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Molecular Orientation and Two-Component 
Nature of the Crystalline Fraction of 

Spider Dragline Silk 
Alexandra H. Simmons," Carl A. Michal, Lynn W. Jelinskit 

The molecular origin of the exceptional mechanical properties of spider silk is unclear. 
This paper presents solid-state *H nuclear magnetic resonance data from unoriented, 
oriented, and supercontracted fibers, indicating that the crystalline fraction of dragline silk 
consists of two types of alanine-rich regions, one that is highly oriented and one that is 
poorly oriented and less densely packed. A new model for the molecular-level structure 
of individual silk molecules and their arrangement in the fibers is proposed. These data 
suggest that it will be necessary to control the secondary structure of individual polymer 
molecules in order to obtain optimum properties in bio-inspired polymers. 

Spider dragline silk is nature's high-perfor- 
mance fiber. A unique cornbination of ten- 
sile strength and elasticity gives the silk a 
higher energy to break than that of other 
natural or synthetic fibers, which is essen- 
tial for its structural role in a sniderweb's 
frame and its f~~nct ion  of supporting a drop- 
ping spider. It is known that dragline silk is 
a semicrystalline polymer, but the amount, 
com~osition, orientation, and structure of 
each of its phases remain the subject of 
debate. An  early study of fibroins, including 
the silk of Nephila madagascarensis, showed 
that they could be grouped on the basis of 
their tensile behavior ( 1  ). The ratio of long- 
side-chain to short-side-chain arnino acids 
in these protein polymers is similar for sam- 
ples within a group. X-ray diffraction anal- 
vsis of N .  mada~ascarensis silk showed that 

u 

the crystalline regions were composed of 
antiparallel pleated sheets (2). The relative 
arnount of crystalline to amorphous content 
was thought to be high due to the prepon- 
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derance of small amino acids, which pack 
efficiently. Warwicker placed the silk in a 
group containing fibroins with the same lat- 
tice spacing as P-polyalanine (2).  He pro- 
posed that bulky residues reside in arnor- 
phous regions, as their side chains cannot be 
accomrnodated in the crystalline domains. 

In 1977. Work discovered that wetting of 
unrestrained fibers of spider dragline silkY at 
room temperature causes thern to contract 
to half their initial length (3, 4). In synthet- 
ic fibers, such supercontraction occurs only 
at extreme temperatures or in harsh sol- 
vents. Supercontraction of dragline fibers is 
accompanied by a decrease in tensile 
strength and an increase in elongation be- 
fore breaking; fibers recover their original 
mechanical properties when dried. Interpla- 
nar spacings in crystalline regions of N .  
clavipes major arnpullate silk do not change 
on supercontraction (5). Dry dragline silk 
has a predicted crystallinity of 30% (6). 

Earlv data identified an amuullate motein 
of N .  cLvipes with a molecularLweightgreater 
than 200 kD (7, 8), whereas more recent 
data (9) suggest that the freshly synthesized 
protein in the gland may be as large as 720 
kD. Arnino acid analysis has shown that, like 
silkworrn silk, dragline silk contains not only 
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large amounts of glycine (42%) and alanine 
(25%) but also some residues with bulky side 
groups such as glutamine and tyrosine (7). 
Xu and Lewis obtained the sequence of part 
of a N. clawipes major ampullate protein us- 
ing a partial colnplementary DNA clone 
(10). The protein consists of repeating units 
in which a polyalanine run of five to seven 
'residues is followed by a glycine-rich se- 
quence containing the bulky residues. The 
first attempt to relate this sequence to drag- 
line silk's mechanical properties proposed 
glycine-rich crystals connected by a-helical 
polyalanine segments that were purported to 
be the origidof silk's elasticity (10). Detec- 
tion of helix formation in silk under tension 
was given as evidence to support this model 
( I  1). Later, alanine was proposed to be 
present as p sheets connected by glycine-rich 
regions containing p turns (1 2). 

