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SUGARY 

I n  o r d e r  t o  i n v e s t i g a t e  t he  NMR s p e c t r o s c o p i c  c h a r a c t e r i s t i c s  
of  amorphous p e p t i d e s  and p r o t e i n s ,  we have a t t e m p t e d  t o  p r e -  
p a r e  amorphous p o l y p e p t i d e s  i n  t h r e e  ways: f i r s t  by p o l y m e r i -  
z a t i o n  of  L - ( o r  D) NCAs i n  t h e  m e l t ;  s econd  by p o i y m e r i z a t i o n  
of  L - ( o r  D-)NCAs i n  t h e  s o l i d  s t a t e ~  t h i r d  by o l i g o m e r i z a t i o n  
of  D,L-NCAs i n  s o l u t i o n  o r  i n  t h e  s o l i d  s t a t e .  0 n l y  t h e  l a s t  
~ methods y i e l d e d  d i s o r d e r e d  o l i g o -  and p o l y p e p t i d e s .  T h e i r  

NMR CP/MAS s p e c t r a  d i s p l a y  b road  s i g n a l s  w i t h  l i n e  w id th s  
i n  t h e  r a n g e  o f  5-10 ppm (350-750  Hz);  y e t  t h e i r  c h e m i c a l  
s h i f t s  do no t  d i f f e r  f rom t h o s e  o f  h i g h l y  o r d e r e d  s e c o n d a r y  
s t r u c t u r e s .  Upon r e p r e c i p i t a t i o n  amorphous p o l y ( L - a m i n o  a c i d ) s  
assume h i g h l y  o r d e r e d  c o n f o r m a t i o n s  whereas  o l i g o  (D~L-amino 
a c i d ) s  do no t  s i g n i f i c a n t l y  change  t h e i r  s e c o n d a r y  s t r u c t u r e .  

INTRODUCTION 

I n  p r e v i o u s  p a p e r s  of  t h i s  s e r i e s  1-8)  we have r e p o r t e d  t h a t  

15C NMR CP/HAS s p e c t r o s c o p y  e n a b l e s  a q u a l i t a t i v e  and q u a n t i t a -  

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

t i d e s  and s i l k  f i b r o i n s .  I t  was d e m o n s t r a t e d  t h a t  B - s h e e t s  

a r e  d e t e c t a b l e  i n  t he  p r e s e n c e  of  ~ - h e l i c e s  ( o r  v i c e  v e r -  

sa)  1-7)~ 31 h e l i c e s  i n  t h e  p r e s e n c e  os B - s h e e t s  2) o r  103 

h e l i c e s  ( i n  t h e  c a s e  o f  p o l y ( p r o l i n e )  ) 2) and a ~ - h e l i x  

i n  t h e  p r e s e n c e  o f  b o t h  ~ - h e l i x  and B - s h e e t  s t r u c t u r e  8 )  

However~ i n  a d d i t i o n  t o  t h e s e  h i g h l y  o r d e r e d  s e c o n d a r y  s t r u c -  

t u r e s ~  p r o t e i n s ,  and i n  p a r t i c u l a r  t h e  complex s k l e r o p r o t e i n s  

may c o n t a i n  c o n s i d e r a b l y  amounts o f  amorphous r e g i o n s .  Hence~ 

p r i o r  t o  NMR s p e c t r o s c o p i c  i n v e s t i g a t i o n s  of  such p r o t e i n s  t h e  

s p e c t r o s c o p i c  c h a r a c t e r i s t i c s  o f  amorphous r e g i o n s  need  t o  be 

s t u d i e d  by means o f  model p e p t i d e s .  
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RESULTS and DISCUSSION 

The main  d i f f i c u l t y  o f  s p e c t r o s c o p i c  s t u d i e s  o f  amorphous  p e p -  

t i d e s  i s  t h e i r  p r e p a r a t i o n .  Due t o  h y d r o g e n  b o n d s ,  s t r o n g  d i -  

p o l e - d i p o l e  i n t e r a c t i o n s  and s e v e r e  s t e r i c  i n t e r a c t i o n s  o f  t h e  

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

v o u r a b l e  c o n f o r m a t i o n s  as  d e m o n s t r a t e d  by  R a c h a m a n d r a n  d i a -  

grams 9 ) .  F u r t h e r m o r e ~  t h e  t i m e  r e q u i r e d  f o r  c o n f o r m a t i o n a l  r e -  

a r r a n g e m e n t s  o f  d i s s o l v e d  p e p t i d e s  i s  o n l y  on  t h e  o r d e r  o f  1 0 - 8 s .  

