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Local Structure in  Spider D ragline S ilk  Investigated  by 

Tw o-D im ensional Spin-D iffusion N uclear M agnetic R esonancet

J . K tin u n erlen ,*’8 J. D . van B eek,* F . V o llra th ,1 and B . H . M e ie r*’*

N S R -C en ter  fo r  M olecular S tru c tu re , D esign  a n d  S y n th e s is , L aboratory o f  P h ysica l 
C hem istry , U niversity  o f  N ijm egen , Toernooiveld , 6525  E D  N ijm egen , The N e th e r la n d s , and  
D ep a rtm en t o f  Zoology, U niversity o f A a rh u s , U n iversite tsparken  B 135 f 
D K  8000  A a rh u s  C, D enm ark

R eceived  J u ly  27, 1995; R evised  M a n u sc r ip t R eceived  J a n u a ry  28, 1996®

ABSTRACT: The local structure of dragline silk from the spider N e p h ila  m adagascariensis  is investigated 
by solid-state nuclear magnetic resonance. Two-dimensional (2 D) spin-diffusion experiments show th a t 
the alanine-rich domains of the protein form /9-sheet structures in agreem ent w ith one-dimensional NMR 
results from a different species of the genus N eph ila  (Simons, A.; Ray, E.; Jelinski, L. W. M acrom olecules 
1994, 2 7 , 5235) but a t variance with diffraction results. The micro structure of the glycine-rich domains 
is found to be ordered, The simplest model tha t explains the experimental findings is a 3rhelical structure. 
Random coils, planar /3-sheets, and a-helical conformations are not found in significant amounts in the 
glycine-rich domains. This observation may help to explain the extraordinary mechanical properties of 
this silk, because 3\-helices can form interhelix hydrogen bonds.

(1) In tro d u ctio n

Spider dragline silk  is a re m a rk a b le  biopolym er: its  
m echanical p roperties are  a  u n iq u e  com bination  of h igh  
tensile  s tren g th  and  h igh  e la s tic ity . 1” 4 In  c o n tra s t to 
th e  syn thesis of m an-m ade h ig h -p erfo rm an ce  m a te ria ls  
(e.g. s tee l or K evlar) sp ider s ilk  is  syn thesized  a t  
am bien t tem p era tu re  and  p re ssu re . T he polypeptides 
th a t  form  the  sp ider’s d rag line  a re  p roduced  in a  se t of 
glands (the m ajo r am pulla te) a n d  ch an n e led  th ro u g h  a 
duct to th e  sp igot .6»6 I t  seem s th a t  th e  so lvent (w ater) 
is ex tracted  in  th e  duct, an d  t h a t  th e  silk  goes in to  a 
liquid  crysta lline  p h a se .7,8 A t th e  en d  of th e  duct the  
silk  is d raw n th rough  a  valve w h e re  i t  ap p a ren tly  form s 
th e  fiber, now insoluble in  a ll b u t  th e  m ost aggressive 
solvents; rem ain ing  free w ater ev ap o ra tes  quickly in  the 
a ir .9 T he ex trao rd inary  p ro p e rtie s  of th e  sp id er’s d rag ­
line  silk  m ake it  a ttrac tiv e  to  th in k  ab o u t techn ically  
produced analogues w ith  w ell-defined  am ino-acid  se ­
quences (see re f  1 0  and  re fe ren ces  th e re in ). To do so, 
it  is essen tia l to u n d e rs tan d  th e  m acroscopic p roperties  
of dragline silk  in  te rm s of i t s  m icroscopic s tru c tu re  
including th e  am ino-acid seq uen ce  of th e  p ro te in  (the 
p rim ary  structu re), th e  (local) fo ld ing  o f the  s tra n d s  (its 
secondary structure), th e  pack ing  a rra n g e m e n t (crystal ­
line or am orphous regions) in  th e  solid fiber, and  
possible su p erstru c tu res . T he o b se rv a tio n s th a t  w a te r  
can act as a p lastic izer for som e of th e  silks produced 
by sp iders11” 13 and  th a t  w e ttin g  of th e  d rag lin e  s ilk  can  
lead  to a  phenom enon called su p e r  co n trac tio n 9 a re  a 
clear indication  th a t  th e  know ledge o f th e  am ino-acid  
sequence alone is n o t su ffic ien t to u n d e rs ta n d  th e  
p roperties of silk  b u t th a t  d e ta ile d  know ledge o f th e  
secondary structure, th e  packing, an d  th e  in te rp lay  w ith  
re s id en t and  am bien t w a te r is  re q u ire d .

Solid-state NM R can  probe th e  local s tru c tu re  in  
disordered system s w here  th e  la c k  of tra n s la tio n a l long- 
range  order m akes th e  ap p lica tio n  o f d iffraction  tech-
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n ique  d ifficu lt . 14 T h e  m ost u se fu l N M R  in te ra c tio n  for 
s tru c tu ra l  s tu d ie s  is  th e  m agnetic  dipole in te ra c tio n  
because of i ts  s im p le  a n d  q u a n tita tiv e  re la tio n sh ip  to 
th e  a to m istic  s tru c tu re  of th e  m a te ria l. In  th e  sim plest 
case, e.g. fo r an  iso la ted  sp in  pa ir, th e  d ipolar in te rac tio n  
m an ife s ts  i ts e lf  a s  a  line  sp littin g  from  w h ich  th e  
in te rn u c le a r  d is tan ce  c a n  d irec tly  be e v a lu a te d . I f  the 
sp ec tra l re so lu tio n  is  in su ffic ien t, th e  in v e s tig a tio n  of 
th e  dynam ics of th e  d ipo lar-induced  p o la riza tio n  tra n s ­
fe r  b e tw ee n  th e  n u c le i can be u se d  to d e te rm in e  the  
d is ta n c e . 15" 17 F o r sam p les  w ith  a  re g u la r  o r  random  
d is tr ib u tio n  of m a n y  coupled sp ins th e  s p a t ia l  tra n s fe r  
of p o la riza tio n , o ften  called  sp in  d iffusion , 18 is  th e  m ost 
u se fu l so u rce  of g eom etrica l in fo rm atio n  o n  th e  local 
s t ru c tu re . 17’19~ 28 C om bined  w ith  tw o -d im en sio n a l (2D) 
N M R spectroscopy 29»30 i t  can  be u se d  to  d e te rm in e  th e  
re la tiv e  o r ie n ta tio n  of ne ighbo ring  m o lecu la r segm en ts 
in  c ry sta llin e  an d  am orphous m a te r ia ls .22- 26 ,28 ,31,32  rp h e

re su ltin g  2D sp in -d iffusion  co rre la tio n  m a p s  d irectly  
re la te  to th e  local geom etry  i f  th e  p u re ly  sp ec tra l 
c o n trib u tio n s  a re  co rrec ted  for, or e lim in a te d  by, su it ­
able pu lse  schem es . 17,28,33 H ere w e apply  th e se  m ethods 
th a t  u se  tw o -p artic le  N M R  in te rac tio n s  to d ra g lin e  silk. 
S o lid -s ta te  N M R m eth o d s th a t  em ploy one  p artic le  
in te ra c tio n s , in  p a r t ic u la r  th e  chem ical sh if t, have 
a lread y  b e e n  applied  to  d rag line  silk. In  a re c e n t study, 
S im m ons e t  a l .u  h a v e  u sed  th e  em pirica l d ep en d en ce  
of th e  iso tro p ic  chem ica l sh ift o f th e  Ca a n d  Gp reso ­
n an ces on co n fo rm atio n 35 to o b ta in  in fo rm a tio n  ab o u t 
th e  seco n d ary  s tru c tu re  of a lan in e  in  th e  d rag lin e .

