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Abstract

Characterizing the nanostructures of spider major ampullate (dragline) silks is an important step in understanding the origin of their high
mean strength and toughness, and for producing polymeric analogs that mimic these properties. Here we present transmission electron
microscopy (TEM) diffraction patterns and an accompanying structure factor analysis for the dragline silk of Latrodectus hesperus (black
widow spider). The chemical and physical composition of crystalline regions in this silk fiber was studied by manipulating the positions and
size of amino acid side groups in a theoretical model, and comparing the expected unit cell scattering amplitudes with experimental electron
diffraction patterns. The results suggest that—in addition to the smaller amino acid side groups such as alanine, glycine and serine—some of
the bulkier amino acid side groups such as tyrosine and leucine are included in the crystalline fraction of the major ampullate silk. The
structure factor analysis also demonstrates a marked sensitivity of the respective diffraction spot intensities to a slight change in both side
group position and side group bulkiness. These observations point to a unique function for TEM in characterizing silk and other polymers.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Spider dragline silks are high performance natural
polymers that, unlike many artificial polymers, are syn-
thesized at room temperature and without the use of
polluting petrochemicals. There is considerable scientific
and commercial interest in being able to produce silk
analogs that mimic the high mean breaking strength and
toughness of the natural polymer, and that are environmen-
tally friendly to manufacture [1]. While analogs have been
synthesized in genetically modified host organisms as
varied as tobacco [2], potato [2] and mammalian cells [3],
these have not yet succeeded in reliably replicating the
strength and toughness of natural silk. Furthermore, the
impressive tensile properties of native dragline as revealed
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in constant strain rate tests are compromised by creep and
stress relaxation [4-6], which in turn are exacerbated by
moisture [4,6]; the adoption of silk analogs as an
engineering material will depend on how well these
limitations can be overcome.

To achieve high mechanical performance in silk analogs,
an understanding of the complex physical and chemical
structure of native spider silks at all pertinent length scales
is required. Currently, significant gaps remain in the
necessary comprehensive characterization of structure.
Knowledge of the microstructural and nanostructural
features, the processing conditions that realize these, and
in turn how these give rise to silks’ unique mechanical
properties is important for our ability to synthesize analogs
with comparable or enhanced mechanical properties; it is
also needed to further our understanding of the fundamental
scientific principles that govern the performance of the
native polymer. Relating the microstructure to observed
mechanical properties is beyond the scope of this paper but
will be addressed elsewhere [7].

Several of the important early studies of silk focused on
silkworm silk. Warwicker [8] and Marsh et al. [9-11]
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published X-ray diffraction (XRD) studies of Bombyx mori
(silkworm) silk that revealed a highly ordered structure
compared with other fibrous proteins. Marsh et al. derived a
B-sheet structure and an orthogonal unit cell which they
termed a pseudo-cell, stating that because the crystalline
portions cannot be assumed to contain only the smallest
amino acids (glycine, alanine and serine), the intersheet
dimension may be extended in certain regions in order to
accommodate larger residues such as tyrosine and leucine.
Warwicker subsequently characterized a number of insect
and spider silks, again using XRD; he found that, while the
unit cells are all orthogonal, the intersheet distances vary
from one silk to the next [12,13]. All the silks that
Warwicker studied have the same dipeptide (fiber axis)
dimension, and the same interchain dimension within -
sheets.

More recent XRD diffraction studies of various spider
dragline silks have provided further evidence of a B-sheet
structure and orthogonal unit cell [14,15]; these studies have
also determined crystal sizes of ca. 2-7 nm, with longer
dimensions oriented along the fiber axis. The crystals are
thought to be composed primarily of polyalanine and
embedded in an amorphous or semi-amorphous matrix
containing some of the larger amino acids. NMR studies of
the dragline silk of Nephila edulis have, however, indicated
that some glycine residues are incorporated into the B-sheet
structure [16].

