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SUMMARY 

5 0 . 5  MHz 15C NMR c r o s s - p o l y m e r i z a t i o n / m a g i c  a n g l e  s p i n n i n g  
s p e c t r a  o f  t h e  raw s i l k  o f  t h e  m u l b e r r y  s i l k  moth (bombyx mo- 
r i )  and  o f  c r y s t a l l i n e  s i l k  f i b r o i n  were compared  w i t h  t h o s e  
o f  s y n t h e t i c  c o p o l y p e p t i d e s  o f  a l a n i n e  and g l y c i n e .  I n  c r u d e  
s i l k ,  bu t  n o t  i n  c r y s t a l l i n e  f i b r o i n  , t y r o s i n e ,  v a l i n e , a s p a r -  
t i c  a c i d  and g l u t a m i c  a c i d  were  d e t e c t e d  i n  a d d i t i o n  t o  a l a -  
n i n e ,  g l y c i n e  and s e r i n e .  F u r t h e r m o r e ,  c r u d e  s i l k  o b v i o u s l y  
c o n t a i n s  c a .  10 % o f  an  ~ - h e l i x  f r a c t i o n  which  m a i n l y  c o n -  
s i s t s  of Ala-units. A small ~-helix fraction (ca. 5 %) was 
also detected in the raw silk of the tussah silk moth (anthe- 
raea mylitta). 

INTRODUCTION 

In several previous papers we have demonstrated I-5) that 

13C NMR CP/MAS spectra are a useful tool for the qualitative 

and quantitative analysis of the secondary structure of both 

homo- and copolypeptides. This work had the purpose to extend 

our spectroscopic investigations to naturally oecuring proteins. 

However, because only proteins with a relative simple primary 

structure promise to give 13C NMR CP/MAS spectra which are 

easily interpreted, we have begun our studies with silk fi- 

broins. 

RESULTS and DISCUSSION 

The s i l k  p r o t e i n  o f  bombyx mor i  c o n s i s t s  o f  two c o m p o n e n t s  

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

p r o p e r t i e s .  S e r i c i n  i s  a w a t e r  s o l u b l e ,  amorphous  p r o t e i n  

w i t h  a h i g h  s e r i n e  c o n t e n t  i n  wh ich  t h e  f i b r o u s  f i b r o i n  i s  

embedded .  F i b r o i n  m a i n l y  c o n s i s t s  o f  g l y c i n e  and a l a n i n e  and 

c o n t a i n s  c ~ y s t a l l i n e  a r e a s  w i t h  r e g u l a r  s e q u e n c e s  o f  t h e  
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Table I Amino acid composition of silk proteins 7~8) 

Amino acid Sericin a) Fibroin a) Fibroin a) 
(bombyx mori) (antheraea mylitta) 

Glycine 

Alanine 

Serine 

Threonine 

Tyrosine 

Aspartic acid 

Glutamic acid 

Arginine 

Valine 

Tryptophane 

14.7 4 4 . 5  

4.3  29.3  

37.3  12.1 

8 .6  1.0 

2 .5  5 .2  

14.8 1.3 

3.4 i.O 

3.5 0.5  

2 .2  

0 .1  

23.5  

37.0  

9 .8  

i .O 

4 .8  

5 .7  

1.0 

13.3 

0 .8  

3 .0  

a) in mol % ) the less abundant amino acids are not listed 

Table  I I  13C NMR chemica l  s h i f t s  ~ (ppm, r e l a t i v e  to  TMS) of  

s o l i d  raw s i l k  (bombyx mori)  

Amino Secondary  CO ~-C B-C f u r t h e r  ca rbons  
a c i d  S t r u c t u r e  

Gly B - s h e e t  

B - s h e e t  

LaAla ~ - h e l i x  

L - S e t  B - shee t  

L-Tyr  B- shee t  

L-Val 8 - s h e e t  

L-Asp B - s h e e t  

L-Glu B- shee t  

168.8 43 .7  

171'i 48.0  
172.3 49.3  

176.8 32.9  

1 7 o . o )  53 .0  

~169.6) (52 .1 )  

