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ABSTRACT: The crystal structures and textures of a family of sequence-designed periodic polypeptides
were investigated and analyzed using X-ray diffraction, vibrational spectroscopy, and cross-polarization
magic angle spinning *3C nuclear magnetic resonance. The repetitive amino acid sequences are described
by —[(AG)EG]—, with integer x from 3 to 6. These macromolecules were prepared via bacterial expression
of artificial genes and are monodisperse. Crystalline samples were obtained, and the interpretation of
the X-ray diffraction results was aided by the generation of computer-simulated X-ray diffraction patterns.
This allowed direct comparisons to be made with the observed texture-oriented X-ray diffraction
photographs. All diffraction and spectroscopic evidence supports an antiparallel (ap) 5-sheet structure,
and all structures index on orthorhombic sublattices similar to those reported for Bombyx mori silk fibroin
and poly(L-alanylglycine). The unit cell parameters for poly(AG);EG, for example, are a = 0.948 nm
(hydrogen-bond direction), b = 1.060 nm (ap -sheet stacking direction), and ¢ = 0.695 nm (chain direction).
Selective line broadening is observed for wide-angle diffraction signals with | = 0 (for the 211 in particular)
and gives an estimated crystal size of <4 nm in the chain direction. This, coupled with the appearance
of a low-angle particle interference peak at 3.6 nm, indicates a crystal size over an order of magnitude
less than the chain length and suggests an adjacent reentry chain-folded lamellar structure incorporating
the ap -sheet architecture. A structure with polar ap 3-sheets and y-turns, stacking with the hydrophobic
methyl groups of the alanyl residues in contact, is selected by X-ray structure refinement to give the best
match with the experimental data. The pattern of crystallization behavior of the poly(AG)EG family is
consistent with the folding periodicity being in-phase with the amino acid sequence so that the glutamic
acid residues are confined to the lamellar surfaces.

Introduction

The controlled biosynthetic production of sequence-
designed artificial proteins is an emerging area of
polymer science and technology, with important rami-
fications for materials science, biomedical engineering,
and structural biology. The factors governing the
relationship between amino acid sequence and spatial
architecture of protein molecules have been sought for
some time. Significant progress has been reported in
the design of elementary proteins that adopt predictable
conformations, and preliminary efforts concerned with
inducing higher-order protein folding have been suc-
cessful in several laboratories.!

We have undertaken an enterprise in the controlled
creation of crystalline protein structures based on
repetitive amino acid sequences of fixed chain length.?
A commonly occurring crystalline entity in polymers is
the adjacent reentry chain-folded lamella.? It is gener-
ally accepted that chain-folded lamellae are common in
linear polymers that are sufficiently flexible to form
hairpinlike folds. It is well-known, from crystallography
of globular proteins, that polypeptide chains can make
compact turns, with either one or two amide groups (two
or three amino acid C, atoms) in the turn (5- or y-turns,
respectively). Indeed, the pioneering work of Keith,
Lotz, Padden, and others in the late 1960s and early
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1970s, showed that sequential polypeptides could crys-
tallize in the form of chain-folded lamellae with thick-
nesses ~5 nm;*~7 futhermore, they crystallized in the
B-form.*~8 We were also aware in undertaking this
work, that the aliphatic polyamides—the nylons—readily
form chain-folded crystals.9b It is of particular interest
to note that nylon 46 folds with an amide group in
the turn, rather than through the flexible polymethylene
segments, as in polyethylene. Thus, we decided to direct
a portion of our macromolecular bioengineering effort
toward the design of chain-folded lamellar crystals. The
basic structural elements we wish to control are as
follows: (i) chain conformation, (ii) correspondence
between sequence repeat and chain-folding periodicity,
(iii) lamellar surface chemistry, and, possibly, (iv) in-
terlamellar packing.

