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ABSTRACT: By using the X-ray powder data obtained
from Bombyx mori silk fibroin in silk I modification, we have
estimated the strains by using profiles of several (k) reflec-
tions observed in the fibroin. For this purpose, we have used
line profile simulation and matching with the experimental,
on the basis of a paracrystalline one-dimensional Hose-
mann’s model proposed earlier. The shape of the crystallite
and size along different directions in the fibroin have also
been estimated and presented here. From these results, the
strain tensor has been computed by using the approach

given by Wilke and Martis. The effect of these strains on the
molecular arrangement within the crystal structure and the
nature of changes in the chain within the unit cell which
participates in inducing the intrinsic strain during the for-
mation of the fiber (silkIl) are reported here. © 2004 Wiley
Periodicals, Inc. ] Appl Polym Sci 91: 3045-3053, 2004
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INTRODUCTION

Silks are an intriguing class of fibrous proteins that
attracts a continued interest from various investiga-
tors. Because of its extensive use in the textile indus-
try, it is of interest to know the structure—property
relationship with respect to protein folding and as-
sembly. Three modifications of silks fibroin (I, II, and
I1T) are observed. Silk I is observed in silk gland'™ and
spun silk is silk II modification. Silk III modification is
observed in air-water interface of silk fibroin solu-
tion.* The crystal and molecular structure of silk II are
given by Marsh et al.,” and the structure of silk III was
given by Valluzzi et al.* Recently, refined molecular
and crystal structure of silk I based on dipeptide and
hexapeptide were reported by Okuyama et al.° The
broadening of X-ray reflection profiles in spun silk (II)
fibers in terms of crystal size and strain have been
studied extensively’ "> by using Hosemann’s one-di-
mensional paracrystalline model. In fact, a similar
paracrystalline type of broadening was observed dur-
ing the investigations of silk 1.° In this article, we
report the percentage of lattice distortion along differ-
ent directions in the fiber by using Warren’s Fourier
method,'*!” and hence, a procedure has been given to
estimate the strain tensor components of silk I modi-
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fication. Also, the shape of the crystallite in silk I has
been computed by using these results. Further, for the
first time, we have used strain-corrected integrated
intensities of various reflections to obtain the molecu-
lar and crystal structure of the silk I modification, and
hence, to illustrate the effect of these strain corrections
on molecular conformations. For this purpose, we have
used a linked atom least-squares (LALS) method.'®

EXPERIMENTAL
Specimen preparation

The cocoon of Bombyx mori (Mysore, India) was
degummed with 0.6% Marsciltes soap solution (300
ml) plus 0.3 g of sodium carbonate at 100°C for 0.5 h
and was washed with hot, distilled water. This cocoon
was again soaked in the above solution at 100°C for
1 h and washed with a large quantity of hot aqueous
solution of sodium carbonate. This is associated with
gradually changing its concentration from 0.3 to 0.1%
and then washing with 0.2% acetic acid (1 L), and
finally, washing by using hot, distilled water until no
bubble was observed. This degummed cocoon was
defatted with benzene and methanol solution (2/1 by
volume) for 100 h in a Soxhlet extractor.

The silk fibroin (1 g) so prepared was dissolved in
aqueous solution of 8M LiBr (20 ml). To remove LiBr
salt, the solution was dialyzed against running water
for 6 h and then renewed against distilled water every
3 h until no bromide ion was observed in the solution
(usually more than 40 h). To make the fibroin concen-
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tration of about 1%, distilled water (100 ml) was added
to the dialyzed solution (20 ml). After being prepared
at pH 7.8 by the phosphate buffer, the sample fibroin
was digested by a-dry-motripsin (10 mg) with CaCl,
(40 mg) in an incubator at 37°C for 24 h. The precipi-
tate of C, fraction (crystalline fraction of silk fibroin)
was washed several times with distilled water. This
was again defatted by a diethyl ether solution and
then by a chloroform and methanol solution for 20 h
for each. After washing several times with distilled
water, the C, fraction was lyophilized. Because the
crystal form of the C, fraction at this stage is usually
the silk II modification, the specimen (0.3 g) was again
dissolved in aqueous 8M LiBr solution (18 ml) at 37°C.
After filtering the solution, distilled water (18 ml) was
added and the solution was prepared at pH 4.2 by 10%
acetic acid."” This solution was dialyzed against dis-
tilled water prepared at pH 4.2 for about 60 h at room
temperature. After washing several times with dis-
tilled water, the precipitate was lyophilized.