T he sp id e r  silk  m o s t in v es tig a ted  is th e  d rag lin e  
forcibly s ilk ed  from  th e  neo trop ical golden s i lk  sp id e r 
N e p h i la  c la v ip e s . T he m olecu lar w eigh t of d ra g lin e  silk  
w as d e te rm in e d  to  be on  th e  o rd er of 2 0 0 -3 5 0  k D a . 36’37 

T he p r im a ry  s tru c tu re  of th e  m a jo r a m p u lla te  g lan d  
p ro te in  (d rag lin e ) is s til l  no t know n com pletely . T he 
re su lts  of L ew is38 su g g e s t th a t  AT. c la v ip e s  d ra g lin e  silk  
is com posed from  tw o d iffe ren t p ro te in s  d e s ig n a te d  as 
sp id ro in  I  a n d  sp id ro in  II. In  a n  in d e p e n d e n t s tu d y  
Mello e t  a l , 37 h av e  confirm ed th e  ex istence o f sp id ro in
I. T he p r im a ry  s tru c tu re  of sp id ro in  I c o n ta in s  (G ly— 
G \y —X )m se g m en ts  (w here  X =  G in, A la, T y r, S e r, or 
L eu  an d  m  =  3 —6  i f  m in o r sequence e rro rs  a re  to le ra ted ) 
an d  Alan, seg m en ts  (w ith  n  — 4 —7). In  a  sim plified  view, 
s ilk  m ay  b e  looked a t  as  a  block copolym er w ith  glycine-
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rich  an d  a lan in e -rich  dom ains. D iffrac tion  re su lts 39»40 

clearly in d ica te  th a t  d rag line  s ilk  is a  he terogeneous 
m a te ria l w ith  “am orphous” an d  “c ry s ta llin e ” dom ains. 
I t  is genera lly  accepted th a t  th e  “c ry s ta llin e ” dom ains 
consist of p ro te in  segm ents th a t  a d o p t a n  o rdered  
p -s h e e t  conform ation. C ontroversy h as , how ever, a risen  
w hether th e se  /?-sheets a re  form ed b y  th e  a lan ine- 
rich 34»38 or th e  glycine-rich40’41 seg m en ts  of th e  p ro tein . 
The s tru c tu re  of th e  “am orphous” d o m ain s  is  la rge ly  
unknow n. I t  w as suggested 3’6*41 th a t  th e y  a re  form ed 
from irreg u la rly  packed  a-he lica l p ro te in  segm ents or 
random  coils, w hile o ther a u th o rs 34 find  no evidence for 
such s tru c tu re s .

In  th is  re p o rt w e p re se n t an  in v e s tig a tio n  of d rag line  
silk th a t  u ses the  m agnetic  d ipolar in te rac tion . The silk  
was collected from  th e  species N e p h i la  m a d a g a s c a r ie n -  

s is  w hose re la tiv e ly  la rg e  body size fac ilita te s  th e  
collection of com paratively  la rge  sam ples. Local order ­
ing is found and  in te rp re te d  for b o th  th e  a lan in e- an d  
glycine-rich dom ains of th e  p ro tein .

(2) M a te r ia ls  a n d  M eth od s

Silk was reeled from N . m adagascariensis  in  the standard 
way42 at a speed of 26 cm/min. The spiders were kept a t a 
low diet (of Tenebrio mealworms) supplemented with daily 
doses (starting a week before silking) of either [ 1 -13C]alanine 
or [l-13C]glycine in an aqueous solution. The isotopic enrich­
ment of the amino acids exceeded 98%, and in the resulting 
silk 60% enrichment was found.

NMR spectra were obtained on Bruker MSL 300, MSL 400, 
and AM 500 spectrometers. Approximately 45 mg of sample 
was used. Radio-frequency field strengths of typically 50 kHz 
have been used on carbon and proton channels. Cross­
polarization contact times of 2  ms were used unless specified 
differently in the text; the recycle delay between scans was 
set to 4 s.

The 2 D 13C proton-driven polarization-transfer experi­
ments17,30 were recorded on static samples using the pulse 
sequence CP—ii—jr/2 —xm- w i t h  proton decoupling and 
quadrature detection in both dimensions. During the mixing 
time, no rf  was applied . 17 For some experiments, a one­
dimensional version of the spin-diffusion experiment, CP- 
TOSS-jr/2—rm— as suggested by Yang et a / . ,43 was used; 
mixing times r m have been set to be equal to a  multiple of a 
rotor period by means of an external synchronization ap ­
paratus .44,45

The solid-state NMR data will be interpreted by assuming 
that no significant transfer of the 13C label to other amino acids 
takes place by the metabolism of the spider. The solid-state 
spectra of silk containing 13Ci-labeled alanine and 13Ci-labeled 
glycine, presented below, make it immediately evident th a t 
no significant amounts of 13C are transferred to any aliphatic 
carbon position because no enhancement of any of these 
resonances is found. Because the carboxylic resonances from 
different amino acids are not resolved in the solid-state spectra, 
additional experiments were performed to investigate if any 
significant amounts of 13C label are transferred between the 
carboxylic positions of different amino acids. For tha t purpose, 
silk containing doubly 13C-labeled glycine was produced. The 
proton-decoupled 13C liquid-state NMR spectra of a hydrolyzed 
sample of this silk (in 6  N HC1) were found to still contain the 
characteristic doublets caused by the 13C—13C J  coupling 
between directly bound C—O and Ca X3C. The center frequen­
cies corresponded to a chemical shift of 171.4 and 42.1 ppm, 
respectively, identifying glycine. The resonances of other 
amino acids did not show significant enhancement. As ex­
pected, the strongest signal for nonlabeled amino acids was 
found for alanine (resonances at 174,8, 51.2, and 17.8 ppm). 
The 0 = 0  and Ca resonances of alanine showed, however, a 
doublet contribution indicative of some transfer of glycine to
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metabolized was approximately 5% and can be neglected for 
the interpretation of our solid-state spectra.

Local Structure in Spider Dragline Silk 2921

F ig u re  1. (a) ID  13C CP/MAS spectrum  of N . m a d a g a sca r ­

iensis  dragline silk at a carbon resonance frequency of 100.63 
MHz. A spinning frequency of 5.9 kHz was used. A total of 
11480 transients were acquired, (b) ID 13C CP/MAS spectrum 
of B . m ori silk a t 100.63 MHz resonance frequency a t a 
spinning frequency of 6 ,8  kHz. A total of 5760 transien ts were 
coadded. . Spinning sidebands are  denoted by asterisks.

T able 1. C hem ical S h ift P a ra m eters for C arbons in  N .

m a d a g a s c a r ie n s is  D ra g lin e  S ilk “

c a r b o n  ¿ iBQ S a  V

GlyCa 43.3
Gly C - 0 169.7 —1 1 2 .8  dt 2 0.87 db 0.06

172.5 -112.7 ± 2 0.87 db 0.06
Ala Cß 2 0 .2

Ala Ca 48.9
Ala C—O 172,5 -110.5 ± 2 0.82 ±  0.06
Gin CßrV 31,9
SerCa 53,8
Ser Cp 63,0

a Tensor parameters are given according to H&berlen’s nota­
tion66 with <5iao =  G 5 n  +  ¿22 +  < $ 3 3 )/3 ; f e  ~  <5iso| ^  f i l l  ~  <5iao| ^  f e

¿iaoli == 3(^33 — (5ieo)/2.