Termonia succeeded in modeling spider 
silk's mechanical properties with an amor- 
phous rubberlike matrix containing 45% 
small crystallites by volume, which generate 
a surface laver of constrained chains that 
may be respdnsible for the toughness of drag- 
line silk (13). The,composition of the do- 
mains was not addressed. Thiel et al. inter- 
preted analytical transmission electron mi- 
croscopy of individual crystallites in dragline 
fibers as evidence of a crystalline phase of 
glycine and bulky residues, composing about 
50% of the samples (14). Our 13C cross- 
polarization-magic angle spinning (CP- 
MAS) nuclear magnetic resonance (NMR) 
data from silk fibers were not consistent 
with Thiel's findings. We showed that ala- 
nine is present as p sheets, that there are 
two lnotionally distinct alanine populations, 
and that none of the residues exhibit liauid- 
like mobility at room temperature (15). 

The presence of polyalanine runs in the 
amino acid sequence of N. clavipes dragline 
silk, the x-ray diffraction data, and our 13C 
NMR experiments point to alanine as com- 
posing the crystalline domains. In the work 
presented here, we wished to determine the 
orientations of the two alanine populations 
with respect to the fiber axis, to investigate 
their behavior under tension, and to under- 
stand their role in supercontraction. The 
sensitivity of 'H NMR line shape and re- 
laxation time to orientation and dvnamics 
was used to selectively study the alanine- 
containing regions of silk. This paper pre- 
sents the results of these studies and discuss- 
es their implications for the detailed struc- 
ture of spider dragline fibers. 

The 'H spectrum (16) of polycrystalline 
1-alanine-3,3,3-2H, (Fig. 1A) displays an ax- 
ially symmetric powder pattern, narrowed by 
rapid methyl group reorientation. In the sim- 
ulation of the line shape, which was correct- 
ed for fall off of pulse power with frequency 
(1 7), the quadrupole coupling constant and 
the width of the Gaussian broadening were 

the onlv adiustable Darameters. In unori- , , 
ented dragline silk fibers from spiders that 
had been fed deuterated alanine (18) (Fig. . . -  
IB), the methyl deuterons were undergoing 
fast reorientation, as in the alanine (Fig. 
1A). The spectrum also contains a small 
component with a splitting that is represen- 
tative of static deuterons (Fig. 1B) with per- 
pendicular singularities at ?60 kHz. The 
soectrum could be satisfactorilv simulated 
Gith the use of the sum of a meihyl compo- 
nent that contributes 90% of the intensitv 
and a static component that contributes 
10% of the intensity. The repetition delay of 
0.5 s in these spectra was insufficient to 
allow the nonmethyl component to relax 
fully. A spectrum of the fully relaxed com- 
ponent showed that 20% of the 'H in the 
silk was in sites other than the alanine meth- 
yl groups, which indicated that some scram- 
bling -of deuterons had occurred in the spi- 
ders' metabolism. 

A -Experiment 
Simulat~on 
Residual 

80 40 0 -40 -80 

Frequency (kHz) 

Fig. 1. (A) Solid-state 2H spectrum of polycrystal- 
line l-alanine-3,3,3-2HH, with best f~t simulation us- 
ing quadrupole splitt~ng (w,/2~) = 40.4 kHz and 
FWHM = 2100 Hz, with residual. (B) Spectrum of 
labeled N. clavipes dragline silk. Methyl compo- 
nent (90%) was s~mulated with w,/2a = 39.9 kHz, 
W H M  = 2700 Hz. Nonmethyl component (10%) 
was simulated with splitting of 120 kHz. (C) Spec- 
trum of supercontracted silk. Methyl component 
(86%) was simulated as In (B); nonmethyl compo- 
nent (1 4%) was s~mulated by a Gaussian d~str~bu- 
t~on centered at zero frequency. 

The 'H spectrum of supercontracted silk 
(19) (Fig. 1C) shows that the methyl com- 
ponent is unchanged upon wetting. How- 
ever, the static signal is replaced by a peak 
centered at zero frequency, which is typical 
for averaging of the quadrupolar coupling 
by fast isotropic reorientation. The static 
component is plasticized by water and must 
be in the amorphous domain. Complete 
recovery of the initial spectrum (Fig. 1B) 
occurred after the silk was dried for 2 hours 
in air at room temnerature. 