Recording to X-ray diffraction pattern

By using nickel-filtered CuKe radiation from a micro-
focus X-ray generator (Rota Flex RU-200, Rigaku Co.)
and in conjunction with a cylindrical camera, an X-ray
diffraction pattern was obtained from powder speci-
mens. This is shown in Figure 1. Previously reported
cell parameters were used to index the observed re-
flections.'® Intensities were obtained by microdensito-
meter scanning and were corrected for the Lorentz
and polarization factors (LP).

X-RAY PROFILE ANALYSIS

The crystal imperfection parameters such as crystal
size ((N)) and lattice strain (g) were determined by
employing the Fourier method of Warren'** and
Hosemann'’s one-dimensional paracrystalline model,*!
wherein the simulated intensity profile was matched
with an experimental one. The following equations
were employed to compute the microstructural pa-
rameters.
The Warren’s Fourier Method is as follows:

I(s) = > A(n)cos{2mnd(s — sy)} (1)

n=-—o

where A(n) is the product of size coefficients A (1) and
lattice distortion (strain coefficient) A,(n). The expres-
sions for A,(n) and A,(n) are given in refs. 19 and 20.

Hosemann'’s one-dimensional paracrystalline method
states

I(s) = Iy-1(s) + In(s) (2)
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Figure1 X-ray powder pattern from C, fraction of Bombyx
mori silk fibroin in silk I modification.

where

- (1- 1Y o
Is) = 2Re| "~ "+ g g

PNAL-D+1) - 1}]_ 3)

Here, v = 2ia®s + d and I = I,(s) = exp(—azs2 + ids); a*
= w?/2. Also,

2ay .
IN(s) = W exp(iDs)
X [1 — ans{2%(ays) + i(m)" 2exp(—ais?)}] (4)

with 2% = (N)w?/ 2, where o is the standard deviation
of the nearest neighbor probability function, %(ays) is
the Dawson’s integral or the error function with com-
plex argument and can be computed. (N) is the num-
ber of unit cells counted in a direction perpendicular
to the (hkl) Bragg plane, d is the spacing of the (hkl)



CRYSTALLINE STRUCTURE IN SILK I

TABLE I
Crystal Size and Lattice Distortion (Residual Strain)
Parameters in Silk I Modification

din A (hkl) (N) gin % Dy in A
7.21 (020) 8.1+ 04 79+ 04 57.9 +29
5.61 (021) 35.8 + 1.4 71+08 196.8 * 23.4
3.49 (002) 17.1 + 0.9 75+ 04 75.8 +39
3.94 (111) 31.0 +3.1 73+07 121.4 + 119
3.59 (121) 237 +38 71+1.1 84.1 + 135
2.94 (112) 31.8 +3.8 6.9 +0.8 982 + 11.8

Strain tensor components are g;; = 0.043; g,, = 0.037; ¢35
= 0.039; g,5 = 0.024; g5, = 0.035; g1, = 0.001.

planes, Re refers to real part of the expression, s is sin
6/X, X being the wavelength of X-rays used, a is re-
lated to the standard deviation w of lattice distribution
function, and D is the crystal size (=(N)d,,). In(s) is
the modified intensity for the probability peak cen-
tered at D. The detailed procedure for the X-ray profile
analysis is given in ref. 21. SIMPLEX, a multidimen-
sional algorithm, is used for minimization. The aver-
aged values of crystal imperfection parameters such as
the crystal size (N) and the lattice distortion (the
strain) g are given in Table I. One can simulate the
intensity profiles by using these parameters and the
above equations. Figure 2 shows the experimental and
simulated intensity profiles of all the X-ray reflections
observed in silk I modification.

The computation of the crystal size and lattice dis-
tortion was carried out for all six well-separated re-
flections and the results are given in Table I. The
Fourier method of profile analysis is a quite reliable
one as per the recent survey and results of Round
Robin test. Essentially, the results given in Table I for
a reflection (020) can be interpreted in the following
manner. If one travels along the direction [020]
through a distance of D, then there is a lattice
distortion of 8%. To put the results in a better perspec-
tive, we have projected these results onto a common
plane X-Y by using the relation

2 \* [cos6\> [sin 6\

() = (55 + (%) )
and fitted the crystal size values of silk I into a shape-
ellipsoid with one of the D, along the x-axis and
Y nin has been obtained from iteration procedure by
using the crystal size data of all other reflections ob-
served in that particular sample (Table I). Here, 6 is
the angle between the two (hkl) planes and D, is the
crystal size corresponding to the particular (020) re-
flection. Figure 3 shows the shape of the crystallite in
silk I modification.

