a c e t o n i t r i l e  as d e s c r i b e d  above  (EXPERIMENTAL) and t h e  

m i x t u r e  was i n c u b a t e d  a t  37°C f o r  1 h r .  Immediately f o l l o w i n g  

i n c u b a t i o n  t h e  m i x t u r e  was r u n  on HPLC u s i n g  t h e  e x t e n d e d  

program (EXPERIMENTAL) and the  r e s u l t s  shown i n  F i g u r e  4 were 

o h t a i n e d .  SDS-polyacrylamide g e l  e l e c t r o p h o r e s i s  of e a c h  peak 

i n d i c a t e d  no c r o s s - c o n t a m i n a t i o n  of  t h e  s u b u n i t s  ( F i g u r e  5),  a n d  

s p e c i f i c  W A S  of e a c h  s u h u n i t  a l l o w e d  t h e i r  r e c o v e r i e s  t o  be 

e s t i m a t e d .  From 2 mg of c r u d e  hCG, 5 5  ug of a s u b u n i t  and 90 

pg  o f  P s u b u n i t  were o h t a i n e d ,  which on a p e r c e n t a g e  b a s i s  

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

p r o c e d u r e s  ( 9 ,  13, 14) .  This r e s u l t  i s  n o t  s u r p r i s i n g  s i n c e  o u r  

HPLC approach  e n t a i l s  less sample  manipulation w i t h  less 

o p p o r t u n i t y  f o r  sample l o s s .  

The p r o f i l e s  o b t a i n e d  i n  F i g u r e s  1-4 were q u i t e  repro-  

d u c i b l e  when samples  were r e p e a t e d l y  r u n  on t h e  same uBondapak 

(218 column o r  on o t h e r  LiBondapak c18 columns. 

of reversed-phase  columns c o n t a i n t n g  o t h e r  bonded p a c k i n g s  o r  c18 

The a b i l i t y  
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PUTTERMAN ET AL. 

hCG-a 

FIGURE 5: SDS-polyacrylamide g e l  e l e c t r o p h o r e s i s  of samples 
shown i n  F igu res  3 a n d  4 .  E l e c t r o p h o r e s i s  w a s  performed w i t h  
a 3% s t a c k i n g  g e l  and 13.51 running  ge l .  S t a i n i n g  was wi th  
Coomassie hlue. Lane 1: a l i q u o t  from peak unde r l ined  i n  
F igu re  3. Lanes 2 and 3: n and 3 s u b u n i t s  ob ta ined  a s  
shown i n  F igure  4 .  
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ISOLATION OF HUMAN C H O R I O N I C  GONADOTROPIN 725 

columns p r e p a r e d  by o t h e r  m a n u f a c t u r e r s  t o  s e p a r a t e  hCG and i t s  

s u b u n i t s  remains  t o  be de te rmined .  

Although t h i s  r e p o r t  h a s  d e s c r i b e d  t h e  a n a l y s i s  of o n l y  2 

mg of c r u d e  hCG on 0.39 x 30 c m  columns,  similar o r  e v e n  b e t t e r  

r e s u l t s  have  been o b t a i n e d  by r u n n i n g  5 mg of  c r u d e  hCG on a 

0.78 x 30 cm column of pDondapak c18. 

i n  o u r  programs i n  c o n v e r t i n g  t o  t h e  l a r g e r  column c o n s i s t e d  o f  

d o u b l i n g  t h e  f low r a t e  t o  2 rnl/min. With t h e  l a r g e r  column t h e  

p r o f i l e  o h t a i n e d  f o r  t h e  sample  withori t  I n c u b a t i o n  i n d i c a t e s  

some s u b u n i t  d i s s o c i a t i o n  ( p r o b a h l y  due t o  t h e  s l o w e r  f low ra te  

p e r  column c r o s s - s e c t i o n a l  a r e a ) .  Peaks c o r r e s p o n d i n g  t o  f r e e  

a and f r e e  B were ohserved ,  w i t h  a shown t o  be e s s e n t i a l l y  

p u r e  and  t3 s l i g h t l y  c o n t a m i n a t e d  w i t h  a ( F i g u r e  6). T h i s  