Hence, any synthesis of peptides in solution will yield a high- 

ly ordered secondary structure. For the same reasons reprecipi- 

ration of amorphous peptides will considerably increase the con- 

formational order. Nonetheless, for two reasons oligo (D,L- 

amino acid)s with a random sequence of D,L-monomer units are 

the only exception of this rule. First, polymerization degrees 

(DPs) below 12 Z I (depending on the nature of the amino acid) 

prevent the formation of helices. Second, a random sequence of 

enantiomers prevents the formation of ordered B-sheets. 

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

l y  u n i f o r m  ( i s o t a c t i c )  p o i y p e p t i d e s  w i t h  a low d e g r e e  o f  c o n -  

f o r m a t i o n a l  o r d e r  by p o l y m e r i z a t i o n  os L-  o r  D-amino  a c i d  NCAs 

i n  t h e  m e l t  o r  i n  t h e  s o l i d  s t a t e .  When m o l t e n  L-Phe-NCA, L-  

~-OMe-Glu-NCA and L-Leu-NCA were  p o l y m e r i z e d  a t  1 4 5 - 1 5 0 ~  t h e  

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

20 %) o f  low m o l e c u l a r  w e i g h t  b y p r o d u c t s ~  wh ich  were  e x t r a c t e d  

by  means o f  e t h a n o l .  R e g a r d l e s s ,  w h e t h e r  t h e  p o l y p e p t i d e s  were  

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

p a t t e r n s  o f  p o l y p e p t i d e s  w i t h  a h i g h  c o n t e n t  ( 7 0 - 9 0  %) os ~ -  

h e l i x  s t r u c t u r e .  N e i t h e r  t h e  c h e m i c a l  s h i f t s ,  no r  t h e  l i n e  

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

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

Hence ,  i t  i s  o b v i o u s  t h a t  p o l y m e r i z a t i o n s  o f  m o l t e n  L-  o r  D- 

NCAs do n o t  y i e l d  p o l y p e p t i d e s  w i t h  a s u b s t a n t i a l  f r a c t i o n  o f  

amorphous  r e g i o n s .  
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T h i s  u n s a t i s f a c t o r y  r e s u l t  p r o m p t e d  us t o  i n v e s t i g a t e  t h e  t i -  

me c o n s u m i n g  s o l i d  s t a t e  p o l y m e r i z a t i o n  o f  s e v e r a l  L-  o r  D-NCAs. 

I t  i s  w e l l - k n o w n  t h a t  NCAs a r e  n o t  s t a b l e  on s t o r a g e  and s l o w -  

l y  p o l y m e r i z e  e v e n  when s t o r e d  i n  a c l o s e d  f l a s k  be low O~ 

T h e r e b y  t h e  monomer c r y s t a l s  do n o t  c h a n g e  t h e i r  s h a p e  o r  s i z e .  

Thus~ t h e  c h a i n  g r o w t h  must  p r o c e e d  i n  t h e  c r y s t a l  l a t t i c e  os 

t h e  monomers~ and u n d e r  t h e s e  c o n d i t i o n s ~ d i s o r d e r e d  s e c o n d a r y  

s t r u c t u r e  o f  t h e  p e p t i d e  c h a i n s  a r e  e x p e c t e d .  When D-Ala-NCA 

was p o l y m e r i z e d  a t  -15~ t h e  NMR s p e c t r u m  ( F i g .  1 A) d i s p l a y e d  

t h r e e  b r o a d  s i g n a l s  w i t h  l i n e  w i d t h s  o f  5 ppm f o r  t h e  ~ - C  o r  