The choice of amino acid sequences was a result of a
distillation of concepts and information drawn from
polymer materials science and from protein structural
biology. The family of polymers described herein can
be represented by the generalized sequencel®

~[(AG),EC],—

where x = 3, 4, 5, and 6. The alanylglycyl (AG) diads
were selected because they are common in many f-silks
and form extended fS-strands, which usually assemble
into antiparallel (ap) S-sheets that can stack to form
stable crystals!'8, Adjacent chains in an ap $-sheet, as
the notation implies, run in opposite directions—a
fundamental ingredient in our crystal design. Thus, in
our envisioned chain-folded lamellae, the AG sequences
would create the straight stems and the additional EG
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diad would lie in the fold. The range of three to six
alanylglycyl diads (8- to 14-mer repeating sequences)
was chosen after consideration of the anticipated thick-
ness of the chain-folded lamellae. There were two
specific examples known to us of ap S-sheet proteins
occurring naturally as chain-folded crystalline lamel-
lae: (i) the silk egg-stalk of the green lace-wing fly
Chrysopal? which has a pseudooctapeptide repeating
sequence and lamellar thickness of approximately 3 nm,
and (ii) the cell wall protein of the gas vesicles in blue-
green algae, which has a lamellar thickness of about 4
nm.13

Glutamic acid (E) was incorporated into the repetitive
sequences because of its bulk, polar nature, and chemi-
cal reactivity. It is also the weakest 3-sheet former of
the 20 natural amino acids, according to the Chou—
Fasman!4 predictive scheme for protein conformation.
The large size of E relative to A and G should deter its
inclusion into the crystalline lamellar interior on steric
grounds: the A-to-A intersheet spacing for poly(L-
alanylglycine) (polyAG)!® is 0.498 nm, whereas the
smallest intersheet distance reported for the g-form of
polyE is 0.78 nm,*16 nearly 60% larger. Keith et al.
also showed that even larger values, typically 0.88 nm,
for the intersheet spacing were common for polyE when
crystallized by solid state conversion from its calcium,
strontium or barium salts. During crystal growth,
interactions with the solvent should also act to segregate
the glutamic acid residues to the lamellar surface. In
terms of future studies, the ability to chemically modify
the glutamic acid side group, either on the isolated chain
prior to crystallization or subsequently at the lamellar
crystal surfaces, offers attractive possibilities.

We describe herein the solid-state structures of four
polymers of sequence —(AG)xEG—, with x = 3, 4, 5, and
6. The genetic engineering methodology and the puri-
fication and biochemical characterization of the poly-
mers have been described previously, and a preliminary
discussion of the structural results has been published.?0€

Experimental Section

Biochemical Synthesis and Molecular Characteriza-
tion. The synthesis, sequence analysis, purification and
characterization of the [(AG)EG]n family, for the four integer
sets of x and n given by: x=3,n=36; x=4,n=28; x =5,
n = 20; and x = 6, n = 14 have been described in detail.2>®

Crystalline Powders and Mats. Samples were prepared
by stirring cyanogen bromide-cleaved protein? (30 mg/mL) in
formic acid overnight at room temperature. The solution was
adjusted to 70% formic acid by addition of water and a gel
formed. The rate of gelation increased with the alanylglycine
segment length; from minutes in the case of poly(AG)sEG to
up to 7 days for poly(AG)sEG. The gels were washed with a
mixture of 70% formic acid and methanol before resuspension
in methanol (40 mL) and incubation at —10 °C for 2 days to
extract residual formic acid. Powders were prepared by
centrifugation to isolate the solid component, followed by
drying under vacuum overnight at room temperature. A
crystalline mat was obtained by allowing the protein suspen-
sion to sediment from methanol (100 mL) onto a Teflon filter
(20 mm) followed by removal of the methanol by slow filtration.
The resulting methanol-swollen crystal mat was placed be-
tween two Teflon filters then sandwiched between two What-
man filters, and dried overnight at room temperature under
compression between two glass plates.

X-ray Diffraction. X-ray diffraction photographs from
powders and compressed crystalline mats were obtained using
a Statton-type X-ray camera, evacuated to backing pump
pressure to reduce air scatter. The nickel-filtered Cu Ka
sealed beam source was collimated with a system of 200 um
pinholes. The diffraction photographs were recorded on X-ray
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film with specimen-to-film distances of about 4 cm (wide-angle)
and 17 cm (low-angle), respectively. This enabled us to record
diffraction data in the range of 7—0.2 nm. The X-ray powder
diffraction photograph was obtained by packing the crystalline
powder sample into a thin-walled glass tube. X-ray diffraction
photographs of the crystalline mats were obtained with the
X-ray beam directed either parallel or perpendicular to the
surface. A cylindrical Debye-Scherrer powder-type X-ray
camera was used to explore the ultrawide-angle diffraction
region (<0.2 nm).