"171.5) (58 .2 )  

1 7 3 . 8 )  (51 .0 )  

1 7 2 . 6 )  (51 .3 )  

19.5 

13.6 

62.8  

(39 .3 )  154.5~ 128.5~ 118.1 

31.8  (18.5  d -cn3 )  
37.6 (176 .8)  

29.6 29.6 ( g - C )  

a) The chemica l  s h i f t s  i n  b r a c k e t s  a re  t h o s e  of  t he  homopoly-  

p e p t i d e s .  I n  t h e  spec t rum o f  s i l k  f i b r o i n  t h e y  a r e  obscured  
by t h e  s t r o n g e r  s i g n a l s  of  Gly and Ala r e s i d u e s .  
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type: |-(GIy-AIa)2-GIy-Ser-J n" In the raw silk we have measu- 

red (Fig. I A) the fibroin is about four times more abundant 

than the sericin. The so-called crystalline fibroin was obtai- 

ned from the raw silk by dissolution in water containing the 

Cu 2+/ethylene-diamine complex and enzymatic degradation by 

means of chymotrypsin. The white crystalline powder which pre- 

cipitated from this reaction mixture was used for the ISC NMR 

measurements (Fig. i B). 

Both 50.5 and 75.4 MIlz spectra of raw silk (bombyx mori) 

were measured. Because the resolution of the 75.4 MHz spectra 

was not better~whereas the spinning side bands were considera- 

bly more intensive, only 50.S ~z spectra were measured in all 

other cases. The original spectrum and several resolution en- 

hanced versions of this spectrum (Fig. I A) yielded the follow- 

ing information. The presence of Gly~ Ala, Ser and Tyr units 

is evident from their CO-, ~-C~ B-C or phenyl-C signals. Their 

chemical shifts agree well with those found for the B-sheet 

structure of the corresponding homopolypeptides 2). The line 

widths of 200 - 400 Hz prevent a distinction between different 

kinds of B-sheets if such were present 6). Of particular in- 

terest are the signals at 177~ 55 and 15 ppm~ which are cha- 

racteristic of Ala units in an ~-helix structure. On the basis 

of the chemical shifts alone these three signals can also be 

attributed to other amino acids having a B-structure: 

1) The 17.7 ppm signal might stem from the B-carboxyl group of 

aspartic acid. 

2) The 55 ppm signal stems at least partially from the ~-C of 

serine. 

3) The 15 ppm signal might stem from the ~-CH 5 group of iso- 

leucine 2). 

However~ all three signals are significantly more intensive 

than expected for those a~ternative assignments. For instance, 

the weak signal at 58.5 ppm represents the B-CH 2 group of Asp. 

The signal at 66 ppm stems from the CH 2 group of Ser; its in- 

tensity is only I/5 that of the 53 ppm signal, and the content 

of Ile is ~0.8 %. Hence, the three signals at 177, 53 and 
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15 ppm s u g g e s t  t h a t  c r u d e  s i l k  c o n t a i n s  s h o r t  h e l i c a l  b l o c k s  

m a i n l y  c o n s i s t i n g  o f  Ala  u n i t s .  

S i n c e  t h e  m u l b e r r y  s i l k  p o s s e s s e s  a h i g h  c o n t e n t  o f  g l y c i n e ,  

t h e  q u e s t i o n  a r i s e s  w h e t h e r  t h e  h e l i c a l  p a r t s  may c o n t a i n  G ly  

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

t a b l e  i n  t h e  15C NMR s p e c t r a .  B e c a u s e  p o l y ( g l y c i n e )  i t s e l f  does  

n o t  f o r m  an  s - h e l i x  we h a v e  s y n t h e s i z e d  a s o - c a l l e d  g u e s t - h o s t  

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

20 % 15C ( d e n o t e d  ~)  and f r o m  a 20 f o l d  m o l a r  e x c e s s  o f  L - A l a -  