To  obtain spectra of oriented silk fibers, 
the fiber axis of a bundle of about 90,000 
spider dragline silk fibers was oriented paral- 
lel to the magnetic field (20). The line shape 
of the oriented bundle (Fig. 2A) is very 
different from that of the unoriented fibers 
(Fig. 1B). The alanine methyl groups are not 
randomly oriented in the fibers, but are pref- 
erentiallv oriented at 90" to the fiber axis. as 
would bk observed for alanine in P sheets 
with the chain axis oarallel to the fiber axis. 

We performed a quantitative analysis by 
calculating spectra based on proposed orien- 
tation distributions. Angular spreads and 
proportions of each distribution were adjust- 
able parameters. The best fit was found with 
the use of the NL2SOL algorithm, imple- 
mented in routines from the PORT library 
(AT&T Bell Laboratories, Murray Hill, New 
Jersey) (21). The best fit to the experimental 

- Experiment 
Simulat~on 
Residual 

B -Highly oriented 

Weakly oriented 
Nonmethyl 

80 40 0 -40 -80 

Frequency (kHz) 

Fig. 2. (A) Solid-state 'H NMR spectrum of a 
bundle of 90,000 N. clavipes dragline silk fibers 
oriented parallel to the static field. The s~mulation 
reflects a methyl group orientat~on distribution of 
two Gaussians centered at 90" with a W H M  of 5" 
(37%) and 75" (63%). (B) Components of the sim- 
ulation, including a nonmethyl portion (I 1 %)with a 
splitting of 120 kHz. The small central peak, wh~ch 
contributes approximately 2% of the total spectral 
~ntens~ty, was modeled In (A) as a Gaussian peak 
and was om~tted from (B) for clar~ty. 
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data is shown in Fig. 2A; the individual 
components of the simulation are shown in 
Fie. 2B. The sim~lest distribution that fits 
the experimental spectra (see Table 1) con- 
sists of two Gaussian distributions, both cen- 
tered at 90" to the fiber axis. One Gaussian 
distribution, representing about 40% of the 
alanines, has a full width at half maximum 
(FWHM) of 5" (+8"/-2"). This distribution 
is at least as narrow as the distribution re- 
cently observed for the synthetic high-per- 
formance fiber Kevlar (12" FWHM) (22). , .  , 
The other Gaussian distribution, represent- 
ing about 60% of the alanines, has a much 
poorer degree of orientation (FWHM of 75" 
? 5"). If only a single Gaussian population 
distribution is allowed, the best fit simula- 
tion qualitatively resembles the curve la- 
beled "highly oriented" in Fig. 2B and is 
inadequate because it lacks significant inten- 
sity outside of the strong peaks. 

Comparison with x-ray diffraction data 
ascertains that both of these alanine com- 
ponents represent crystalline regions. From 
x-ray diffraction data, Work calculated an 
orientation function, <cos2+>, of 0.776 
for Araneus mannoreus and 0.788 for N. 
cruentata (3) dragline silk. These yield av- 
erage crystallite orientations of 28.2" and 

Fig. 3. Cartoon of the 
proposed model for the 
molecular arrangement of 
the alanine residues in a 
dragline silk fiber. Highly 
oriented alanine-rich crys- 
tals of p sheets (rectan- 
gles) and weakly oriented - ,p 
yet crystalline unaggre- 
gated sheets (canted 
sheetlike structures) are 
depicted in an amor- 
phous glycine-rich matrix 

B c H 3  

(curved lines). In reality, 
the glycine-rich matrix 
composes about 70% of 
the fiber; in this drawing it has been largely su- 
pressed for clarity. 

------ AGQGAGAAAARAAGGAGQGGYGGLGSW 
AGR---GGQGAGRRRRRA-GGAGQGGYGGLGSW 
AGRGGLGGQGAGRRARRAAGGAGQGGYGGLGNQG 
AGR---GGQ--GRRRRRA-GGAGQGGYGGLGSQG 
AGRGGLGGQ-AGRRRRRA-GGAGOGGYGGLGGW 
..................... AGOGGYGGLGSCG 

------ AG~AGRRRRRA-GGAGOCGYGGLGSOC 
AGRGGLGGQGAGAVRAAAAGGAGOGGYGGLGSW 
AGR---GGQGAGAAARAA-GGAGQRGYGGLGNoc 
AGRGGLGGQGAGRRARRAAGGAGWGGLGNW 
AGR---GGQ--GAAARR--GGAGQGGYGGLGSCG 

------ AGWAGRRRRRA-GGVR~~~YGGLGSOC 
AGR- - -GGQGAGAAAAAA-GGAGoCGYGGLGGW 
VGRGGLGGQGAGAAAA---GGAGOGGYGGV-GSG 

Table 1. Orientation of alanine methyl residues in N. clavipes dragline fibers. 