Single crystal diffraction patterns and dark field images
have been reported from transmission electron microscopy
(TEM) studies of Nephila clavipes dragline silk, indicating
the presence of crystals ranging from 70 to 500 nm in size
[17,18]. These were termed non-periodic lattice (NPL)
crystals; the protein backbones contribute the ‘lattice’ and
‘crystal’ attributes, while the amino acid side chains confer
the ‘non-periodic’ characteristics. NPL crystals are
described as regions in which the local composition
imparted by the amino acid side chains is variable, as,
therefore, are the local intersheet spacing and the degree of
order defined by the number of nearest-neighbor matches
between amino acid residues on adjacent chains within -
sheets. The NPL crystals model allows for the presence of
small, perfect polyalanine crystals embedded in imperfect
areas that contain glycine and some of the other, larger,
residues.

Here we present a structure factor analysis of TEM
diffraction patterns from Latrodectus hesperus dragline silk.
The structure factor analysis provides a tool for probing the
chemical composition of the crystals in silk based on the
observed scattering intensities for specific crystal planes.
Despite the beam sensitivity of silk specimens, TEM is
proving to be a useful tool for examining both physical and
chemical aspects of their complex structure. TEM provides
access to this information at down to nanometer length
scales, as well as the ability to record both polycrystalline
and single crystal diffraction patterns.

2. Methods

The method for collecting silk samples and preparing
TEM specimens is described in detail elsewhere [19]. The
procedure involves collecting dragline silk from an adult
female L. hesperus around a rotating wheel. The silk is then
rewound around a polyester film to control sample
orientation, and the silk and film are then embedded in
epoxy resin (TAAB Embedding Resin) and cured at 60 °C
for 24 h. Sections of 60-90 nm thickness are cut with a
diamond knife on a Sorvall Ultra Microtome MT500, and
then transferred to 3 mm diameter, 400 mesh TEM copper
grids.

Specimens were examined with a JEOL 4000EX
CETEM, equipped with a liquid nitrogen cooling stage
and operating at 400 keV. The cooling system was held at
—120 °C, the lowest temperature at which ice crystals did
not form. To increase the working time before specimen
degradation, high accelerating voltages and low beam
intensities were used, together with other low-dose imaging
techniques [20]. As a result of the low beam intensities
required, diffraction patterns and dark field images were not
easily resolvable on the screen and only became visible in
the developed negative [21].

In analysis of TEM diffraction patterns, reflection
spacings were measured visually from magnified negatives,
and digitally, in order to verify the peak position of the
radially-averaged intensity. A gold standard was used to
calibrate the camera length. To determine unit cell
dimensions and index the diffraction patterns, the intersheet
distance was treated as an unknown variable and iteratively
refined, while the interchain and dipeptide spacings in the
orthogonal unit cell were set equal to the values consistently
obtained from other silks [12,13].

3. Results and discussion

Polycrystalline patterns showing a preferred orientation
were recorded from longitudinal cross-sections of dragline
silk, as were single crystal diffraction patterns (Figs. 1 and
2). The broadening of intensity maxima in diffraction
patterns suggests the presence of crystals in the 2 nm size
range (detected in polycrystalline patterns) and isolated
crystals ranging in size from 40 to 120 nm (detected in
single crystal diffraction patterns). A detailed discussion of
crystal size determination, and of the existence of a bimodal
crystal size distribution as detected in TEM and also XRD
studies, is presented elsewhere [7,21].

There is limited information available on the primary
structure and therefore the unit cell of crystals in L. hesperus
dragline silk. A study of mole percent amino acid
composition has been published which indicates a similarity
to the percent composition of Nephila clavipes dragline silk
[22]. Moreover, the structural repeats along the polypeptide
backbone and perpendicular to the backbone in the plane of



J.E. Trancik et al. / Polymer 46 (2005) 5225-5231 5227

Fig. 1. Polycrystalline electron diffraction pattern, recorded from a
longitudinal section of L. hesperus dragline silk and exhibiting a fiber
texture. The molecular backbone is approximately parallel to the fiber axis.
The proximity of d-spacings for (102) and (201) planes, equal to 0.47 and
0.43 nm, respectively, causes some uncertainty in the indexing of the 201
reflection. The 201 indices provide the closest match.