Computer Modeling and Simulated X-ray Diffraction
Patterns. The model building and computer graphics were
performed on a Silicon Graphics Iris 4D20 machine using the
following software packages: Discover 2.9 (Biosym Technolo-
gies) and Cerius 2, Release 1.6 (Molecular Simulations Inc.).
The X-ray diffraction patterns were simulated on the Silicon
Graphics Indigo R4000 using the Diffraction 1 module of the
Cerius 2, release 1.6, program. Parameters were adjusted to
allow for the effect of texture on the relative intensities (see
Appendix). The appropriate Lorentz and polarization correc-
tion factors were incorporated in the displayed intensities. The
degree of arcing and the temperature factor were chosen to
match the observed X-ray diffraction photographs.

Vibrational and CP/MAS Solid State **C NMR Spec-
troscopy. Fourier transform infrared spectra were obtained
using an IBM IR32 Fourier transform spectrophotometer. KBr
pellets were prepared from powder samples with a polymer
weight concentration of 0.2%. Raman spectra were recorded
using a Bruker FRA 106 Fourier transform Raman spectro-
photometer. Cross-polarization magic angle spinning nuclear
magnetic resonance (CP/MAS 13C NMR) spectra were obtained
at a frequency of 50.6 MHz from powder samples using a
Bruker 200AC spectrometer equipped with a DOTY solids
probe and IBM solids rack. Measurements were made at a
spinning speed of ca. 4000 Hz with a 5-us 90° pulse and a cross-
polarization time of 2 ms. A line broadening factor of 50 was
applied in data processing.

Results

X-ray Diffraction from Poly(AG)3sEG. The wide
angle X-ray diffraction photograph of poly(AG)3EG,
taken with the X-ray beam directed parallel to the plane
of the compressed mat and with the mat normal
horizontal, is shown in Figure 1A. The diffraction
photograph exhibits discrete Bragg diffraction signals
consistent with an oriented crystalline polymer, and all
the observed signals index on an orthorhombic unit cell
with dimensions a = 0.948 nm, b = 1.060 nm, and ¢ =
0.695 nm. The measured and calculated interplanar
spacings are listed for comparison in Table 1 together
with an estimate of the observed intensities. A sche-
matic diagram showing the indexing of the diffraction
signals is shown in Figure 1B. A noticeable feature of
the diffraction patterns shown in Figure 1a,b is that the
orientation direction is along a. Thus the directionally
coincident a and a* axes lie along the meridian line
(vertical bisector) and therefore the h0O diffraction
signals, the easily seen 200 and 400 in particular,
appear as arcs, centered on that meridian. Furthermore
the families of OkO and 00l diffraction signals appear
on the equator (horizontal bisector). The equatorial
region was explored further using a Debye—Scherrer
X-ray diffraction camera which enabled the 006 diffrac-
tion signal to be observed at a spacing of 0.116 nm.

Differences in the line broadening of the various
diffraction signals, which relate in a consistent way to
their assigned Miller indices, are observed in Figure 1A.
The 200 and 400 diffraction arcs are particularly sharp.
This demands long-range correlational order along the
a axis. Diffraction signals with indices of the general
hkl type are considerably broader than those with
indices hk0. In particular the 211 diffraction signal is
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Figure 1. X-ray diffraction patterns from poly(AG);EG. (A) Wide-angle photograph with the X-ray beam directed parallel to the
plane of the compressed mat; the mat normal is horizontal. The left-hand side is a more exposed version of the right-hand side.
The 010 is indicated. (B) Schematic illustration of the prominent diffraction signals indexed on the orthorhombic unit cell of
poly(AG)sEG. The orientation direction a is along the meridian (vertical bisector). The low-angle diffraction arcs on the equator
(horizontal bisector) are marked LX. Note the relative broadness of the 211. (C) Low-angle photograph of mat in the same orientation
as in part a with peaks at 3.6 nm indicated. (D) X-ray diffraction from a powder sample. (E) Wide-angle photograph from poly-
(AG)3EG with the beam orthogonal to the compressed mat. Note that the relative intensities of the OkO signals, the 010 in particular,

are less than for the powder photograph (part D).