Highly oriented Less oriented 

Silk sample Distribution Alanines Distribution Alanines 
width (FWHM) (%I width (FWHM) ("4 

Dry, oriented silk 5"(+8"/-2") 37 75"(?5") 63 

28.1". The two-population orientation dis- 
tribution calculated from our NMR data 
yields <cos2+> of 0.760 and an average 
crystallite orientation of 29.3" for N. c h i -  
pes dragline silk, which is in excellent 
agreement with Work's data. The similarity 
between the average orientations from x- 
ray diffraction and NMR analyses suggests 
that both alanine populations contribute to 
the x-ray scattering, which implies that 
both environments are crystalline. This is 
the first time that the presence of both a 
highly oriented and a poorly oriented crys- 
talline phase has been considered or detect- 
ed in dragline silk. 

We monitored the effect on the alanine 
residues of stretching the oriented silk sam- 
ple by performing eight different 'H NMR 
experiments, increasing the stress on the 
fibers until the breaking point was reached. 
All spectra obtained under tension (20) 
were indistinguishable from that obtained 
before stretching. No increase in the 
amount or orientation of the crystallites due 
to stretching was observed. Portions of the 
fiber bundle broke at 15% elongation and 
an average tension of 400 MPa. The elon- 
gation at the breaking point is typical of 
that reported for N. clavipes dragline silk 
(23, 24), but the tensile strength is some- 
what lower than that observed for single 
fibers (23, 24), due to the difficulty of 
maintaining an equal load on all the fibers 
in a 90,000-fiber bundle. 

We observed above that the 'H line 
shape of polycrystalline 1-alanine-3,3,3-2H, 
is narrowed by fast methyl reorientation, as 
expected. The spin-lattice relaxation time, 

TI, of deuterons can be used to obtain 
information about the reorientation rate. 
Inversion-recovery measurements (25) 
made at the perpendicular and parallel parts 
of the line shape give Ti's of 3.6 and 2.8 ms. 
This agrees with measurements by Batch- 
elder et al. who noted that this orientation 
dependence of T, is consistent with a three- 
site jump model for methyl reorientation 
(26). Fast relaxation of methyl deuterons in 
alanine is due to a long (2-ns) correlation 
time for reorientation. Tight packing of the 
methyl groups in alanine crystals and their 
lack of additional lattice motion results in a 
high activation energy for reorientation and 
increases the correlation time. 

We found that alanine-labeled silk has 
the same orientation dependence of relax- 
ation times, indicating that the three-site 
jump model applies to the methyl groups in 
silk. However, the relaxation data could not 
be fitted to a single exponential. With the 
use of two exponentials, a fit could be ob- 
tained with a T1 ('H) of 66 ms for about 
60% of the methyl deuterons and a T, (2H) 
of 16 ms for about 40% (Table 2) (the sum 
of squares of residuals dropped by a factor of 
36 upon addition of the second exponential 
to the fit). These T, values correspond to 
jump rates of 0.05 and 0.2 ns, respectively. 
Methyl reorientation in all the silk deuter- 
ons thus proceeds more quickly than in crys- 
talline alanine, indicating less dense packing 
or increased mobility in the silk or both. 
Detection of two dynamic environments for 
alanine methyl groups in dragline silk com- 
plements the two fractions of alanines ob- 
served in the orientation-dependent data 

Fig. 4. Part of the N. clavipes major ampullate sequence (A) as shown by Xu and Lewis (70) and (B) proposed 
folding of molecule into alanine-rich p sheet (highlighted) and glycine-rich amorphous regions (33). 
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Table 2. Dynamlcs of aanne methyl res~dues ~n N. clavipes dragne fibers. 