(3) R e s u lts  a n d  D is c u s s io n

(3,1) O n e -D im e n s io n a l13C C P/M A S S p e c tr a . The

n a tu ra l  a b u n d a n c e  13C C P/M A S sp e c tru m  of N .  m a d a ­

g a s c a r ie n s is  d ra g lin e  s ilk  is d e p ic ted  in  F ig u re  1  a long  
w ith  a te n ta t iv e  a s s ig n m e n t of th e  in d iv id u a l reso ­
nances, o b ta in e d  by  co m p ariso n  w ith  th e  p rev iously  
a ss ig n ed  sp e c tru m  fro m  th e  s i lk  p ro d u ced  b y  th e  
silkw orm  B o m b y x  m o r i ,35 A s expected , th e  sp e c tru m  
of th e  d ra g lin e  s ilk  is  s im ila r  to th e  one o b ta in e d  by  
S im m ons e t  a l ,34 for d ra g lin e  s ilk  from  N .  c la v ip e s , T he 
a lip h a tic  re so n a n c e s  o f th e  th re e  m o s t a b u n d a n t am ino  
acids: g lycine, a la n in e , a n d  g lu ta m in e , a re  fa ir ly  w ell 
resolved. T he C a a n d  re so n a n ce s  o f se r in e  a re  
p a r tia lly  h id d e n  due to overlap  w ith  th e  C a re so n an ce  
of a lan in e . T h e  carboxylic re so n a n c e s  of a ll am ino  acids 
overlap  a n d  le a d  to  a  s in g le  s lig h tly  a sy m m e tric  reso ­
nance  a t  a p p ro x im a te ly  172.3 ppm . T h e  observed  
iso trop ic  ch em ica l sh if ts  a re  com piled  in  T ab le  1. To 
o b ta in  th e  carboxy lic  chem ica l sh if ts  o f  g lycine a n d  
a lan in e  a n d  to  g e t s im p lified  s p e c tra  c o n ta in in g  only 
carboxylic re so n an ce s , [ l - 13C ]a la n in e  (Ala)- an d  [1 -13C > 
glycine (G ly)-labeled  sa m p le s  w e re  p re p a re d . T h is
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-i—|—j—|—i—i—|—i—i—i—i—|—p***t —i—i—(~i—i—p—i—|—i—i—t—?—|—i—r—i— —r

300 250 200 150 100 50 0
ppm

F ig u re  2 . 13C CP/M AS sp ectra  o f  (a) 1 -13C glycine-labeled  N . 
m adagascariensis  dragline s ilk  and  (b) 1-13C a lan in e-lab eled  
dragline silk . A  total o f  240 tr a n s ie n ts  w ere acquired at a  
carbon resonance frequency o f 75 .47  M H z and a  M A S-spinning  
frequency of 2  kH z. (c) E xp an d ed  centerband o f  th e  carboxylic 
reson an ces o f a w et 1-13C g lyc in e-lab eled  sp ider dragline s ilk  
sam ple. T he exp an d ed  centerband  (m arked  w ith  an arrow) 
o f  spectrum  (a) is  g iven  in  (d) for com parison .

m

labe ling  w ill also prove u se fu l fo r th e  spin-diffusion 
experim en ts (vide in fra). T h e  slow -sp inn ing  13C CP/ 
MAS sp ec tra  from  th e  two sam p les  a re  show n in  F igure
2. For th e  alan ine-labeled  com pound, a  single resonance 
a t (5jSo =  172.5 ppm  (FW H H  =  350 H z) is observed while 
th e  line sh ap e  of th e  g lycine-labeled  silk  ind ica tes an  
overlap of a t  le a s t tw o reso n an ces a t  approxim ately  
172.5 an d  169.7 ppm  (see in se t d of F ig u re  2 ). This 
in d ica tes th a t  glycine ex ists  in  a t  le a s t  tw o chem ically 
d is tin c t env ironm en ts. T he sideband-to-cervterband 
in ten s ity  ra tio  is found, w ith in  ex p erim en ta l error, to 
be id en tica l for th e  two com ponents of th e  [ l - 13C]Gly 
resonance, a n d  we app ly  th e  p rocedure  described  by 
H erzfeld  and  B erg er46 to ob ta in  th e  an iso tropy  and 
asym m etry  of th e  carbon chem ical sh if t ten so rs  for th e  
[ l-13C]Ala resonance a n d  th e  to ta l [ l - 13C]Gly signal. The 
values ob ta ined  are  lis ted  in  T able 1 . W ith in  experi ­
m en ta l e rro r, an iso tropy  a n d  asym m etry  a re  iden tical 
for [ l - 13C]Ala a n d  [ l- 13C]Gly. B etw een  150 K  and  room  
te m p e ra tu re , no sign ifican t changes in  th e  principal 
va lues w ere  found. T he lin e  w id th s  of th e  carboxylic 
resonances red u ces upon  th e  ad d itio n  of excess w ate r, 
w hile th e  iso tropic chem ical sh ifts  a re  unaffected . For 
th e  carboxylic resonance  of a la n in e  a  reduction  of the  
line w id th  a t  h a lf-h e ig h t from  350 to  240 H z is observed 
upon ad d itio n  of w ater. F o r th e  w et [ l - 13C]glycine~ 
labeled  silk  sam ple, tw o p a rtia lly  reso lved  resonances 
w ith  a lm ost eq u a l in te n s itie s  an d  a  FW H H  of 244 Hz 
a re  found (see F igu re  2 c), fu r th e r  corroborating  th e  
existence of tw o d ifferen t en v iro n m en ts  for glycine.

E m p irica l re la tio n sh ip s  be tw een  th e  chem ical sh ifts  
and  th e  conform ation  of p ep tid e  chains have  been  
found47 ~ 49 a n d  have indeed  b een  u se d  in  sp id er silk  to  
conclude th a t  th e  a lan in e  re s id u es  form  /3-sheets and  
th a t  no helical s tru c tu re s  a re  p re se n t in  d rag line  s ilk .34 

We no te  th a t  th e  chem ical sh if t v a lues of our s tud y

T able 2. T im e C onstants for th e 1H-13C CP D ynam ics in  
N . m a d a g a sc a r ie n s is  D ragline S ilk  at R oom  T em perature

carbon Tis (ms) 7Ti(0(1H) (ms)