a B-sheet are known from previous work to be conserved in
a wide range of spider and insect silks [12]. Our XRD
studies [7,21] demonstrate that these two unit cell dimen-
sions are also conserved in L. hesperus dragline. The
identity of amino acid side groups—and thus the structural
repeat in the intersheet direction—has, however, been
shown to vary from one silk to the next. Both XRD and
electron diffraction [7,21] were used to measure this

Fig. 2. Single crystal electron diffraction pattern recorded from a
longitudinal section of L. hesperus dragline silk. Spots are indexed if
there is a unique match.

parameter for L. hesperus dragline. The lattice parameters
for the orthogonal unit cell of L. hesperus dragline are: a=
0.94 nm (interchain); »=0.70 nm (dipeptide, chain direc-
tion); ¢=1.08 nm (intersheet). (Although it is common in
polymer fiber diffraction studies to assign the unit cell c-axis
to the chain direction, we have chosen here to assign the unit
cell b-axis to this direction. This choice is motivated by the
crystallographic convention that space group P2;—which
describes the unit cell symmetry of imperfectly crystalline
NPL regions in spider dragline, where the screw axis lies
parallel to the chains [18]—assigns the unique axis to be
oriented along b). Streaking in some single crystal
diffraction patterns suggests lattice strains. These strains
are likely to occur in the intersheet direction, where the
distance is governed by van der Waals packing of side chain
moieties and so is variable between silks and even within a
single NPL crystal in a given silk.

The diffraction patterns in Figs. 1 and 2 were used for the
purpose of the structure factor analysis. The diffraction
spots and arcs are faint, due to weak scattering and the low
beam intensity that is required to avoid rapid degradation.
The structure factor analysis was performed using available
information on the arrangement of atoms along the
polypeptide backbone and perpendicular to it, and assigning
possible side groups to the B-sheets to observe how these
affect the predicted relative intensities of reflections. Two
general cases were considered: (1) identical side groups; and
(2) varied side groups.

Several different space groups have been proposed for B.
mori and spider silks, depending on the symmetry of the
particular structural features that were considered: P2,
P2,2,2,and P2,2,2, [8,9,18]. These correspond to one, two,
and three orthogonal screw axes, respectively, and their
applicability to different silks depends on the identity of side
groups. Forbidden reflections for each of these three space
groups are: 0k0: k=2n-+1 (P2¢); h00: h=2n+1, 0kO: k=
2n+1 (P2,2,2); h00: h=2n+1, 0kO: k=2n+1, 00l: [=
2n+1 (P2,2,2,) [23]. Although none of the forbidden
reflections were observed in the diffraction patterns
obtained in the present study, we cannot be certain whether
these reflections were systematically absent due to sym-
metry, or merely absent (or extremely weak) as a result of
the particular unit cell contents. For the present analysis of
L. hesperus dragline silk the side groups are not known.
Therefore, the space group P2; was considered in this study;
it assumes the least amount of symmetry and thus requires
the most general expression for the structure factor.

The unit of structure shown in Fig. 3—determined by
Marsh et al. for B. mori silk—was used as a starting point
[9]. The atom positional parameters are shown in Table 1.
The identity and positions of atoms were then modified to
account for the cases of identical and dissimilar side groups.
Relativistic Hartree—Fock atomic scattering amplitudes (f;)
for electrons were obtained from the International Tables of
Crystallography [24]. The structure factor is described by
[25].
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Fig. 3. The ‘pseudo’ unit of structure proposed by Marsh et al., projected
along the fiber axis. Figure adapted from Marsh et al. [9]. Space group: P2;.
Equivalent positions: x,y,z (chains A and B); X, 1/2 + y, Z (chains A’ and B).
Asymmetric unit: 0<x<1; 0<y<1; 0<z<1/2.