Hlghly or~ented Less or~ented 

S~lk sample 
T. Alannes T, Aannes 

(ms) (%I (ms) ("/.I 

Dry s k  ('H N M R )  16 40 66 60 
Supercontracted (wet) s k  ('H N M R )  15 33 60 67 
Dry s k  ('3C N M R )  [from (75)] 180 40 2000 60 

nresented above. We conclude that about 
40% of the alanine methyl groups are 
present in p sheets that are highly oriented 
parallel to the fiber axis. The other 60% are 
noorlv oriented and have a larger volume 
available for unimpeded methyl' reorienta- 
tion. The existence of two motional and 
structural environments for the methyl 
groups is also supported by our previous "C 
CP-MAS NMR measurements of the 7, 
(13C) of the methyl group in dragline silk 
11 5 1. Those exneriments also detected a ma- , , 

jority of slowly relaxlng methyl groups, with 
about 40% relaxing more qu~ckly (Table 2 ) .  
As observed for the 'H nuclei, methyl "C 
relaxation in silk is slower than in crystzalline 
alanine (27), reflecting the increased ease of 
methyl reorientation in dragline silk. 

T, ('H) was also measured for supercon- 
tracted dragline silk. Table 2 shows that the 
TI ('H) of the methyl groups in wet silk 1s 
similar to that in the dry flbers. Along with 
the fact that the line shane 1s unchaneed 
from that of the dry silk, thls confirms that 
the dvnamic environment of the alanlne s ~ d e  
chains In supercontracted silk is identical to 
that in the dry silk. This in turn implies that 
the alanine side chains are lnaccesslble to 
water; that is, both of the alanine motional 
and structural envlronments must be Dart of 
sorne kind of crystalline domain. This is also 
consistent with Work's observation that the 
crystallltes in dragllne silk rotate upon super- 
contraction but are otherwise unaffected bv 
the presence of water (3).  

A possible model for dragline silk is that 
sorne of the residues are nresent in a classical 
crystalline phase while the remainder are in 
protocrystals, possibly preformed p sheets. 
The internal structure of such a fiber may 
resemble that denicted in the cartoon in Fle. 
3. The weakly oriented P sheets may ac- 
count for the compressive strength of silk, as 
they provide reinforcement at a variety of 
angles. This hypothesis requires that indi- 
vidual protein molecules possess P-sheet 
confc~rmations before fiber formation. The 
sequence for a part of a N. clauipes major 
ampullate protein (1 6) provides some in- 
sight into the possible origin of such struc- 
tural preorganization. Because of the com- 
mon occurrence of glycine (G) ,  serine (S), 
or asparagine ( N )  residues in P bends (28), 
we propose that the chain direction reverses 
at the points in the sequence (Fig. 4A) 

where GX occurs (where X 1s S or N) ,  to 
produce the secondary structure of Fig. 4B. 
The alanine-rich regions do not all line up 
to form a continuous p-sheet domain; in- 
stead, small staggered sections of sheet are 
present. We believe that the highlighted 
residues form the crystalline fraction of drag- 
line silk. Some glycine residues are easily 
accommodated by the alanine intersheet 
spacing; however, adjacent glutamlne resl- 
dues are not. The function of these flanklng 
glutarnines, along with the GGX sequences 
that appear beside them [which are not sta- 
ble P-sheet formers (29)], would be to pre- 
vent further growth of the p sheet in the 
chain direction. In the second dimension, 
the sequence is designed to induce the for- 
mation of small b-sheet domains in order to 
aggregate into the small crystallites envi- 
sioned by Termonia (13) and suggested by 
our preliminary synchrotron x-ray data (30). 

In thls model, 90% of the alanlne resl- 
dues would be in the P sheets, and 70% of 
the glyclnes would be In the amorphous 
regions. We conclude that all of the crys- 
talline fraction of dragllne s ~ l k  is composed 
of alanlne-rich sequences, which exist in 
two d~stlnct environments. The 35% crys- 
tallinity of dragline silk predicted by this 
model agrees with Gosline's estimate (6)  of 
crystallinity. That thebe two environments 
are not simply surface and Interior sites as in 
the synthetic polymer poly (p-phenylene- 
terephthalarnide) (22) is confirmed by the 
line shape data, whlch lndlcate that the 
majority slte is poorly oriented. These poor- 
ly oriented crystallltes may he important In 
effectively coupling the highly onented 
crystalline domains and the amorphous re- 
gions, thereby producing a biomater~al wlth 
exceptional toughness. 
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