Macromolecules, Vol. 29, No. 8, 1996

Gly Ca 0.28 ±  0.07 8.4 ±  1.2

Gly 0 = 0 0.78 ±  0.09 8.2 ± 1 .5

A la Ca 0.31 ±  0.04 11.8 ± 1 .7

A la Cp 0.68 ±  0.08 12.3 ± 1 .5

A la C = 0 0.50 ± 0 .1 12.2 ± 3 .1

Gin CptY 0.29 ±  0.09 10.2 ± 1 .9

coincide, w ith in  experim en ta l e rro r, w ith  th e  values 
p u b lish ed  by S im m ons e t a l. if  we use  th e  glycine C = 0  
reso n an ce  w ith  th e  la rger chem ical sh ift value. In 
ad d itio n  we h av e  ob tained  in fo rm ation  ab o u t th e  C = 0  
chem ical sh ift te n so rs  of a lan in e  an d  glycine. The 
a la n in e  isotropic chem ical sh ifts of 172.5, 48.9, an d  20.5 
p p m  for th e  0 = 0 ,  Ca, an d  Cp reson ances, respectively , 
a re  c learly  com patib le w ith  a /3-sheet conform ation. The 
a -h e lica l conform ation  is un likely  to be a  m ajor compo­
n e n t, w hile a 3 i-helical conform ation, for w hich a model 
s tu d y  yielded 172,1 ,48 .7 , and 17.4 p p m ,49 could, in  view 
of th e  d is to rted  lin e  shape of th e  reso nan ce  th a t  is m ost 
d e p e n d e n t on th e  s tru c tu ra l d ifference betw een  th ese  
tw o form s (C^), be a  m ajor constituen t. F or th e  glycine- 
rich  p a r ts  of th e  polypeptide, s tru c tu ra l conclusions from 
th e  chem ical sh ifts  are  difficult to draw . U nfortunately , 
th e  resonance  frequency of th e  Ca carbon of glycine does 
n o t allow  a s tru c tu ra l  conclusion, in  a  fash ion  s im ila r 
to  t h a t  in  th e  case  of th e  a lan ine  C a resonance. Saito 
e t  a l ,49 h av e  n o te d  (by com parison of th e  13C CP/MAS 
sp e c tra  of polyglycine in  th e  form  I an d  form  II s tru c ­
tu re )  th a t  th is  frequency  is r a th e r  in sen sitiv e  to con ­
fo rm a tio n a l changes. From  th e  isotropic va lues as well 
a s  from  th e  an iso tropy  and  asy m m etry  of th e  chem ical 
sh if t  te n so rs  of th e  carboxylic resonances, none o f th e  
possib le  conform ations (a, /3, 3i, on) a t  th e  glycine 
position  can  be excluded .47*49

T he signa l in te n s itie s  in  a CP-M AS spec trum  m u s t 
be  in te rp re te d  w ith  care because th ey  depend  n o t only 
on th e  re la tiv e  abu n d an ce  of th e  am ino  acids b u t also 
on  th e  cross-po larization  efficiency. T he 13C signa l 
in te n s i ty  as a  fu n c tio n  of th e  cross-po larization  tim e  is 
o ften  c h a ra c te riz e d  by an  exponen tia l b u ild u p  I ( t)  (1

— ex p (-£ /2 is)) m ultip lied  by a decaying exponential w ith  
a  tim e  co n s tan t T \ p th a t  describes th e  decay of the  sum - 
p o la riza tio n  in  th e  ro ta tin g  fram e .50 The tim e constan ts 
Tis a n d  T\p are  b o th  ra th e r  sensitive  m easu re s  for 
d y n am ica l p rocesses w ith  correla tion  tim es in  th e  m il ­
lisecond  ran g e . F o r a heterogeneous sam ple  like silk, 
m u lti-ex p o n en tia l buildup an d  decay  of th e se  line  
in te n s itie s  m ay be expected. F o r JV. m a d a g a s c a r ie n s is  

d rag lin e  silk , how ever, th e  ex p erim en ta l re su lts  are , 
w ith in  e x p e rim e n ta l error, described by a single expo ­
n e n tia l  fo r b u ild u p  and  decay of each  resonance. The 
p a ra m e te rs  describ ing  th e  CP dynam ics a t  room  te m ­
p e ra tu re  a re  com piled in  Table 2  for all resolved 
resonances. As expected, Tis is sh o rte s t for th e  carbons 
w ith  d irec tly  b o u n d  protons. No la rg e  differences a re  
observed  for th e  p ro ton  T \p re lax a tio n  tim es of th e  
d iffe ren t am ino acids. These re su lts  show  th a t  th e

A

p o te n tia l h e te ro g en e ity  of th e  s tru c tu re  is n o t c learly  
re f le c te d  in  th e  dynam ics of th e  cross-polarization .

T h e  o b se rv a tio n  o f alm ost un iform  C P dynam ics w ith  
T i 9 > Tis allow s u s  to use th e  re la tive  in te n s itie s  o f th e  
in d iv id u a l re so n an ces  in  th e  CP/MAS sp ec tru m  w ith  2  

m s co n tac t tim e  a s  a  ra th e r  fa ith fu l m e a su re  for th e  
am in o  acid  com position. T hrough sp ec tra l deconvolu ­
t io n  o f th e  a lip h a tic  resonances in  th e  13C CP/M AS 
sp e c tru m  of N . m a d a g a s c a r ie n s is  d rag lin e  silk  (see



Macromolecules, Vol. 29, No. 8, 1996 Local Structure in Spider Dragline Silk 2923

Figure 1) an  e s tim a te  for th e  am ino acid com position 
can be given. T he re la tiv e  abundance of the am ino acid 
was found to be approx im ately  45%, 30%, 10%, 8 %, a n d  
4% for glycine, a lan ine , g lu tam ine, serine, and tyrosine, 
respectively. A  com parison w ith  th e  am ino-acid com ­
position d a ta  of N . c la v ip e s  dragline silk37 reveals no 
significant d ifferences betw een  th ese  two m em bers of 
the  genus N e p h i la .

(3.2) T w o -D im e n s io n a l C SA -T ensor C o rre la tio n  
th ro u g h  S p in -D iffu s io n . To ob ta in  insigh t in to  th e  
local s tru c tu re  in  th e  alan ine- and glycine-rich seg ­
m ents, tw o-d im ensional pro ton-driven  spin-diffusion 
experim ents in  s ta tic  sam ples w ere perform ed. T hese 
experim ents y ie ld  th e  re la tiv e  o rien ta tion  of chem ical- 
shift ten so rs  of nuclei in  sp a tia l proxim ity. “S p a tia l 
proxim ity” is defined  such th a t  po larization  tra n s fe r  
betw een th e  nucle i can  ta k e  place w ith in  the  m ix ing  
tim e of th e  2D experim ent. In  general, th e  spin- 
diffusion ra te  c o n s tan t W ij betw een tw o spins i  and  j  

depends not only on th e ir  in te rn u c lea r d istance ry b u t  
also on th e  angle Oij betw een th e  in ternuclear vector an d  
the  ex te rna l m agnetic  field direction and, th rough  th e  
in ten sity  of th e  zero -quan tum  spectrum  a t frequency 
zero F iji0 ), on th e  chem ical sh ift difference of th e  tw o 
spins i  and  j :

W -y
Mo \2Y s4ft2( 3  cos2 %  

2 \4  7ti
I  I

y
2

(1 )

F iji0 ) can be e s tim a te d  from  th e  experim en ta l zero- 
q u an tu m  spectrum . A veraged over th e  chem ical sh ift 
differences p re se n t in  th e  sam ple, we h av e  found a  value 
of F {0) % 5  x 10~ 6 s a n d  can therefo re  estim ate  th a t  
d istances as la rg e  as 6 —7 A can be bridged by  sp in  
diffusion for a m ix ing  tim e  of 1 0  s.

As d iscussed  in  d e ta il by Robyr e t  aZ. ,28 2 D spin- 
diffusion sp ec tra  can  m ost easily  be in te rp re ted  if  th e  
po larization  tra n s fe r  p rogresses to com pletion and a  
quasi-equ ilib rium  s ta te  is reached  w here  th e  spec trum  
is in d ep en d en t of th e  m ixing tim e. In  a  com pletely 
ordered system , quasi-equ ilib rium  is  obtained if  th e  
slow est com ponent of th e  po lariza tion  tran sfe r e s tab ­
lishes an  equ ilib rium  betw een  neighboring sym m etry- 
equ ivalen t u n its . F o r a d isordered  system , q u a s i ­
equilibrium  is reached if  the  spin diffusion has proceeded 
fa rth e r  th a n  th e  co rre la tion  leng th  of th e  local order. I f  
no quasi-equ ilib rium  spectrum  can be obtained, th e  
in te rp re ta tio n  of th e  d a ta  becom es qu ite  involved28 an d  
is best done in  th e  in itia l-ra te  regim e. For our silk  
sam ples, such a n  analysis is no t possible because signal- 
to-noise considera tions p reven ted  u s  from ob ta in ing  
in itia l-ra te  sp ec tra . I t  is therefore  im p o rtan t to  w ork 
in  a regim e w here  th e  quasi-equ ilib rium  assum ption  is  
a reasonable one. Obviously, a  heterogeneous, p a rtia lly  
d isordered m a te r ia l like sp ider silk  w ill never allow u s  
to ob tain  tru e  quasi-equ ilib rium  spectra . We have 
acquired our ex p erim en ta l d a ta  a t  a  m ixing tim e of 1 0  

s and  we adop t th e  assum ption  of q u a  si-equilibrium  
spectra  for th e  ana ly sis  of th e  experim ental d a ta  as a  
w orking hypo thesis  here . The va lid ity  of the  a ssu m p ­
tion will be ju s tif ied  a  p o s te r io r i .