f r e e  a s u b u n i t  c a n  be combined w i t h  t h e  a o b t a i n e d  f o l l o w i n g  

i n c u b a t i o n  and HPLC of t h e  a g g r e g a t e d  hCG. The f r e e  f3 s u b u n i t  

f r a c t i o n  c a n  be  mixed w i t h  the a g g r e g a t e  p r i o r  t o  a c i d  d i s s o c i -  

a t i o n  and HPLC t h e r e b y  g i v i n g  e v e n  b e t t e r  y i e l d s  t h a n  were 

o b t a i n e d  w i t h  t h e  smaller column. 

The o n l y  change made 

In a d d i t i o n  t o  u s i n g  HPLC t o  o b t a i n  s u b u n i t s  of hCG o r i g -  

i n a t i n g  i n  human u r i n e ,  we have  a l s o  employed t h i s  t e c h n i q u e  t o  

i s o l a t e  t h e  s u b u n i t s  f r o n  t h e  media of J A R  c h o r i o c a r c i n o m a  ce l l s  

p u l s e d  wi th  [35S]meth ionine  ( 9 ) .  

s u g g e s t  t h a t  HPLC may be as  e f f e c t t v e  a s  i m r a i n o - p r e c i p i t a t i o n  

t e c h n i q u e s  i n  s t u d y i n g  t h e  s y n t h e s i s ,  p r o c e s s i n g ,  and s e c r e t t o n  

o f  t h e s e  s u b u n i t s  by c u l t u r e d  tiimor c e l l s  (R. U. Ruddon, R. 

Hart le ,  PI. B. S p e a r  and G. J. Put te rman,  p e r s o n a l  communica- 

t i o n ) .  

P r e l i m i n a r y  r e s u l t s  

In c o n c l u s i o n ,  o u r  r e s u l t s  have  d e m o n s t r a t e d  t h e  e f f e c t i v e -  

n e s s  of reversed-phase  HPLC i n  i s o l a t i n g  small  b a t c h e s  of  hCG and 

i t s  s u b u n i t s .  These p r o d u c t s  were c h a r a c t e r i z e d  by comparing 

t h e i r  r e t e n t i o n  times w i t h  p r o d u c t s  o b t a i n e d  by more "c lass ica l"  

a p p r o a c h e s  ( 9 ) ,  hy s p e c i f i c  r a d i o i m m n o a s s a y s  w i t h  w e l l  c h a r a c t -  

e r i z e d  a n t i s e r a  ( 9 1 ,  by SDS-polyacrylamide g e l  e l e c t r o p h o r e s i s  
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ISOLATION OF HUMAN CHORIONIC GONADOTROPIN 7 27 

and  by amino a c i d  a n a l y s e s .  Although no a t t e m p t  h a s  been  made 

t o  s u b j e c t  t h e  i s o l a t e d  hCG o r  hCG p r e p a r e d  by combining t h e  

i s o l a t e d  s u h u n i t s  t o  b i o a s s a y ,  t h e  r e s u l t s  d e s c r i b e d  above  

r e g a r d i n g  t h e  i s o l a t i o n  of t h e  hormone and  i t s  s u b u n i t s  and 

t h e  s u c c e s s  observed  i n  e f f e c t i v e l y  i n c r e a s i n g  t h e  sample  

l o a d  by means of a somewbat l a r g e r  column e n c o u r a g e  t h e  u s e  

of p r e p a r a t i v e  HPLC a p p a r a t u s  and  e x t e n s i v e  c h a r a c t e r i z a t i o n  

o f  t h e  h i o l o g i c a l  p r o p e r t i e s  of  t h e  i s o l a t e d  p r o d u c t s .  Mean- 

w h i l e ,  a n a l y t i c a l  HPLC a p p e a r s  t o  be  a r a p i d  and c o n v e n i e n t  

method of  o b t a i n i n g  f r e s h  hCG and i t s  s u b u n i t s  t o  he u s e d  i n  

immunological  a s s a y s  of t h e s e  m e d i c a l l y  i m p o r t a n t  molecules .  
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