Computation of strain tensor components

The lattice distortions computed from different X-ray
reflections can be used to calculate the six strain tensor
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components which will describe the paracrystallinity
in silk I modification. For this purpose, we have em-
ployed the equation®>*

3
2 fl;‘z(ﬁk/‘jlz)g%i
ik=1

g(zhkt) = (6)

3

> (h2/a?)

ik=1

which relates the lattice distortion observed along any
arbitrary direction to the six strain tensor components.
Here 4, is the lattice parameters (a-, b-, c-axes), h,’s are
Miller indices, convenient in the summation. By using
the cell parameters and computed lattice strain values
for various reflections, we have estimated the six
strain tensor components corresponding to a unit cell
in the case of silk I modification; these values are given
in Table I. The trace of this symmetric tensor gives the
fractional change in the volume of the unit cell due to
residual strains. The off-diagonal elements give the
fractional change in angles between the coordinate
axes.

Strain corrected intensity profiles

Strain corrected profiles were generated by using the
crystal size parameters along with the width of the
crystal size distribution function and by employing
equations (1), (2), (3), and (4) given earlier in this
article. Strain-corrected integrated intensities of the
profiles were used for constructing a molecular model
which could explain the observed X-ray intensity data.
Figure 4 shows both experimental and strain corrected
X-ray intensity profile for the (020) reflection.

Molecular modeling

To find the effect of residual strain corrections on the
intensity profiles and hence on the molecular and
crystal structure of silk I modification, we started with
a hexapeptide, L-Ala-Gly-L-Ala-Gly-L-Ser-Gly, as a
chemical repeating unit of the C, fraction for the anal-
ysis. Molecular models having the appropriate helical
symmetry and fiber repeating period were generated
using LALS description with all bond lengths and
angles held constant, which are shown in Figure 5. The
molecular structure of the silk fibroin has a 2/1-helical
symmetry. That is, two chemical repeating units of
L-Ala-Gly are constant fiber repeating period. The
value of dihedral angles (¢, ) of Glycine and Alanine
residues were taken from the results of our earlier
investigation.® The molecular conformation satisfies
both sterical and mathematical requirements, as (¢, )
values are within the allowed region of (¢, ) map for



3048

SANGAPPA, OKUYAMA, AND SOMASHEKAR

020) (021)
1 1
& &Rl
"
0.8} 0.8}
> - x
~ N
« pum—y - po—y
g 0.6} wn 0.6}
W =P
= =
0.4 \ 0.4
ol -
0.2} " 0.z} .
“N\
Noewmn
S
0
0 07 0.072 0.074 0.076 0.078 0.08 0.091 0.0915 0.092 0.0925 0.093 0.0935
(002) (120)
1 1
€
&Rk T
0.8} 0.8} ]
™ <) > i
~and ~sd
- p—( - pu—(
wn 0.6} W 0.6} .
[=®] =}
= = ’
.4} 0.4}
0.4 4 \
-
0.2} 0.2} g
0 0
0.114 0.116 0.118 0.12 0.122 0.128 0.129 0.13 0.131 0.132
. (040) (131)
- 1
LT EXpii—
0.9 = ]
osl . 0.8}
> 0.7 [t =
e " b
- p—( - pu—
W 0.6t W2 0.6}
2.1 - = -
=7
oy 0.4 * E 0.af - ]
0.30
0.2t - 0.z} o .
ot R "
0
8 AR TaD Ta0 T30 T30 1A T30 148 0.1620.163 0.164 0.165 0.166 0.167

sin(6)/A

sin(6)/1

Figure 2 Experimental and simulated X-ray intensity profiles of various reflections observed in silk I.

the Alanine residue. These values are in the Bridge and
the fourth quadrant regions of the Ramachandran
map, respectively. In the following section, the most
plausible space group and the number of chemical

repeating unit of L-Ala-Gly in a unit cell were deter-
mined to be P2,2,2, and four (7 = 4), respectively. To
pack four chemical repeating units in a unit cell, the
2,- helical units of the molecule must coincide with the
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Figure 3 Shape and size of crystallite in silk I modification.

crystallographic 2,-axis parallel to the ¢ direction. For
positioning the molecular model in the unit cell, two
additional parameters were used to define the relative
axial rotation (p) and translation (w) along the c-axis.
To obtain the appropriate values for each packing
model, p and w were systematically changed by 20°
intervals from 0 to 180° and 0.05 intervals from 0 to
0.5, respectively. At each stage in the modeling and
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Figure 5 The values of bond lengths (A) and angles (°)
used in the molecular model building.