The ana ly sis  of th e  quasi-equ ilib rium  spectra  yields 
the  E u le r ang les betw een  th e  p rinc ipal axis system s of 
the  CSA ten so rs  of th e  involved nuclei. To ob ta in  
inform ation ab o u t th e  re la tiv e  o rien ta tion  of th e  m o ­
lecular frag m en ts  involved, th e  o rien ta tion  in  th e  CSA 
tensor in  th e  m olecu lar coordinate system  m u st be  
known. F rom  th e  s tu d y  of m odel com pounds, i t  h a s

Glycine

F ig u re  3. (a) proton-driven spin-diffusion spectrum of 1-13C 
glycine-labeled N . m adagascariensis  dragline silk at T =  150 
K. A mixing time of 10 s was used. The spectrum was 
acquired with 128 transien ts per data  point in t\\ 96 spectra 
have been recorded in  the Fx domain. The data matrix of 96 
x 128 points was zero-filled to 256 x 256. An exponential 
filter function was used prior to the double Fourier transfor ­
mation. The resulting 2D spectra were symmetrized about 
the diagonal to enhance signal to noise, (b) Contour plot of 
the same data. The total signal intensity of all spectra is 
normalized to 1 0 0 0  (for a digital resolution of 1.76 points per 
ppm) and equidistant contour levels are  set at (±) 0.025, 0.05, 
0.075, ....

b een  found th a t ,  consisten tly , th e  o rien ta tio n  of th e  
1-13C CSA te n s o r  in  pep tides is a s  follow s :35,51' 54 T h e  
p rinc ipal ax is  a sso c ia ted  w ith  th e  m ost sh ielded  CSA 
principal v a lu e  ¿33  is  perpend icu lar to the plane sp an n ed  
by th e  0 = C —N  frag m en t, and  th e  p rin c ip a l axis associ­
a ted  w ith  th e  in te rm e d ia te  com ponent of th e  CSA ten so r 
¿ 2 2  is a lm ost co lin ear w ith  the  C = 0  vector. E x p e ri ­
m en ta l d e te rm in a tio n s  of th e  an g le  betw een show  th e  
principal axis associa ted  w ith  622, a n d  the  bond d irection  
falls, for p ro te in s , in to  th e  ran ge  0 —1 2 °.

The p ro ton-driven  2 D spin-diffusion spectra of [1-13C]- 
glycine- an d  [ l - 13C ]a lan in e-lab e led  silk  a t  T  =  150 K  
an d  10 s m ix in g  t im e  a re  given in  F igures 3 an d  4, 
respectively. T he q u a lita tiv e  difference betw een th e  tw o 
sp ec tra  is q u ite  s tr ik in g : th e  sp ec tru m  of [ 1 -13C] glycine 
(F igure 3) show s a  r a th e r  broad  exchange p a tte rn , w hile 
v irtu a lly  no off-d iagonal in te n s ity  is observed for th e  
a lan in e  carboxylic carbo ns (F igu re  4). T he degree o f 
labeling  is a p p ro x im a te ly  th e  sa m e  for bo th  sam ples. 
T h is can e a s ily  be  seen  from a com parison of th e  
in ten s ity  o f th e  la b e le d  C = 0  re so n an ces  w ith  th e  
n a tu ra l  ab u n d an ce  s ig n a ls  in  F ig u re  2a,b.

The absence of c ro ss-peaks in  a la n in e  ind ica tes t h a t  
e ith e r th e  sp in  d iffusion  betw een  a lan in e s  is very  slow  
because th e y  a re  w ell sep a ra ted  in  space or th e  poly ­
a lan in e  reg io n s a r e  h igh ly  o rd e red  w ith  a ll th re e  
p rinc ipal ax es  of carboxylic  CSA te n so rs  being  e ith e r  
p a ra lle l or a n tip a ra lle l .  The ze ro -q u an tu m  line  sh ap e  
can  be a ssu m e d  to  b e  of th e  sam e o rder of m a g n itu d e  
for b o th  am ino  ac id s . 17 I f  we a ssu m e  th a t  the  p r im a ry  
s tru c tu re  of N .  m a d a g a s c a r ie n s is  s ilk  is s im ila r to t h a t  
of N . c la v ip e s , th e n  th e  firs t e x p lan a tio n  is  h ig h ly  
im probable b ecau se  its  p rim ary  s t ru c tu re 37*38 consists  
of a lan in e  r ic h  se g m en ts . We conclude therefo re  t h a t  
close-by [ l- 13C ]a lan in e  CSA ten so rs  have approx im ately  
colinear p rin c ip a l ax is  system s.
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Alanine

F igu re  4. (a) Proton-driven spin-diffusion spectrum of 1-13C 
alanine-labeled N . m adagascariensis dragline silk taken under 
conditions identical to the spectrum of Figure 3. (b) Contour 
plot of the same data. Contour levels are chosen as described 
in the caption of Figure 3.

A stru c tu re  w here m ost a lan ines a re  incorporated into 
an  ordered  /5-sheet s tru c tu re  exp la ins th ese  experim en ­
ta l  findings. T ak ing  in to  account th e  experim en ta l line 
shape, we find  th a t  th e  sp ec tru m  of F ig u re  4 confines 
all th ree  E u le r ang les to  be 0 ±  10 or 180 db 1 Q°,

The spec trum  from  th e  g lycine-labeled  sam ples ex ­
h ib its  a  nonisotropic exchange p a t te rn  w ith  a two- 
dim ensional lin e  shape  s tro n g ly  d ev ia tin g  from  th e  2D 
product of th e  one-d im ensional line  shape  function28 

given in  F ig u re  5a. T herefo re , th e  local pack ing  m u s t 
be o rdered .28 B ecause n o t m u ch  is  know n about th e  
in te rch a in  pack ing  an d  th e  re su ltin g  in te rch a in  d is ­
tances, we sh a ll consider m odels w ith  bo th  in tra -  and  
in te rch a in  in te rac tio n s  to ex p la in  th e  experim en ta l 
spectra.

L et u s  f irs t consider in tra c h a in  sp in  diffusion only. 
We assum e th a t  th e  sp in  d iffusion  h a s  equalized  th e  
po larization  over m an y  ( > 1 0 ) carbon  atom s w ith in  one 
chain. This is a  reasonable  assu m p tio n  because the ra te  
constan t o b ta in ed  from  eq 1  is  m uch  fa s te r  th a n  the  
inverse m ixing tim e. T his is tru e  n o t only for 13C in 
am ino acids ad jacen t in  th e  p r im a ry  sequence (where 
an  average ra te  co n s tan t of ab o u t 5 s ” 1 is  predicted) b u t 
also for 13C in  am ino acids s e p a ra te d  by tw o in  th e  
p rim ary  sequence. A ran d o m  coil a r ra n g e m e n t would 
th e n  lead  to a  sp ec tru m  closely re sem b lin g  th e  am or ­
phous sp ec tru m  of F igure  5 a  an d  can  be excluded. 
¡8 -sheet s tru c tu re s  can  also b e  excluded  because  th ey  
w ould lead  ag a in  to a n  a lm ost d iagonal 2D spectrum . 
We shall, in  th e  following, te s t  th e  co m p atib ility  of tw o 
o ther p lausib le  s tru c tu re s , th e  a -he lix  a n d  3 i-helix  w ith  
th e  ex p erim en ta l d a ta  of F ig u re  3.