Fiu = ) _Jf; expl2mi(hy; + ky; + Iz))]
J

which is the general equation for the structure factor—a
summation over all atoms j in the unit cell. f; is the electron
atomic scattering factor for atom j; it is a function of
scattering angle. x, y, z indicate the positions of atoms.
|Fjul? corresponds to the expected reflection intensity for
the plane with indices 4, k and /. The structure factor can be
written as the sum of real and imaginary parts:

F=A+iB

|F|* =A% + B?
For space group P2; (unique axis b), k=2n gives

Ay = Z 2f; cos 27e(hx; + Izj)cos 27tky;

J

By = Z 2f; cos 27t(hx; + Iz;)sin 27ky;

J
And k=2n+1 gives

Table 1

A = — Z 2f; sin 2m(hx; 4 Izj)sin 27cky;
J

Byy =Y _ 2f; sin 2m(hx; + Iz;)cos 2mky;
J

Table 2 displays the | F|* values calculated for the case of
dissimilar side groups. The structure used here as a starting
point is that of B. mori silk, i.e. (Gly-Ala-Gly-Ala-Gly-
Ser),,. Two simplifications are made, namely: hydrogen
atoms are not taken into account—justified by their low
scattering factors; and serine is treated as structurally and
chemically identical to alanine. (Both simplifications were
used by Marsh et al., in calculations based on their pseudo-
cell [9]). In effect, the latter simplification changes the
amino acid sequence to (Gly-Ala),, deviating from the B.
mori sequence. However, this deviation does not impede an
investigation of the two general cases named earlier:
identical and varied side groups.

Table 3 displays |F|* values for the case of identical side
groups. All side groups contain one carbon atom (alanine).
The positions of atoms are the same as shown in Table 1,
with the addition of carbon atoms at the positions indicated
by italic print.

Comparing Tables 2 and 3 with experimentally obtained
intensities (Table 4) indicates that the predicted values are
mostly in agreement with experimental intensities. The
exceptions are: the intensity of the 303 reflection which is
absent in both models but of medium intensity in
experimental patterns; and the predicted intensities of the
404 and 060 reflections are ‘weak’ and ‘strong’ while the
observed intensities are ‘absent’ and ‘medium’. The 404 and
060 intensities are discussed further in the final paragraph of
this section. In order to investigate the 303 reflection
discrepancy further, the unit cell structure was modified
slightly while tracking the relative intensities of the 303 and
202 reflections. The experimental diffraction pattern of Fig.
2 indicates a ratio |Fso3|*/|Fago]? of close to one; therefore

Chains A and B, and residues I-1V, refer to the diagram in Fig. 3 (adapted from Ref. [9])

Chain Residue X, y, z (along a, N (0] C (alpha C) C (carbonyl C) C (side groups)
b, ¢ directions)

A I X 0.404 0.553 0.340 0.422 0.340
y 0.074 0.426 0.252 0.426 0.252
z 0.163 0.173 0.113 0.173 0

A 1T X 0.346 0.197 0.410 0.328 0.410
y 0.574 0.926 0.752 0.926 0.752
z 0.215 0.205 0.265 0.205 0.430

B 1 X 0.904 0.053 0.840 0.922 0.840
y 0.926 0.574 0.748 0.574 0.748
z 0.215 0.205 0.265 0.205 0.430

B v X 0.846 0.697 0.910 0.828 0.910
y 0.426 0.074 0.248 0.074 0.248
z 0.163 0.173 0.113 0.173 0

The weak scattering by hydrogen atoms is not taken into account. The carbon atoms with positions denoted by italic print are inserted for the case of identical

side groups, but are deleted for the case of dissimilar side groups.
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Table 2

Dissimilar side groups; s, strong; m, medium; w, weak; a, absent; all |F |2
values have been divided by four, for ease in differentiating between weak,
medium and strong reflections

hkl |F|? (calc.) Relative intensity (calc.)
101 0.5 a
202 34 m
303 0.2 a
404 0.03 a
505 0.0004 a
606 1.6 w
201 260 S
002 320 S
231 9.5 w/m
031 1.8 w
060 100 S

The factor of four originates from the factor of two in expressions for the
real and imaginary amplitude components A and B.

the calculated ratio should be close to one. The results of
several modifications are presented in Table 5.