refinement of the structure, we sought to minimize the
quantity () in the following least-squares fashion:

Q= 2w<|F0| - |Fc)2 + SE/E] + Eh)\hG]l (7)

The first summation in ) ensures the optimum agree-
ment between the observed (F,) and the calculated (F,)
X-ray structure amplitudes. w is the weight of each
reflection. The second term ensures the optimization
of noncovalent interatomic interactions (e€,). S is the
scale factor used to adjust the overall weight of the
second term with respect to the first. The third im-
poses, by the method of Lagrange undetermined mul-
tipliers (A;), the exact constraints (G;) which we have
chosen.
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Figure 4 Experimental and strain-corrected X-ray intensity profiles of (020) reflection in silk I.



3050

Atomic scattering factors for calculating structure
factors were obtained by using the method and values
given in International Tables for X-ray Crystallogra-
phy.* Computations were carried out on an IBM PC.

Structure determination after correcting for
residual strains

Among the total of 12 observed reflections (Fig. 2), we
have carried out residual strain corrections for six
well-separated prominent reflections, and the corre-
sponding integrated intensities were used as the input
to LALS program. The reflections below the observa-
tional threshold were also included in the structure
analysis. That is, unobserved reflections within 2.0 A
resolution were assumed to have half of the intensity
of the observational threshold. The cell parameters are
a=4.65,b = 1424, and ¢ = 8.88 A. The space group is
P2,2,2,. The calculated and experimental densities are
1.39 and 1.49 g/mL. In structure refinement, we have
minimized

_ 3|F| - |F o
T SIE (®)
2w( Fa - FC )2

In this study, the weight of each reflection w was fixed
at 1.0.

RESULTS AND DISCUSSION

Figure 2(a—f) shows the experimental and simulated
X-ray intensity profiles using the parameters given in
Table I and egs. (1), (2), (3), and (4). It is evident from
these figures and the goodness of fit that the micro-
structural parameters are quite reliable. Also, it would
not be out of place to mention here the views of Round
Robin test wherein it was observed that the Fourier
method of profile analysis gave quite reliable values.
The shape of crystallite computed from these micro-
structural data and projected on a plane is shown in
Figure 3, which indicates an ellipsoidal shape similar
to the shape observed in silk II modification. In fact,
the observed crystal size distribution along different
directions follow a log-normal behavior. The lattice
strain given in Table I physically represents the per-
centage of lattice disorder that one finds in silk I
modification at the periphery of the crystallite region
given in Figure 3. The degrees of strain per unit cell
are the strain tensor components and they are given in
Table L.

SANGAPPA, OKUYAMA, AND SOMASHEKAR

Effect of strain corrected intensity data on the
molecular configuration

The molecular conformation of silk I is one of the
important structures of biopolymers that has been
determined with clarity.> Okuyama et al.° have re-
ported crystal structure of silk I modification by using
12 observed X-ray diffraction intensities and 9 unob-
served (below threshold) diffraction intensities up to
2.0 A resolution. In the present study, with better
integrated intensities of broadened X-ray Bragg reflec-
tions, we observe the same molecular conformation,
which looks like a Crank-Shaft, as proposed by Lotz
and Keith>® for model peptide of silk fibroin. Figure
6(a,b, and c) shows the crystal structure of silk I mod-
ification with and without residual strains when
viewed along a-, b-, and c-directions. The refinement
calculations were carried out with hexapeptide repeat-
ing unit (L-Ala-Gly),-L-Ser-Gly. Refined structure
with residual strain-corrected intensity after several
cycles is summarized in Table II, along with those of
earlier results wherein such a correction was not in-
corporated. A comparison reveals that the dihedral
angles were changed only by several degrees and
significant conformational changes were not observed
in the present case. Here also, we observe the
N—H:---O and O—H - - - O type of hydrogen bonds.
By including the residual strain correction for the in-
tegrated intensities, we observe slight increase in R
and R, values. Our main aim of including these strain
corrections was to find out the molecular conforma-
tional changes due to the residual strains, and hence,
to identify the reason for mechanical instability of silk
I modification. Atomic coordinates of the chemical
repeating unit are listed in Table III and its packing
structures are shown in Figure 6. In Figure 6, the
present packing structure is compared with the one
obtained without incorporating the residual strain cor-
rections for the integrated intensities (shown in the
background). The torsion angles (¢, ) in L-Ala- are in
the Bridge region, which were intermediate between
Lr and B and (¢, ¢) in Gly- lie in the fourth quadrant
of Ramachandran’s Map.*® The Bridge region is the
region where quite a large number of amino acid
residues were found in the protein structures. The
values of these torsion angles vary significantly after
using the residual strain corrected integrated intensity
data. Although there is not much change in the con-
formation of the molecules when seen down the a- and
b-axes, there seems to be significant change in the
molecular arrangement in the ab- plane. The residual
strains present in silk I modification seem to alter the
molecular conformation in the (a-b) plane and hence
may enhance the fragility of the silk I modification,
which results in easier transition to silk II modifica-
tion, despite reasonable hydrogen bond network (see
Table II). Contact o, which represents the stereochem-
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Figure 6 Crystal structure of silk I with and without strain corrections.