For an  a-helical s tru c tu re  (see F ig u re  6 ) all 0 = 0  bond 
directions a re  approxim ately  p a ra lle l to  th e  helical chain 
axis. C orrespondingly , th e  p rin c ip a l axis d irections 
associated  w ith  th e  C a rte s ia n  oyy com ponents of all 1SC 
CSA tenso rs coincide approx im ate ly  w ith  th e  helix  axis. 
The relative ten so r o rien ta tion  betw een  two neighboring 
carboxylic CSA ten so rs  is th e re fo re  described  by a  
ro ta tio n  a ro u n d  th e  y  axis of th e  p rin c ip a l ax is  system  
of th e  CSA tenso r, corresponding to  a  se t of E u le r  angles 
(0°, 100°, 0°). F rom  a  s im u la ted  poly(G ly—G ly—X) 
a-helix  (w ith  X  =  A la), o b ta in ed  w ith  th e  p rog ram
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F ig u re  5. Simulations of 2D spin-diffusion powder spectra 
at quasi-equilibrium for the resonance in glycine. The
following structures were assumed: (a) amorphous spectrum; 
(b) isolated a-helix (or fully ordered array thereof); (c) 3 i-helix 
using Euler angles between the CSA principal axis systems 
of a  — 114°, ¡3 = 78°, and y  ~  346° (see text); (d) uniaxially 
ordered array of 21-helices, taking into account 50 nuclei and 
assuming th a t the helix axis coincides w ith the principal axis 
belonging to <5n; (e) uniaxially ordered array of a-helices, 
taking into account 50 nuclei and assuming th a t the helix is 
parallel to <$22; (f) uniaxially ordered array of 3 i-helices, taking 
into account 5 0 nuclei and using the Euler angles given in  the 
text. The simulations were performed in the frequency domain 
using the simulation environment GAMMA and following the 
general scheme of the example given in ref 60. For the 
simulations the same resolution (1.76 points/ppm) as in  the 
experimental spectra was chosen.

Q u a n ta ,55 E u le r angles of (65.4°, 97.7°, 189.9°) — 
(—14.6°, 97.7°, 9.9) are extracted. T he quasi-equ ilib rium  
sp ec tru m  of an  isolated (Gly—G ly—X)ra a -h e lica l s t ru c ­
tu re , w here  3.6 residues co n stitu te  one tu r n  a n d  th e  
helix  is rep ea ted  after five tu rn s , is described  b y  a 
po lariza tion  exchange betw een 12 glycine s ite s  ( th e  X 
resid u es a re  not 13C labeled). F ig u re  5b show s th e  
s im u la ted  quasi-equilibrium  sp ec tra  for sp in  d iffusion  
b e tw een  all 13C in  an  iso la ted  helix . T he sp ec tru m  
clearly  d isagrees w ith  th e  ex p erim en ta l d a ta  of F ig u re  
3.

N ext we consider a 31-helical a rra n g e m en t (see F ig u re  
6 ). Such a s tru c tu re  is found, for exam ple, for th e  fo rm  
II  c ry sta l s tru c tu res  of poly-Gly , 56,57 poly(LrAla—G ly — 
Gly ) ,58 poly(L-A la~G ly-G ly—G ly ) ,58 a n d  poly(Gly-/3- 
A la ) .59 In  a  (Gly—Gly—X)m-3i-helical s tru c tu re  only tw o 
sym m etrically  inequivalen t [ l - 13C]Gly s ite s  ex is t a n d  
th e  quasi-equilibrium  spectrum  corresponds to a  tw o- 
site  exchange spectrum .

F ro m  a m odel (G ly -G ly—A la)n po lypep tide p rod uced  
by th e  p ro g ram  Q uan ta55 th e  E u le r  ang les th a t  r e la te
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a.) b.)

0  H

N

0

F igure  6 . (a) Conformation of an a-helix. (b) Conformation 
of a 3i-helix. The C = 0  bond direction (indicated by filled bond 
symbols) is approximately along the helical axis direction in  
the a-helix and almost perpendicular to it in the 3i-helix. In 
contrast to the a-helical structures which are stabilized by 
intrachain hydrogen bonds, 3i-helices are stabilized by in te r ­
chain hydrogen bonds. The figures were created with the 
program MOLSCRIPT.67

the  0 = C —N  frag m en ts  of each glycine residue w ere  
found to be a  =  114°, /J =  78°, a n d  y  =  346°. A  
sim ulated  quasi-equilibrium  2D spin-diffusion spec trum  
assum ing  sp in  exchange betw een  glycine sites re la te d  
by these  E u le r  ang les is depicted in  F igure  5c. F o r a ll 
sim ulations, th e  GAMMA prog ram m ing  en v iro n m en t 
w as u se d .60 T he to ta l signal in te n s ity  of a ll sp ec tra  
p resen ted  in  th is  p ap e r is no rm alized  by th e  sam e 
procedure described in  th e  legend of F igu re  3. T herefore 
th e  contour levels in  a ll figures can  directly  be com ­
pared. Q ualitatively , th e  sim ulated  spectrum  resem bles 
th e  experim en ta l spec trum  of F ig u re  3.

To im prove th e  descrip tion  of th e  experim en ta l spec ­
trum , we fit th e  d a ta  in  F igure  3 by a  quasi-equ ilib rium  
spin-diffusion spec trum  betw een tw o  m agnetically  n o n ­
equ ivalen t sites. S ta r tin g  from  th e  spectrum  in  F ig u re  
5c the  E u le r ang les a re  optim ized by m eans o f a  
non linear le a s t m ean  sq u ares  f it .61 F re e  p a ram e te rs  of 
the  fit a re  th e  se t of E u le r  angles (a , /?, y)  an d  th e  lin e  
w idth. W e assum e th e  line  shape to be  L orentzian  w ith  
a co nstan t full w id th  a t  ha lf-he igh t over th e  2D spec ­
trum . F u rth e rm o re , w e allowed for a  superposed signa l 
w ith  an  iso tropic pow der exchange sp ec tru m  to  account 
for sp in  diffusion betw een  chains. T he fraction  of th e  
isotropic exchange spectrum  yields a  fifth  p a ram e te r for 
the  fit. The chem ical sh ift p a ra m e te rs  w ere se t to th e  
values d e te rm in ed  from  th e  ID  sp ec tra . The b est fit, 
shown in  F igure  7b, reproduces the  off-diagonal fea tu res  
of th e  ex p erim en ta l 2 D spin-diffusion spectrum  (F igure  
7a) rem ark ab ly  well. The fitted  E u le r  angles are  a  =  
101 ±  13°, =  62 dz 14°, an d  y =  333 ±  10° (e rro r 
estim ated  a t 90% confidential lim it) a n d  an  ad m ix tu re  
of 14 ±  5% signal in te n s ity  from  a n  isotropic exchange 
p a tte rn . The abso lu te  value  of th e  difference be tw een  
th e  ex perim en ta l spec tru m  an d  th e  b e s t fit am oun ts to  
1 2 % of th e  in te g ra te d  in ten s ity  o f th e  ex p erim en ta l 
spectrum . I f  we do n o t allow for a n  isotropic pow der 
p a tte rn  as p a r t  of th e  m odel, th e  difference betw een  th e  
calculated and  experim en ta l sp ec trum  rises to 23%. T he  
difference sp ec tru m  is depicted  in  F ig u re  7c an d  g ives 
no ind ication  th a t  th e  quasi-equ ilib rium  sp ec tru m  is  
d istorted  th ro u g h  th e  influence of th e  factor Fiji0 ) w h ich  
would lead  to a  m onotonic decrease of th e  cross-peak

■ 120

' 180

' 240

240 180 150 120 90
ppm

- 90

-  120

- 150

' 180

- 240

- 90

-  120

- 150

- 180

 ̂ 240

g:
C l
CL

240 180 150 120 90
ppm

180 150 120 90 
ppm

90

“  120

■ 150

' 180

' 240 .