Table 1. Comparison of Observed Diffraction Signal
Spacings (do) with Those Calculated (d¢), in Nanometers
(Errors +£0.002 nm), for the Orthorhombic Unit Cell of
Poly(AG)3EG, together with an Estimate of Observed
Intensities (1,)2

hkl do dc lo
010 1.060 1.060 'S

020 0.530 0.530 s

021 0.424 0.421 m

030 0.353 0.353 m

002 0.348

012 0.330

031 0.315

022 0.298 0.291 m

040 0.265

070 0.151 0.151 vw

006 0.116 0.116 w

200 0.474 0.474 m(sharp)
210 0.437 0.433 m

211 0.368 0.367 m(br)
301 0.285 0.288 } m

311 0.278

400 0.241 0.238 w(sharp)
410 0.230 0.231 w

420 0.212 0.216 w

a2 Poly(AG)sEG: a = 0.948 nm, b = 1.060 nm, ¢ = 0.695 nm.
Key: vs = very strong; s = strong; m = medium; w = weak; vw =
very weak; } : unresolved pair of diffraction signals.

estimated to be 10-fold broader than its 210 near-
neighbor. These two signals are sufficiently close to
each other in reciprocal space (and are not compromised
by any other signals generated by the lattice) that we
can make a realistic comparison of relative line widths.
This comparison leads us to the conclusion that the

coherent scattering length in the ¢ direction is small;
we estimate a length of 2—4 nm allowing for instru-
mental line broadening. The relative breadth of the
prominent 010 and 020 diffraction signals allows us to
establish that the coherent scattering length in the b
direction is intermediate between those in the a and ¢
directions.

Two additional wide-angle X-ray photographs, one
obtained from a powder sample and the other taken
with the X-ray beam directed orthogonal to the com-
pressed mat, are shown in parts D and E of Figures 1,
respectively. The diffraction signals appear as a set of
concentric rings, and index on the same orthorhombic
lattice that was deduced from analysis of the oriented
pattern shown in Figure 1A, although the relative
intensities are different. The OkO signals are weaker,
most noticeably for the isolated inner 010 diffraction
ring, as may be seen by comparison of parts A and D of
the figure.

The low-angle X-ray diffraction photograph, taken
with the X-ray beam parallel to the plane of the
compressed mat, is shown in Figure 1C. This photo-
graph shows a prominent arc, centered on the equator,
corresponding to a spacing of 3.6 £ 0.1 nm, together
with a weaker second order, which is reminiscent of an
interparticle interference function. This low-angle dif-
fraction disappears after swelling of the mats in glycerol.
In contrast, with the exception of a minor change in the
degree of orientation, the character and interplanar
spacings observed for all other diffraction signals remain
unchanged after swelling.
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Figure 2. Wide-angle X-ray photographs taken under the
same conditions as described in the caption to Figure 1A. (A)
Photograph obtained from poly(AG)4sEG. The 211 is ap-
proximately twice as sharp as for poly(AG)sEG. (B) Photograph
from poly(AG)sEG. The relative sharpness of the 211 is
increased further. (C) Photograph from poly(AG)sEG. Com-
pared with the pattern from poly(AG)sEG there is only a
marginal increase in the relative sharpness of the 211.

X-ray Diffraction from Poly(AG)EG for x =4, 5,
and 6. The wide-angle X-ray diffraction photographs
of these members of the family, taken with the X-ray
beam directed parallel to the compressed mat and with
the mat normal horizontal, are shown in Figure 2. The
overall features of the X-ray patterns are similar to
those of the X-ray photograph of poly(AG)sEG shown
in Figure 1A and all exhibit clear a-axis orientation. The
degree of orientation varies within the family. We
believe that this is a consequence of our relatively
elementary methodology for specimen preparation (see
Experimental Section) rather than some intrinsic dif-
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Table 2. Comparison of Orthorhombic Unit Cell
Dimensions (nm)

a: b: c:
hydrogen-bond  sheet stacking  chain-axis
sample direction direction direction
poly(AG):EG 0.948 1.060 0.695
poly(AG).EG 0.948 1.028 0.695
poly(AG)sEG 0.957 0.970 0.695
poly(AG)sEG 0.964 0.962 0.695

ferences among the polymers and that it has no par-
ticular significance with respect to the crystallization
behavior of these materials or indeed their structural
analyses which will be discussed later. The poly-
(AG)4EG and poly(AG)sEG X-ray photographs (parts A
and C of Figure 2, respectively) exhibit lower degrees
of orientation compared to poly(AG)sEG and poly-
(AG)sEG (see Figures 1A and 2B, respectively). The
diffraction signals in all the X-ray patterns index on
orthorhombic unit cells and the parameters are listed
in Table 2. The a and c dimensions remain constant
within the estimated experimental error of measure-
ment (<2%; however, the value of b does change. There
is a continual reduction in the value of b within the
family, from poly(AG)3;EG to poly(AG)sEG as three more
alanylglycyl diads are inserted into the repeating motif;
the overall decrease is 9.3%, and most of the change
(8.5%) occurs between poly(AG);EG and poly(AG)sEG.