NCA. (Eq .  1 ) .  The r e s u l t i n g  p o l y p e p t i d e  was m a i n l y  h e l i c a l ,  

and t h u s ,  most  G l y  u n i t s  were  f o r c e d  i n t o  an  M - h e l i x  s t r u c t u -  

r e  ( F i g .  2 A) .  The C O - s i g n a l  o f  t h e  h e l i c a l  G ly  u n i t s  a b s o r b s  

c a .  3 ppm dowrLf ie ld  o f  i t s  B - s h e e t  p o s i t i o n  2) w h e r e a s  t h e  CH~ 

s i g n a l  i s  i n s e n s i t i v e  t o  a c h a n g e  o f  t h e  s e c o n d a r y  s t r u c t u r e 2 ~  

B e c a u s e  t h e  C O - s i g n a l  o f  h e l i c a l  G ly  o v e r l a p s  w i t h  t h e  C 0 - s i g -  

n a l  o f  t h e  A la  u n i t s  i n  t h e  B - s h e e t  s t r u c t u r e ,  t h e  13C NMR CP/ 

HAS s p e c t r a  o f  s i l k  f i b r o i n  do n o t  a l l o w  t h e  d e t e c t i o n  o f  h e -  

~ c a l  G l y  u n i t s .  We h a v e  a l s o  s y n t h e s i z e d  a c o p o l y p e p t i d e  w i t h  

a r andom s e q u e n c e  o f  G l y  and Ala  u n i t s  i n  a mole  r a t i o  o f  1 : 4 .  

F i g u r e  2 B shows t h a t  t h i s  c o p o l y p e p t i d e  c o n t a i n s  c a .  60 % 

U - h e l i x  s t r u c t u r e .  Hence ,  we may c o n c l u d e  t h a t  A la  s e q u e n c e s  

c o n t a i n i n g  up t o  c a .  10 % G l y  u n i t s  may f o r m  K - h e l i c e s .  F u r -  

t h e r m o r e ,  i t  i s  t o  be n o t e d  t h a t  h e l i c a l  p o l y ( a l a n i n e )  may c o n -  

t a i n  up t o  40 mol % Val  u n i t s  9 ) .  Thus t h e  h e l i c a l  s t r u c t u r e s  

i n  raw s i l k  may c o n t a i n  a v a r i e t y  Of amino a c i d s  i n c l u d i n g  

g l y c i n e  and v a l i n e ,  e v e n  t h o u g h  o n l y  t h e  s i g n a l s  o f  t h e  h e l i -  

c a l  A la  u n i t s  were  d e t e c t a b l e  i n  o u r  s p e c t r a .  

OC 0 / ~ 0  + 20 OC o/CO + R'NH2--~ H ( L - A l a ) n - a l y ~ - ( L - A l a ) m N H - R  
(-  co 2) 

n + m =  20;  ~ = 20 % 13C e n r i c h m e n t .  

I n  t h e  s p e c t r u m  o f  c r y s t a l l i n e  f i b r o i n  t h e  " ~ - h e l i x  s i g -  

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

s t r u c t u r e  r e p o r t e d  i n  l i t e r a t u r e  lO) . F u r t h e r m o r e , t h e  s i g n a l s  

o f  t y r o s i n e  a r e  a b s e n t  a l o n g  w i t h  t h e  s i g n a l s  u ,  v and w. The 



288 

absence of these signals in Fig. 1B supports their assignments 

to Asp (6-CH2) , Val (B-CH) and Glu (~-CH2) (Table I). Further- 

more, it is noteworthy that the intensity ratios os Gly, Ala 

and Set signals have changed. Evidently, the crystalline s 

broin contains more alanine and less serine compared to raw 

silk,in good agreement with the data of Table I. 