- 90

- 120

- 150
E
CL
CL

- 180

’ 240

240 180 150 120 90
ppm

240 180 150 120 90
ppm

F ig u re  7. (a) Experim ental spectrum 1-13C glycine (see also 
Figure 3), replotted for direct comparison with (b)-(e), (b) Best 
fit of the experimental spectrum by a two-site exchange model 
with an amorphous background, as described in the text. The 
conformation represents, within reasonable expectations (see 
text), a 3i-helical structure, (c) Difference between the ex­
perimental spectrum  (a) and fit (b). (d) Best fit by a  super­
position of an amorphous and a diagonal spectrum (see text), 
(e) Difference between (a) and (d). Contour levels are chosen 
as described in  the legend of Figure 3.

in te n s ity  w ith  in c reas in g  distance from th e  m ain  d iago ­
n a l of th e  sp e c tru m . The m ain  difference in te n s i ty  
ap p ea rs  a lo n g  th e  d iagonal itself, p a rticu la rly  a t  th e  
sh a rp  fe a tu re s  of th e  tenso r. The pronounced in te n s i ty  
a t  th e  sh a rp  fe a tu re s  ind icates non-L oren tzian  lin e  
shapes an d  th e  re m a in in g  in tensity  over th e  e n tire  
d iagonal im p lie s  th a t  complete po larization  t r a n s f e r  
b e tw een  a ll g lycines in  th e  sam ple h as  n o t been  e s ta b ­
lished. T he re m a in in g  diagonal signal m ay be a t ­
t r ib u te d  to g lycines t h a t  are  located outside th e  (G ly— 
G ly -X ) seg m en ts37 a n d  therefore m ore rem ote fro m  th e  
n ex t G ly neighbor. T h is , as well as th e  re la tiv e ly  sm a ll 
in te n s ity  o f th e  d iag o n a l ridge and  th e  absence of a  
decay o f th e  ex p e rim en ta l cross-peak in te n s ity  (com ­
p a red  to  th e  s im u la tio n ) perpendicu lar to  the d iag o n a l 
of th e  sp e c tru m , is a  good a  p o s te r io r i  ju s tif ic a tio n  of 
th e  a s su m p tio n  of quasi-equilib rium  conditions, W e 
have  re p e a te d  th e  fit w ith  s ta rtin g  values t h a t  co r ­
re sp o n d  to a n  a -h e lica l conform ation a n d  h av e  fo u n d  
th a t  i t  converges to  th e  sam e 3 rh e lic a l s t ru c tu re  
described  above.

The f it te d  E u le r  ang les deviate by abou t 15° from  th e  
idealized (G ly—G ly—X),* structure. These dev iations can  
be exp la ined  b y  s tru c tu ra l  distortions and/or th e  d ev ia ­
tio n  of th e  p rin c ip a l-ax is  directions of th e  CSA  te n s o r
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from th e  idealized  values. T herefore, th e  spin-diffusion 
d a ta  a re  in  good ag reem en t w ith  a 3 rh e lic a l  s tru c tu re  
form ed by th e  (G ly—G ly— X)„ seg m en ts  of th e  pro tein .

The overall ag reem en t b e tw een  th e  ce rta in ly  over ­
sim plified m odel an d  th e  ex p e rim en ta l sp ec tru m  m ay, 
considering  th e  he terogeneous n a tu re  of th e  d rag line  
silk  as w ell as th e  possible ex p e rim en ta l im perfec tions, 
be fo rtu itously  good. W e sh a ll now  sh o rtly  in v estig a te  
possible o th e r m odels th a t  ex p la in  th e  ex p erim en ta l 
spec trum  b u t assu m e sig n ifican t in te rc h a in  sp in  diffu ­
sion. O bviously, th e  ran d o m -ch a in  m odel sp ec tra  of 
F igure  5a  is n o t changed  by ta k in g  in to  accoun t in te r ­
chain  diffusion. All th e  o th e r  m odel sp e c tra  also ap ­
proach th e  spec tru m  of F ig u re  5a  if  in te rc h a in  diffusion 
between completely disordered chains (“spaghetti model”) 
is assum ed. B ecause th is  p red ic tion  is in  con trad ic tion  
w ith  th e  experim ent, w e consider n e x t u n i ax ia lly  or ­
dered bund les of chains. F o r such  a  m odel bundle , 
quasi-equ ilib rium  sp e c tra  for 2 i~helices, a-helices, an d  
3i-helices, respectively , a re  show n in  F ig u re  5 a —f. No 
sa tisfac to ry  a g reem en t w ith  th e  ex p e rim en ta l d a ta  is 
found.

As a fu r th e r  step , we m ay  consider m ore complex 
m odels w hich  describe h e te ro g en eo u s s itu a tio n s . We 
therefo re  consider an  am orphous sp ec tru m  (from a 
random -coil dom ain) su p erp o sed  w ith  a  d iagonal spec ­
tru m  from  iso la ted  glycines. U sin g  th e  line w id th  and  
th e  re la tiv e  am o u n t of d iagonal sp ec tru m  as free 
p a ram e te rs , a  le a s t sq u a re s  f it to  th e  experim en ta l 
spec trum  w as perform ed. T he b e s t  f it y ields 31 ±  4% 
iso la ted  glycine, th e  re su ltin g  sp ec tru m  is show n in  
F igure  7d, an d  th e  difference b e tw een  ex p erim en t and  
fit is given in  F ig u re  7e. T h e  a g ree m en t is  n o t sa tisfac ­
to ry  and  leaves 25% of th e  sp e c tra l in te n s ity  un ex ­
p lained. F u rth e rm o re , w e h a v e  observed  th a t  th e  
carboxylic signal of a un iax ia lly  o rien ted  bund le  of fibers 
shows a sign ifican t d ev ia tio n  from  th e  pow der p a tte rn  
ob tained  from  a n  u n o rie n te d  sa m p le .62 O n th e  basis  of 
th ese  two a rg u m en ts , w e exclude am orphous ran d o m  
coils as a  m a jo r  com ponent of th e  s tru c tu re . A la rg e  
n u m b er of fu r th e r  h e te ro g en eo u s s tru c tu re s  could be 
considered. We sh a ll re fra in , in  th e  p re se n t context, 
from  doing so because th e  sim ple 3 i-helical m odel shows 
a lready  a  good ag reem e n t w ith  th e  ex p erim en t.