More detailed examination of these X-ray photographs
reveals that the diffraction signals with indices of the
type hkl sharpen as the length of the repetitive alan-
ylglycyl segment increases. Specifically, the diffraction
signal indexed as 211 is approximately twice as sharp
in poly(AG)4EG as in poly(AG)sEG, and the relative
sharpness increases by another factor of 1.5 between
poly(AG)4EG and poly(AG)sEG. Upon further increase
in the length of the alanylglycyl repetitive segment to
poly(AG)cEG, no further change in the breadth of the
211 diffraction signal is evident.

Discrete low-angle arcs were observed on the equator
of the X-ray photographs from poly(AG),EG and poly-
(AG)sEG in the range 6.2—5.5 nm. No corresponding
diffraction arc was observed for poly(AG)sEG, but it
might have occurred at a slightly larger spacing and
been masked by the central beam stop in our experi-
ments.

Vibrational and NMR Spectroscopy. The FTIR
spectrum in the frequency range 3500—500 cm™! for
poly(AG)3EG, together with an expansion of the 1800
to 1400 cm~? section, which contains the amide I region,
is shown in Figure 3A. The overall spectral features
are the same for the whole poly(AG)<EG family although
the amide | vibrational mode at 1620—1623 cm™?
sharpens on going from poly(AG)3EG to poly(AG)sEG.

The Raman spectrum of poly(AG)3;EG in the frequency
range 3500—500 cm~! is shown in Figure 3B. The
amide | band is observed at 1664 cm~! and the amide
111 band is split into two components at 1260 and 1228
cm~1. The observed chemical shifts from the CP/MAS
13C NMR spectrum of poly(AG);EG are listed and
compared with those reported for polyAG'? in Table 3.

Discussion

We will proceed to describe the detailed structural
analysis of poly(AG)3sEG and then discuss the differ-
ences, variations, and similarities noticed for the other
members of this family of sequence-designed periodic
polypeptides. We have chosen to display the comparison
between the experimental data, obtained in the form of
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Figure 3. (A) Fourier transform infrared spectrum of poly-
(AG):EG in the frequency range 1800 to 500 cm™. The
expanded amide I region (1800 to 1400 cm™?) is shown as an
inset. (B) Raman spectrum of poly(AG)3;EG. Note the 1664 cm™
amide | band and the two components (at 1260 and 1228 cm™1)
of the amide 111 band, characteristic of ap -sheet conforma-
tions.

Table 3. Chemical Shifts and Assignments for Selected
Peaks Observed in the CP/MAS 13C NMR Spectrum of
poly(AG)3EG and Comparison with Data from the f-Form
of polyAG?Y?

chem shift (ppm)

poly(AG)sEG polyAG assignment
49.9 48.5 alanyl C,
20.7 20.0 alanyl Cg

171.4 171.8 alanyl C=0
43.6 43.3 glycyl Ca

171.4 168.4 glycyl C=0

oriented X-ray diffraction photographs, and the calcu-
lated diffraction from the structures being tested for
goodness of fit, in the form of look-alike patterns
simulated using the Cerius system. This makes com-
parison between the observed and calculated results
most convenient and instructive.

Analysis of the X-ray Diffraction Pattern from
Poly(AG);EG. Basic Crystallographic Analysis.
The interpretation of the oriented wide-angle X-ray
diffraction pattern shown in parts A and B of Figure 1,
supplemented with the interplanar spacings and esti-
mates of observed relative intensities in Table 1, is aided
by an understanding of the salient features of the crystal
structures of B-silks.8 The calculated unit cell param-
eters for poly(AG);sEG are commensurate with previ-
ously published X-ray diffraction results from various
silk fibroins® and synthetic polypeptides that exhibit
similar crystalline structures. These structures, first
described by Pauling and Corey?® in 1951, consist of
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sheets composed of relatively extended protein chains
(with a 2-fold helical conformation) and with adjacent
chains running in opposite polarity. The chains zip
together through linear hydrogen bonds to form the so-
called antiparallel g-sheet structure, as illustrated by
the computer-drawn model shown in Figure 4A. The
repeating distances along the chain axis (c) and in the
hydrogen bond direction (a) are essentially invariant
and therefore act as characteristic and diagnostic values
for ap B-sheet structures. Reported values® for B. mori
silk are 0.948 and 0.695 nm, respectively.