a x c y e y" L z 
- NH - CH- C O - N H - C H  - CO-  NH - CH - C O -  N H -  CH 2-CO-  

l I I 
CH 2 f C 14 2 b Cl'l'a d bH g ~ 

x+y( ) ,~/z(p) 0t4 a(p~ 

a(~] 1 

x t.J / 
/ / d l f l ~  

k h g+i ~ 

(' C~ (ppm) 1'-05 ' " ' 100 50 

L(p) 

bq~ 

I _  

0 

F i g . l  50 .5  MHz 15C NMR CP/MAS s p e c t r a  ( s l i g h t l y  r e s o l u t i o n  

enhanced)  of  A) raw m u l b e r r y  s i l k ,  and B) c r y s t a l l i n e  s i l k  

f i b r o i n .  
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X~h 

j 
j 

F i g . 2  50.5 MHz 15C NMR 
a x c y 

-NH-CN-C0-NH-CF~CO- CP/MAS s p e c t r a  os random 

~N3 b c o p o l y p e p t i d e s :  A) (Gly~/  b ~I Ata)n  mole r a t i o  1..20; 
;~+Y~h " II )' ~ B) (G ty /Ata )n  mote r a t i o  p~ 

~ ~:lz) F ig . 5  50.5 NHz 15C NHR 

CP/MAS spectrum ( s l i g h t -  
l y  r e s o l u t i o n  enhanced) 

150 100 5'0 0 5ippm) os raw t u s s a h  s i l k .  

a x c y e y '  !. z m y" 

-NH -C H-C0-NH- C H- C0- NH- CH-CO-NH-CH-z-C0- NH - C H - C 0 -  

CH3 d ?H2 f CH2 

x{ 13) t acp: 
+ycpzl OH 
+Y;Y / 

I[/zip) a(~) 
II %\ 

X I,)#l k h ~'g+i dip )f~ 

" '6 (pprm 1~o 16o io 

n CH 2 
I 

o CH 2 
P CH2 
~H 
C | 

H2 N" "NH 2 

l b(p) 

f,n,F II 
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F i n a l l ~  we h a v e  m e a s u r e d  t h e  raw s i l k  f i b r o i n  o f  t h e  t u s s a h  

s i l k  moth  ( a n t h e r a e a  m y l i t t a ) .  The amino  a c i d  c o m p o s i t i o n  o f  

t h i s  f i b r o i n  d i f f e r s  f r o m  t h a t  o f  bombyx m o r i  s i l k  i n  t h a t  t h e  

f o r m e r  c o n t a i n s  more  a l a n i n e  t h a n  g l y c i n e  and  more  a r g i n i n e  

t h a n  s e r i n e  o r  t y r o s i n e  ( T a b l e  I ) .  I n  a g r e e m e n t  w i t h  t h i s  com- 

p o s i t i o n  s i g n a l s  o f  h l a ,  G l y ,  h r g ,  S e r  and  Tyr  u n i t s  a r e  d e -  

t e c t a b l e  and  t h e  ~ - C  s i g n a l  o f  A l a  i s  1 .5  t i m e s  more i n t e n s i -  

ve  t h a n  t h a t  o f  g l y c i n e  and  c a .  4 t i m e s  more  i n t e n s i v e  t h a n  

t h a t  o f  s e r i n e  ( F i g .  5 ) .  Most  i n t e r e s t i n g  i s  t h e  p r e s e n c e  o f  

s i g n a l s  ( o r  s h o u l d e r s )  a t  176 and  15 ppm w h i c h  a r e  c h a r a c t e r i s -  

t i c  f o r  h e l i c a l  a l a n i n e .  F u r t h e r m o r e ,  t h e  ~ - C  s i g n a l  o f  s e r i -  

ne a t  55 ppm i s  t h r e e  t i m e s  more  i n t e n s i v e  t h a n  i t s  B-C s i g n a l  

a t  62 ppm. Hence  t h e  55 ppm s i g n a l  m i g h t  c o n t a i n  a c o n t r i b u -  

t i o n  f r o m  t h e  ~ - C  s i g n a l  o f  h e l i c a l  h l a - u n i t s .  B e c a u s e  t h e  

c o n c e n t r a t i o n  o f  i s o l e u c i n e  i s  b e l o w  O.3  % t h e  s i g n a l  a t  15 ppm 

c a n n o t  r e s u l t  f r o m  t h e  ~-CH 3 g r o u p  o f  t h i s  amino  a c i d .  H e n c e ,  