I t  should be po in ted  ou t th a t  th e  off-diagonal peaks 
in  th e  sp ec tru m  of F ig u re  3 could also  be caused  by 
chem ical exchange in s te a d  of sp in  exchange or by th e  
sim u ltan eo us ac tion  of b o th  p rocesses. U sually , th e  
te m p e ra tu re  dependence of th e  cross-peak  in te n s ity  
allows for a  d is tin c tio n  of th e  tw o effects: th e  sp in  
diffusion is la rg e ly  te m p e ra tu re  in d e p e n d e n t w hile an  
A rrhen ius-type  ac tiv a tio n  is expected  fo r th e  chem ical 
exchange. W hile th e  fu ll in fo rm atio n  av a ilab le  by spin- 
diffusion spectroscopy is  co n ta in ed  only  in  tw o-d im en ­
sional s ta tic  sp ec tra , selective ID  ex p erim en ts  u n d e r 
m agic-angle sp in n in g  conditions can  be u sed  to  ex trac t 
p a r tia l in fo rm atio n  u s in g  sh o r te r  to ta l  m e a su re m e n t 
tim e s ,27 a lth o u g h  a  d irec t com parison  b e tw een  spin- 
diffusion ra te  co n stan ts  in  s ta tic  an d  ro ta tin g  sam ples 
is difficult. The one-dim ensional analog  o f th e  exchange 
experim en t proposed  by Y ang  e t a l .43 w as chosen  to 
follow th e  p o la riza tio n -tran sfe r  process a s  a function  of 
te m p e ra tu re  an d  to  ex tend  th e  sp in  d iffusion  m e a su re ­
m en ts  to longer m ix ing  tim es. T he one-d im ensional 
spec trum  ob ta in ed  in  th is  ex p e rim e n t does n o t con ta in  
th e  en tire  sp in n in g -s id eb an d  m an ifo ld  b u t only th e  
cen te rb an d  if  no exchange (sp in  d iffusion  or chem ical 
exchange) tak es  p lace  in  th e  m ix in g  tim e  of th e  experi-

1.0

0.8

£*0,6
COG
o

■ * - »

c
¥

c  0.4

0.2

F ig u re  8 . Mixing-time dependence of the centerband and 
spinning sideband intensities in the TOSS-exchange experi­
ment on 1-13C glycine-labeled dragline silk a t T  = 220 K. The 
spectra were acquired at 125.8 MHz carbon frequency with a 
magic-angle spinning frequency of 3.5 kHz.

m en t. If, how ever, one of th e  processes is active, th e  
special m ag n e tiza tio n  s ta te  p rep a red  by th e  TO SS 
sequence27*63“ 65 is d istu rbed  and  sp inn ing  sidebands a re  
re in tro d u ced  in to  th e  spectrum . A series of sp ec tra  
recorded w ith  d ifferent m ixing tim es allows us therefore  
to  e x tra c t in fo rm atio n  sim ilar to  th a t  from  th e  2D sp in - 
d iffusion sp ec tru m  w ith  th e  difference th a t  only a  
lim ited  num ber of sam pling points are  available. F igure 
8  p lots th e  TO SS cen terband  an d  sideband  in te n s itie s  
in  13C sp ec tra  of th e  [ l - 13C ]glycine-labeled sam ple 
obtained w ith  th e  ID  experim ent as a  function  of m ixing 
tim e; th e  sam ple  te m p e ra tu re  w as 220 K. I t  can  easily  
be seen  th a t  on  a n  increase of th e  m ix ing  tim e th e  
in te n s ity  of th e  cen terband  decreases exponen tia lly  
(w ith  a tim e  co n stan t of 6.3 =L 0.5 s) an d  sp in n in g  
sideband  in te n s ity  is re in troduced  m onotonically. F o r 
th e  long  m ix ing  tim es u sed  in  th e  ex p erim en ts  m ag ­
n e tiza tio n  losses due to T \  re lax a tio n  a re  considerable 
an d  th e  to ta l in ten sitie s  of th e  sp ec tra  a t  d ifferen t 
m ixing tim es have  been  norm alized  in  F ig u re  8 . T hese 
d a ta  a re  a  fu r th e r  ind ication  th a t  th e  a ssu m p tio n  of a n  
estab lished  quasi-equ ilib rium  a fte r 1 0  s of m ixing, u sed  
for th e  in te rp re ta tio n  of th e  2D sp ec tra , is a  reaso n ab le  
one.

F igu re  9 dep icts th e  resu ltin g  ID  TO SS spec tra  of th e  
[ l - 13C ]glycine-labeled sam ple u sin g  a  m ix ing  tim e  of 1 0  

s for te m p e ra tu re s  of 2 2 0  an d  293 K. T he te m p e ra tu re  
dependence of th e  spec tra  and , there fo re , of th e  sp in- 
diffusion ra te  c o n s tan t is negligible an d  lead s u s  to th e  
conclusion th a t  contribu tions from  chem ical exchange 
to th e  sp ec tru m  of F igure  3 (recorded a t  a n  even  low er 
tem p era tu re ) can  be  excluded.

(4) C o n c lu s io n s

We h av e  show n th a t  the  secondary  s tru c tu re s  of th e  
a lan ine-rich  an d  glycine-rich segm en ts of sp id er d ra g ­
line  silk  can  be  characterized  by m eans of p ro ton-driven  
13C 2D spin-d iffusion  experim ents. O u r re su lts  a re  in  
good ag reem en t w ith  th e  following s tru c tu ra l m odel fo r 
N . m a d a g a s c a r ie n s is  dragline: T he poly a lan in e  seg-
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F ig u r e  9. T O S S -exch an ge spectra  o f 1-13C glycine-labeled  
dragline s ilk  (125 .8  M H z reson an ce frequency) a t  sam ple  
tem p eratu res o f (a) T  =  220  K  and (b) T  =  293 K. T h e m ix in g  
tim e  w a s se t  to  10 s, th e  sp in n in g  frequency, to 3 .5  kHz, 32  
tr a n s ien ts  w ere coadded.

m en ts  adopt a h igh ly  o rdered  /?-sheet s truc tu re  w hereas 
th e  glycine-rich seg m en ts  form  3i-helical s tru c tu re s . 
C onsidering  th e  re la tiv e ly  sh o rt leng th  of th ese  seg ­
m e n ts  an d  th e  re su ltin g  co n stra in ts  on th e  packing 
schem e of th e  solid, th e se  idealized s tru c tu re s  a re  
aston ish ing ly  w ell re p re se n te d  in  the  experim en ta l 
sp ec tra . O bviously, th e re  m ay  be m ore com plicated 
s tru c tu ra l m odels for th e  glycine-rich dom ains th a t  can  
also  explain  th e  ex p erim en ta l data . ^ -S heets a n d  
a-helices can, how ever, be excluded on th e  basis of ou r 
d a ta .

I t  is obvious t h a t  an  ex p lan a tio n  of th e  m echanical 
p ro p e rtie s  of sp id e r d rag lin e  does no t only dem and th e  
know ledge of th e  secondary  s tru c tu re  of the  d ifferen t 
dom ains in  th e  p ro te in . The local packing, i.e. th e  
dom ain  size of th e  /?-sheet s tru c tu re s  and  th e  packing 
of th e  3i-helices, is req u ired  for a  complete u n d e rs ta n d ­
in g  of th e  m acroscopic p roperties . N evertheless, one 
m ig h t specu la te  th a t  th e  ex trem ely  strong  m echanical 
p ro p ertie s  of s ilk  m ay  be re la te d  to th e  presence of 3 1 - 
he lica l s tru c tu re s  b ecau se  th ey  a re  able to form  in te r ­
h e lix  hydrogen  bonds cross-link ing  th e  helices. A  
d e ta iled  analysis  of th e  pack ing  schem es of th e  helices 
am ong  th em se lv es re q u ire s  m ultip le  labeled  sam ples 
a n d  experim en ts w ith  m acroscopic ally aligned fiber 
sam ples. W ork a long  th e se  lines is in  progress in  ou r 
laborato ry .
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