ical energy of the final structure with P2,2,2, space
group, has a better low value in the present case when
compared to the earlier results. The reason for the
observed increase in the goodness-of-fit parameters
even after using the strain-corrected intensities may be
due to the fact that we have not been able to incorpo-
rate the observed fractional changes in the volume and
angles between the axes of the unit cell.

CONCLUSION

Wide-angle X-ray scattering studies of silk I modifica-
tion show that there are broadening of X-ray reflec-

tions due to Hosemann's paracrystalline-like disorder.
By using a model developed by us on the basis of
Warren’s Fourier method, we have estimated the crys-
tal size and lattice distortion (residual strain) present
in this modification along different directions. We
have computed the shape and size of the crystallite,
residual strain tensor components and then analyzed
the impact of such residual strains on the molecular
conformations. The changes in crystal structure have
been quantified in terms of crystal packing parame-
ters. An important aspect of this investigation is the
use of X-ray powder data for structure analysis by
using linked atom least-squares method.
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TABLE 1II

Refinement Parameters for Silk I with (Ala-Gly),-Ser-Gly Repeating Unit

Without strain

After correcting for

Refined parameters corrections the residual strain

Torsional angle (°)

D Ala-Ser —112.09 -101.71

Y AlaSer —5.55 —12.15

O Ala-Ser 179.23 160.94

Xser 174.64 167.85

day 71.39 73.83

Yay —98.66 —105.87

WGy -172.10 177.03
Eulerian angle (°)

€, 14.50 0.23

€, 52.34 62.36

€, —62.10 —49.15
Other parameters

S(A) —2.0077 —2.0073

m(°) 90.29 90.27

w 0.0464 0.0464
Scale factor 1.506 2.200
Attenuation factor 5.676 —0.1509

Hydrogen bonds, intermolecular between antiparallel
chains, distance (A), angle (°), intramolecular

R-factors Including unobserved reflections

Including unobserved reflections
R
RYU

Excluding unobserved reflections
R
R

c

c

w

N, (Ala) . . . 02(Gly)
(2.98, 76.90)
N2(Gly) . .. Ol(Ala)
(3.13, 125.6)
N1(Ala) . .. O1(Ala)

N1(Ala) . .. 02(Gly)
(2.85, 79.87)
N2(Gly) .. . O1(Ala)
(2.87,127.72)
N1(Ala)...O1

(2.88, 86.4) (2.96, 79.95)
02(Ser) . .. O1(Ala) O3(ser) ... O1(Ala)
(2.65, 88.5) (2.73, 86.83)
0.069 0.178
0.082 0.186
0.068 0.179
0.079 0.186

TABLE III
Fractional Atomic Coordinates of Silk I with the
Repeating Unit of (Ala-Gly),-Ser-Gly after Incorporating
the Residual Strain Corrections in the Integrated
Intensities of X-ray Reflections

Atoms X v z
Ala
N1 0.421 0.123 0.431
HN1 0.615 0.093 0.442
Cl(w) 0.347 0.144 0.276
C5(B) 0.610 0.184 0.195
HC1 0.187 0.190 0.277
C2(") 0.249 0.058 0.185
O1 0.135 0.068 0.061
Gly
N2 0.292 —0.025 0.248
HN2 0.432 —0.037 0.331
C3(a) 0.136 —0.109 0.199
HC31 —0.073 —0.094 0.189
HC32 0.162 —0.160 0.275
C4(") 0.252 —0.141 0.046
02 0.013 0.180 0.537
Ser
o3 0.539 0.206 0.043
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