In the three-dimensional structure the sheets pack
with in-phase puckering but usually with alternating
shears of ca. +a/4 in the ac plane. The sheet stacking
distance, which is related to the crystallographic axis
b, is a function of the size and distribution of the amino
acid side groups which decorate the upper and lower
ap p-sheet surfaces. In the orthorhombic protein ap
pB-sheet structures, where a, b, and ¢ are mutually
perpendicular, there are two ap -sheet stacking cat-
egories that need to be considered for the benefit of our
structural analysis of poly(AG)sEG. The first is when
the decoration patterns on the upper and lower surfaces
of the ap S-sheet are identical, as illustrated in Figure
4B. This can be described as an apolar ap 3-sheet.2° In
this structure, the OkO diffraction signals for k odd
would be systematically absent. In particular, the 010
would not be observed. The second arrangement is
when the decoration patterns on upper and lower
surfaces are different, which we describe as a polar ap
pB-sheet, as illustrated in Figure 4C. If such ap -sheets
stacked with like surfaces together, as reported for
example for polyAG,’® then a 010 diffraction signal
would be observed; furthermore, its relative intensity
would be a convenient indicator of the deviation from
equally-spaced ap f-sheet stacking in the b direction.
Thus these g-silklike structures are held together with
covalent bonds in the chain (c-axis) direction, hydrogen
bonds at right angles (a-axis) and van der Waals forces
in the third mutually orthogonal b direction.

The a (=0.948 nm) value (Table 1) was assigned on
the basis of its second diffraction order observed at a
spacing of 0.474 nm. This value is the characteristic
interchain hydrogen-bond distance in ap -sheet crys-
talline structures.® It is also close to the interchain
hydrogen-bond distance reported for many nylons%b
and the insect cuticle amino—polysaccharide chitin.
Indeed it is a characteristic distance between polymeric
chains held together through linear N—H---O=C hy-
drogen bonds. Thus, we associate a with the hydrogen-
bond direction. The value of 1.060 nm for b, or more
specifically its second diffraction order at 0.53 nm,
represents the average intersheet stacking periodicity.
Values for this spacing have been reported from 0.344
nm for polyG,28 to 0.79 nm for Nephila senegalensis
fibroin,8 a silk that contains a relatively high percent-
age of amino acid residues with bulky side chains, to
0.88 nm for polyE.# The values reported for poly(AG)!®
and the p-form of polyAl® are 0.44 and 0.54 nm,
respectively; thus, the spacing observed for poly(AG)s-
EG is in line with our expectation.

Texture. Before we can proceed to analyze the X-ray
diffraction patterns in any detail and discuss possible
structures, we need to understand the texture in the
compressed crystalline mats. It was observed that when
the X-ray beam was directed parallel to the mat plane,
an oriented X-ray pattern was observed as illustrated,
for example, in Figure 1A. On the basis of a single X-ray
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Figure 4. Computer-drawn models of ap -sheet structures.
(a) View of a piece of a single ap -sheet orthogonal to the ac
plane. (b) View of the structure of the stacked apolar ap
f-sheets with the orthorhombic unit cell. Note the alternating
+a/4 shear in the ac plane of successive sheets. No 010 signal
would be expected. (c) View similar to view b for polar ap
p-sheets with like surfaces in contact. The hydrophobic methyl
groups are layered between one pair of ap S-sheets with a
successive layer of hydrogen atoms. The sheets are alternat-
ingly sheared by +a/4 in the ac plane. Note the deviation from
the b/2 stacking periodicity, which would generate an 010
signal.
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diffraction experiment of this kind it might be concluded
that we had straightforward fiber-type symmetry, i.e.,
with cylindrical averaging about the a-axis direction
only. It turns out that to make this assumption would
be a serious error indeed. That this assumption is
incorrect is clear from the fact that when the X-ray beam
is directed along the crystalline mat normal, a set of
concentric diffraction rings is observed, as shown in
Figure 1E. This result demands that there is cylindrical
averaging of the a-axis direction about the normal to
the crystalline mat surface. This feature is also con-
firmed by the observation that the same X-ray finger-
print is obtained, no matter what the direction of the
X-ray beam, as long as it is parallel to the crystalline
mat surface. Thus we have a complex texture for these
crystalline protein mats, the consequences of which
result in cylindrical averaging about the normal to the
mat surface, the b,b*-axis, coupled with some degree of
azimuthal disorientation about the a,a*-axis. There are
two worthwhile possibilities to consider regarding the
nature of this interesting texture. One possibility is
that the orienting forces are acting on crystalline
aggregates and not on individual polymer chains. The
geometry of these crystalline aggregates would need to
be such that they have a substantially greater dimen-
sion in the a direction than in the two mutually
orthogonal directions, b and c¢. This is wholly consistent
with the observed line broadening of diffraction signals
as a function of their Miller indices, as outlined in the
Results. Also there is a precedent for this type of
texture in a naturally occurring protein insect silk; the
same a-axis orientation occurs in the thin fibrous egg
stalks drawn by the green lace-wing fly Chrysopal? as
a result of orienting preformed crystalline aggregates.