t h e  a s s i g n m e n t  o f  t h e  15 ppm s i g n a l  t o  h e l i c a l  a l a n i n e  i s  s t i l l  

more  r e l i a b l e  i n  t h e  c a s e  o f  t u s s a h  s i l k  t h a n  i n  t h e  c a s e  o f  

m u l b e r r y  s i l k .  T h u s ,  we may c o n c l u d e  t h a t  t u s s a h  s i l k ,  s i m i -  

l a r  t o  m u l b e r r y  s i l k ,  c o n t a i n s  a s m a l l  f r a c t i o n  ( c a .  5 %) o f  

~ - h e l i c e s  w h i c h  h a s  h i t h e r t o  n o t  y e t  b e e n  d e t e c t e d .  Thus F i -  

g u r e s  1 -3  c l e a r l y  d e m o n s t r a t e  t h a t  13C NMR CP/MAS s p e c t r a  a l -  

low a q u a l i t a t i v e  and  s e m i q u a n t i t a t i v e  a n a l y s i s  o f  c o m p o s i t i o n  

and  s e c o n d a r y  s t r u c t u r e  o f  f i b r o u s  p r o t e i n s .  Howeve r ,  c o n s i -  

d e r i n g  o u r  s t u d i e s  o f  s y n t h e t i c  c o p o l y p e p t i d e s  9 , 1 1 )  we mus t  

e m p h a s i z e  t h a t  t h e s e  s p e c t r a  do n o t  y i e l d  a n y  s e q u e n c e  i n f o r -  

m a t i o n .  

EXPERIMENTAL 

C o p o l y m e r i z a t i o n s :  A) A m i x t u r e  o f  5 mmol 1SC e n r i c h e d  Gly-NCA 

and  100 mmol L -Ala -NCA were  d i s s o l v e d  i n  150 ml d r y  d i o x a n e  

and  1 mmol b e n z y l a m i n e  was a d d e d .  The r e a c t i o n  m i x t u r e  was s t o ~  

ed  f o r  4 d a y s  a t  20~  t h ~ n  d i l u t e d  w i t h  400 ml d i e t h y l  e t h e r  

and  f i l t e r e d .  B) A m i x t u r e  o f  10 mmol Gly-NCA and  40 mmol L-  

Ala-NCA was d i s s o l v e d  i n  100 ml d r y  d i o x a n e  and  p o l y m e r i z e d  

w i t h  0 . 5  mmol b e n z y l a m i n e  a t  100~ A f t e r  20 h t h e  r e a c t i o n  

m i x t u r e  was c o o l e d ,  d i l u t e d  w i t h  400 ml d i e t h y l  e t h e r  and  f i l -  

t e r e d .  15C NMR s e q u e n c e  a n a l y s e s  d e m o n s t r a t e  12) t h a t  u n d e r  
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t h e s e  c o n d i t i o n s  r a n d o m  G l y / A l a  s e q u e n c e s  a r e  o b t a i n e d .  

NMR-Measu remen t s :  The 5 0 . 5  MIIz 13C NMR CP/MAS s p e c t r a  w e r e  

m e a s u r e d  on  a B r u k e r  CXP-200 i n  d e u t e r a t e d  PMMA r o t o r s  a t  a 

s p i n n i n g  r a t e  o f  c a .  3 kHz.  A s i n g l e  c o n t a c t  p u l s e  s e q u e n c e  

w i t h  a l t e r n a t i o n  o f  t h e  90 ~ p u l s e  p h a s e ~  a c o n t a c t  t i m e  o f  5 ms 

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

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

t o  TMS as  d e s c r i b e d  p r e v i o u s l y  2 ) .  B e c a u s e  t h e  s i l k  f i b e r s  do 

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

15 000 t r a n s i e n t s  was r e q u i r e d  f o r  F i g s .  1 and  3~ w h e r e a s  c a .  

600 t r a n s i e n t s  w e r e  s u f f i c i e n t  f o r  F i g s .  2 A and B. 
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