B-C s i g n a l  and 9 ppm f o r  t h e  CO s i g n a l .  The c h e m i c a l  s h i f t  o f  

t h e  C O - s i g n a l  was i n t e r m e d i a t e  b e t w e e n  t h o s e  o f  t h e  ~ - h e l i x  

and B - s h e e t  s t r u c t u r e s  o f  p o l y  ( D - a l a n i n e ) ~  w h e r e a s  t h e  ~ - C  

and B-C s i g n a l s  were  n e a r l y  i d e n t i c a l  w i t h  t h o s e  o f  ~ - h e l i c a l  

p o l y ( L - a l a n i n e )  2 ) .  A f t e r  r e p r e c i p i t a t i o n  a l l  s i g n a l s  d i s p l a y e d  

t h e  two p e a k s  o f  t h e  ~ - h e l i x  and B - s h e e t  s t r u c t u r e  w i t h  t h e  

u s u a l  l i n e  w i d t h s  o f  c a .  ~ ppm ( F i g .  1 B ) .  When D~L-Ala  NCA 

was p o l y m e r i z e d  a t  - 15~  l i n e  w i d t h s  o f  c a .  6 ppm were  f o u n d  

f o r  t h e  ~ - C  and B-C s i g n a l s  and 10 ppm f o r  t h e  CO s i g n a l .  How- 

ever~  i n  t h i s  c a s e  r e p r e c i p i t a t i o n  d i d  n o t  c a u s e  any  s p e c t r o s -  

c o p i c  c h a n g e  ( F i g .  1 C ) .  These  r e s u l t s  i n d i c a t e  t h a t  t h e  s o l i d  

s t a t e  p o i ~ n e r i z a t i o n  o f  D-Ala-NCA r e s u l t  i n  a t h e r m o d y n a m i c a l -  

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

b l e  c o n f o r m a t i o n s ~  w h e r e a s  D~L-Ala-NCA y i e l d s  a l i k e w i s e  d i s -  

o r d e r e d ~  bu t  t h e r m o d y n a m i c a l l y  s t a b l e  s t r u c t u r e .  From t h e  c h e -  

m i c a l  s h i f t s  o f  t h e  amorpous  p o l y ( L - a l a n i n e )  one may c o n c l u d e  

t h a t  most  c o n f o r m a t i o n s  a r e  s i m i l a r  t o  t h o s e  o f  O ( - h e l i x  and 

B - s h e e t  s t r u c t u r e  o r  b e t w e e n  t h e s e  two e x t r e m e s  i n  a g r e e m e n t  

w i t h  t h e  p a r t i a l l y  a l l o w e d  c o n f o r m a t i o n a l  r e g i o n s  o f  Ramachan-  
d r a n  d i a g r a m s  9 ~ 1 0 ) .  

Similar results were obtained with the solid state polymeriza- 

tions of L-Leu-NCA~ Phg-NCA and L-Phe-NCA. Poly(L-leucine) pre- 

pared from crystalline L-Leu-NCA at -15~ shows signals with 

line widths around 5 ppm and chemical shifts that fully agree 

with those of the ~-helical structure 2~6) (Fig. 2 A). After 

reprecipitation the ~-C and B-C signals split into the peaks 

of the B-sheet and K-helical fractions (Fig. 2 B) with line 
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widths around 5 ppm. Broad signals (line widths ca. 5-7 ppm) 

with chemical shifts between those of the d-helix and B-sheet 

peaks were also found when crystalline L-Phe-NCA was polymeri- 

zed at -15~ These spectra (and those of poly (D-Alanine)) 

allow the following conclusions. First, solid state polymeriza- 

tions of L- or D-NCAs of ~-helix forming amino acids yield 

thermodynamically unstable secondary structures with a high 

content of unfavourable conformations. Second, this amorphous 

cha~'acter of the peptide results in greater line widths, but 

not in new signals exceeding the shift range known from the 

cg'helix and B-sheet peaks 2) Third, after reprecipitation 

thermodynamically stable secondary structures are obtained 

which contain more than 50 % B-sheets. Fourth, the average de- 

grees of polymerization (DPs) are low, presumably ~---20. The 

last conclusion deserves a short comment. When L-AIa-NCA and L- 

Leu-NCA were polymerized in solution 4~6) the ~-helix/B-sheet 

ratio was found to increase with increasing DP. By extraction 

of oligomers we were able to demonstrate that the thermodynami- 

cally stable B-sheet fraction results from the presence of oli- 

gomers which are too short to assume the ~-helical conforma- 

tion. Hence, we may conclude that also the B-sheet fractions of 

the reprecipitated solid state polymers (Figs. I B and 2 B) 

originate from oligomers with DPs < 1 2 .  