Two successive modifications to the unit cell structure
improved the agreement between observed and calculated
intensities. First—for the case of identical side groups—the
carbon of residue I was shifted to a position of x=0.33 and
the carbon of residue IV was shifted to a position of x=1.
The resulting change in |F503|%/|Fao]? can be seen in Table
5 (in italic print). The second modification involved
doubling the scattering factor of the side groups (i.e. taking
twice the scattering factor of carbon) to simulate a bulkier
side group. (This modification, where multiple atoms are
superimposed, is designed to simulate the general effect of a
bulkier side group on the structure factor.) These two
successive changes resulted in the relative intensities shown
in Table 5 (in bold type); the value of |F3g3|%/|Fa0o|” is close
to one, in agreement with the experimental intensity. Fig. 4
shows a plot of |F503]|%/| Fa02|? for increasing bulkiness of the
side groups.

Indeed, almost all predicted intensities—after these two
modifications—fall in the range of experimental intensities
(Tables 4 and 6). There are a few points to note, however.
The value of |Fop,|* has decreased, predicting a ‘medium’

Table 3
Identical side groups; 1 carbon atom; s, strong; m, medium; w, weak; a,
absent; all |F|* values have been divided by four

hkl |FI? (calc.) Relative intensity (calc.)
101 2.0 w
202 34 m
303 0.5 a
404 1.3 w
505 0.9 a
606 1.6 w
201 260 S
002 180 S
231 26 m
031 1.8 w
060 130 S

Table 4
Intensities of reflections observed; s, strong; m, medium; w, weak; vw, very
weak; a, absent

hkl Relative intensity (obs.)
101 (Hidden)
202 m

303 m

404 a

505 a/vw
606 w

201 N

002 s

231 w/m

031 w

060 m

rather than a ‘strong’ reflection; Fig. 5 and Table 7
demonstrate why. In polycrystalline patterns, the intensity
of the 002 reflection appears similar to that of the 102
reflection, both ‘strong’. Variations in crystal orientation or
side group composition, from one crystal to the next, could
have a net positive or negative effect on intensities in the
polycrystalline pattern; this could explain why the 102
reflection appears ‘strong’, as predicted for the original
cases presented in Tables 2 and 3. Another discrepancy that
can be explained in the same way is the calculated ‘strong’
060 reflection, where the observed reflection in the
polycrystalline pattern is of ‘medium’ intensity. Also, the
predicted 404 reflection is ‘weak’ while the reflection is
observed to be ‘absent’ in the single crystal pattern. In this
case, the difference could be attributed to variations in the
side groups within the diffracting crystal (as demonstrated
above, variations in atomic positions and scattering factors
can have a significant effect on select reflections), or to
dynamical effects. The kinematical structure factor calcu-
lations do not take into account dynamical effects or the
effects of local imperfections in silk crystals—which will
also affect intensities of reflections.

) 4
|Fs0l .
|Faoal®
202 3
2
1
[ |
| |
0 1 P 3

Number of carbon atoms

Fig. 4. A plot of |Fs3|*/|Fag,l|* for increasing bulkiness of side groups.
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Table 5

Modifications to the crystal structure and the resulting changes to relative intensities of 202 and 303 reflections

|F3031*/1 Fa00)?

0.11

|F051*

|Faoal®
34
58

Number of carbon atoms accounted for

Positions and identity of side groups

3.8
26

Residues I, IV: 2 carbons. Residues II, III: 1 carbon

Dissimilar side groups, positions not shifted

0.45
0.12
0.10

Residues I, IV: 2 carbons. Residues II, III: 1 carbon

0.33; IV, x=1

Dissimilar side groups, shifted positions: I, x

2.1

17
11
72
45

Residues I, IV: 1 carbon. Residues II, III: 2 carbons

All residues: 2 carbons

0.33; IV, x=1

Dissimilar side groups, shifted positions: I, x

1.1

0.2

Identical side groups, positions not shifted

0.003
0.12

0.7

All residues: 0 carbon

0.33; IV, x=1

Identical side groups, shifted positions: I, x

5.3
18
38

All residues: 1 carbon

1

0.33; IV, x
0.33; IV, x=1

0.33; IV, x=

Identical side groups, shifted positions: I, x

25

11

All residues: 2 carbons

1

Identical side groups, shifted positions: I, x
Identical side groups, shifted positions: I, x