The f o u r t h  monomer p o l y m e r i z e d  i n  t h e  s o l i d  s t a t e  was D - p h e n y l -  

g l y c i n e - N C A .  I n  c o n t r a s t  t o  p h e n y l a l a n i n e  ( P h e )  p h e n y l g l y c i n e  

( P h g )  i s  a h e l i x  d e s t a b i l i z i n g  amino  a c i d  so  t h a t  i t s  p e p t i d e s  

e x c l u s i v e l y  a d o p t  a B - s h e e t  s t r u c t u r e .  I n  a g r e e m e n t  w i t h  t h i s  

p r o p e r t y  t h e  p o l y ( D - p h e n y l g l y c i n e )  o b t a i n e d  f r o m  c r y s t a l l i n e  

Phg-NCh a t  - 15~  d i d  n o t  d i s p l a y  a n y  new s i g n a l s  o r  s i g n a l  

s p l i t t i n g s  i n  i t s  15C NMR CP/MAS s p e c t r u m  a f t e r  r e p r e c i p i t a -  

t i o n  ( F i g s .  5 A, B) .  H o w e v e r ,  t h e  l i n e  w i d t h s  d e c r e a s e d  a g a i n  

f r o m  c a .  6 ppm ( " a s  p o l y m e r i z e d "  s a m p l e )  t o  5 . 0 - 3 . 5  ppm ( r e -  

p r e c i p i t a t e d  s a m p l e ) .  T h u s ,  a l s o  t h e s e  m e a s u r e m e n t s  c o n f i r m  

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

and  do n o t  c a u s e  new s i g n a l s  a s  i t  was o b s e r v e d  f o r  t e c h n i c a l  

p o l y m e r s  s u c h  a s  p o l y ( e t h y l e n e )  o r  p o l y ( p r o p y l e n e )  1 1 - 1 5 ) .  I n  

t h i s  c o n n e c t i o n ,  i t  i s  w o r t h  m e n t i o n i n g  t h a t  t h e  amide  I and  I I  
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bands  i n  t h e  IR s p e c t r a  o f  o u r  " a s  p o l y m e r i z e d "  s a m p l e s  a l s o  

p o s s e s s  an  i n c r e a s e d  band  w i d t h  s when c o m p a r e d  w i t h  e n t i r e l y  

h e l i c a l  s a m p l e s .  

F i n a l l y  s i t  i s  n o t e w o r t h y  t h a t  a l s o  t h e  X - r a y  powder  p a t t e r n s  

we m e a s u r e d  os ou r  " a s  p o l y m e r i z e d "  s a m p l e s  i n d i c a t e  t h e i r  

amorphous  c h a r a c t e r .  Howevers  i t  must  be e m p h a s i z e d  t h a t  " a m o r -  

phous"  X - r a y  p a t t e r n s  o f  p o l y p e p t i d e s  and p r o t e i n s  s on t h e  one 

hand  s and t e c h n i c a l  p o l y m e r s  l i k e  p o l y ( e t h y l e n e ) s  p o l y ( p r o p y l e -  

n e ) s  p o l y ( p r o p y l e n e o x i d e )  o r  p o l y ( c a p r o l a c t o n e )  do n o t  have  

t h e  same m e a n i n g .  The X - r a y  p a t t e r n  y i e l d s  i n f o r m a t i o n  on t h e  

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

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

s h o r t  r a n g e  ( o r  l o c a l )  o r d e r  o f  t h e  p o l y m e r  c h a i n s .  L o c a l  o r -  

d e r  means h e r e  t h e  c o n f o r m a t i o n s  o f  i n d i v i d u a l  monomers i n  

s h o r t  c h a i n  s e g m e n t s .  However  s c o p o l y p e p t i d e s  and p r o t e i n s  may 

p o s s e s s  a h i g h  d e g r e e  o f  l o c a l  o r d e r  combined  w i t h  a low d e g r e e  

o f  l o n g  r a n g e  o r d e r .  I n  s u c h  a c a s e  mos t  c h a i n  s e g m e n t s  p o s s e s s  

t h e  e n e r g e t i c a l l y  mos t  f a v o u r a b l e  c o n f o r m a t i o n ;  y e t  t h i s  c o n -  

f o r m a t i o n  v a r i e s  w i t h  t h e  n a t u r e  and s e q u e n c e  o f  t h e  amino 

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

a r e  l i n k e d  t o  e a c h  o t h e r  by one s two o r  more amino a c i d s  w i t h  

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

l o n g  r a n g e  d i s o r d e r ~  a l t h o u g h  more t h a n  90 % o f  a l l  monomer 

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

t h e  p a c k i n g  o f  s e v e r a l  p o l y p e p t i d e  c h a i n s  may be d i s o r d e r e d  

d e s p i t e  a h i g h  d e g r e e  o f  c o n f o r m a t i o n a l  o r d e r  ( e . g .  p a c k i n g  

o f  h e l i c e s ) .  Thus s i t  may h a p p e n  t h a t  CP/MAS NMR s p e c t r a  s wh ich  

m a i n l y  sum up t h e  c o n f o r m a t i o n s  o f  a m i n o - a c i d s  d i -  and t r i p e p -  

t i d e  u n i t s  i n d i c a t e  a h i g h l y  o r d e r e d  s e c o n d a r y  s t r u c t u r e  s whe-  

r e a s  t h e  X - r a y  p a t t e r n  m a n i f e s t s  a p r e d o m i n a n t l y  amorphous  

c h a r a c t e r  o f  t h e  s a m p l e .  These  two l e v e l s  o f  i n f o r m a t i o n  must  

be t a k e n  i n t o  a c c o u n t  s when b o t h  me thods  a r e  combined  f o r  t h e  

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

EXPERI~NTAL 

P o l y m e r i z a t i o n s :  T h r e e  d i f i e r e n r  p o l y m e r i z a t i o n  me thods  were  

a p p l i e d :  A) t h e  t w i c e  r e c r y s t a l l i z e d  NCAs were  s t o r e d  i n  c l o s e d  
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F i g u r e  1 : 7 5 . 4  MHz 15C NHR CP/MAS s p e c t r a  o f : A )  c r y s t a l l i n e  
D - a l a n i n e - N C A  p o l y m e r i z e d  a t  - 1 5 ~  B) t h e  same p o l y ( D - a l a n i n e )  
a f t e r  r e p r e c i p i t a t i o n  ~rom TFA/H20; C) c r y s t a l l i n e  D ~ L - a l a n i n e -  
NCA p o l y m e r i z e d  a t  - 1 5  C and  r e p r e c i p i t a t e d  f r o m  T F h / d i e t h y l -  
e t h e r .  

f l a s k  a t  - 1 5 / - 2 0 ~  f o r  s e v e r a l  mon th  u n t i l  t h e  IR  s p e c t r a  s h o -  

wed t h e  c o m p l e t e  a b s e n c e  o f  m o n o m e r s .  B) The r e c r y s t a l l i z e d  NCAs 

were  h e a t e d  i n  a l o o s e l y  s t o p p e r e d  E r l e n m e y e r  f l a s k  f o r  c a .  30 

m i n .  t o  145-150~ w h e r e b y  s o l i d  f o a m s  o f  p o l y p e p t i d e s  w e r e  o b -  

t a i n e d .  C) D~L-NCAs w e r e  o l i g o m e r i z e d  i n  d i o x a n e  and  a c e t o n i -  

t r i t e  a t  20~ by  means  o f  b e n z y l a m i n e  ( m o n o m e r / i n i t i a t o r  r a t i o  

= 10 : 1 ) .  F o r  r e p r e c i p i t a t i o n  I g p o l y p e p t i d e  was d i s s o l v e d  i n  
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A%igureD_~enyl~yci~_NCA~. 75.4 ~ z  ~3Cpol~er~eNMR C~/MAS s ~ e c ~ O [ n  t .e  solid state 
B) the  same po ly (D-pheny lg lyc ine )  a f t e r  r e p r e c i p i t a t i o n  from 

TFA/H20 
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15 ml o f  t r i f l u o r o a c e t i c  a c i d ( +  5 % m e t h a n e  s u l f o n i c  a c i d  i n  

t h e  c a s e  o f  p o l y ( L - l e u c i n e )  and  p o l y ( L - p h e n y l a l a n i n e )  ) and  p r e -  

c i p i t a t e d  i n t o  150 ml o f  c o l d  w a t e r  o r  d i e t h y l e t h e r .  

NMR M e a s u r e m e n t s ~  7 5 . 4  MHz 13C NMT CP/MAS s p e c t r a  we re  m e a s u -  

r e d  a s  d e s c r i b e d  i n  p r e v i o u s  p a p e r s  2 , 3 ) .  A c o n t a c t  t i m e  o f  1 ms 

and  p u l s e  r e p e t i t i o n  t i m e  o f  4 s was u s e d  f o r  a l l  m e a s u r e m e n t s .  
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