35

All residues: 3 carbons

J.E. Trancik et al. / Polymer 46 (2005) 5225-5231

Note that the atomic scattering factor of carbon is doubled for the case of 2 carbons, and tripled for the case of 3 carbons. This is meant to simulate the general effect of bulkier side groups (increasing scattering

factors with increasing number of carbon atoms in possible side groups). All |F|? values have been divided by four.

Table 6
Intensities expected for the case of two carbon atoms for each side group;
positions shifted for residue I and IV: x=0.33 and x=1, respectively; all

|F|? values have been divided by four

hkl |F)? (calc.) Relative intensity (calc.)
101 16 m
202 25 m
303 18 m
404 2.5 w
505 0.2 a
606 1.2 w
201 380 S
002 38 m
231 48 m
031 6.1 w
060 180 S

4. Conclusions

The results presented above suggest that the bulkier side
groups are associated with at least some of the crystals of L.
hesperus dragline. Imperfect crystals with areas of poly-
alanine and areas of larger side groups could explain the
streaking and associated lattice strains seen in several single
crystal diffraction patterns. The bulkier side groups may
form domains, with enough order to diffract, at the boundary
between crystalline and amorphous regions. However, these
domains could also form entire crystals, or crystals with
inclusions of polyalanine regions. The ability of this
material to form crystalline regions that accommodate
some of the larger amino acid side groups, in addition to
alanine, and thus to achieve higher percentages of crystal-
linity, is likely to be an important contributing factor to the
high strength and toughness of this polymer.

This study also demonstrates how sensitive the predicted
electron diffraction intensities are to a slight change in side
group position as well as the bulkiness of the side group.
Because the model includes several approximations, the
detailed conclusions that can be drawn concerning the position

1 —
COS 2ntlz \

/2 3n/2
/

2mlz

-1

Fig. 5. For the reflection 002, |F|> = A2 = (Z]f; cos 2nlzj)2. Note that
cos 27lz; <0 for 7/2<27iz;<3m/2 (i.e. for 0.25<1z;<0.75); and
cos 27tlz;>0 for 27lz; <7/2 and 27iz;>37/2 (i.e. for I7;<0.25 and Iz;>
0.75). Therefore, with the exception of the two carbon atoms at z=0.113,
the individual contributions of the chain (backbone) atoms to Fn, must be
negative, while the contributions of all the side group atoms must be
positive (Table 7). By increasing the atomic scattering factors for the side
groups, the structure factor for this reflection decreases, as expected.
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Table 7

Atom positions for calculating |Fog,|*; side group atoms in italic
Atom identity i lzj=2z;
N 0.163 0.326
N 0.215 0.430
N 0.215 0.430
N 0.163 0.326
O 0.173 0.346
(6] 0.205 0.410
(¢} 0.205 0.410
(6] 0.173 0.346
C (alpha C) 0.113 0.226
C (alpha C) 0.265 0.530
C (alpha C) 0.265 0.530
C (alpha C) 0.113 0.226
C (carbonyl C) 0.173 0.346
C (carbonyl C) 0.205 0.410
C (carbonyl C) 0.205 0.410
C (carbonyl C) 0.173 0.346
C (side groups) 0 0

C (side groups) 0.430 0.860
C (side groups) 0.430 0.860
C (side groups) 0 0

Atoms and corresponding z; are the same as in Table 1. None of the z co-
ordinates are greater than 0.5 for the asymmetric unit under consideration;
the asymmetric unit is 1/2 of the unit cell, hence the factor of 2 in
expressions for the real and imaginary amplitude components A and B.

and identity of side groups in a given crystal are limited.
However, the study points to a powerful and unique technique
for obtaining both chemical (such as the identity of amino acid
side groups) and physical (such as crystal size, crystal defects)
nanostructural information from spider silk.
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