A second interpretation is that the crystalline entities
grow preferentially in the a direction. It should be
remembered that unlike the Chrysopa fibers, in these
samples there is no unique a direction; it occurs at all
angles in the plane of the compressed mat—that s, it is
confined to a plane but radially directed. Furthermore,
there is additional azimuthal averaging about each and
every radius vector. This type of behavior is typical of
polymers that grow and crystallize with spherulitic
texture?® or, perhaps more relevant in this context,
spherulitic growth essentially confined to a plane—a
spherodisc. The X-ray diffraction patterns from such a
texture would be basically consistent with the X-ray
observations regarding orientation and selective line
broadening seen in Figures 1 and 2, since the size of
the crystalline entities would be restricted in the b- and
c directions and long in the a direction. Although at
this stage, we are uncertain of the origin of the overlying
texture in our samples, we do know the nature of the
texture, and fortunately, as long as this textural feature
is recognized and understood, it does not in any serious
way interfere with the structural analyses of these
protein crystals. Thus, we can effectively consider
oriented patterns of the type shown in Figures 1 and 2
as if they were fiber-type X-ray diffraction patterns and
analyze them accordingly. There will be implications
for the computerized generation of simulated diffraction
patterns from structural models, and these will be
allowed for and described later. The details of the
overlaying texture and its implications are given in an
Appendix.

Chain Folding. The line broadening of diffraction
signals with Miller index | = 0, the 211 in particular,
indicates that there are interruptions to the crystal-
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Figure 5. Computer-drawn view of a single ap 3-sheet of poly-
(AG)3EG, folding in phase with the octapeptide periodicity and
forming S-turns through the glutamic acid—glycine diads. The
thickness is commensurate with the observed low-angle peak
at a spacing of 3.6 nm. This is an apolar ap $-sheet with a
similar distribution of hydrogen atoms and methyl side groups
on both upper and lower surfaces.

lographic lattice in the c direction, that is, the chain
direction, at distances <4 nm. This is ca. 25 times less
than the length of the protein chain. The low-angle
diffraction pattern shown in Figure 1E, with a strong
peak at a spacing of 3.6 nm, resembles an inter/particle
interference function. This diffraction peak can be made
to disappear with swelling agents without affecting the
underlying crystal structure. This behavior is reminis-
cent of interlamellar stacking and is similar to that
reported for chain-folded lamellar crystals of polyeth-
ylene,2 nylons,®® and Chrysopal? insect silk. Adjacent
chains in our structure are antiparallel and the straight-
forward explanation for these results is that the chains
in poly(AG)3EG are folding regularly at a distance less
than the measured interlamellar periodicity of 3.6 nm.
This conclusion is bolstered by the observation in
transmission electron microscopy of lamellae of the
appropriate dimensions, as reported previously.?® The
pattern of changes in the X-ray diffraction photographs
from the other members of the poly(AG)EG family add
considerable support to the chain-folded model. As the
number of alanylglycyl diads is increased, the line width
of the 211 diffraction signal systematically decreases;
this change is to be expected as the straight stems in
the chain-folded crystals increase in length, assuming
the geometry of the folds remains intact. In addition,
the measured spacing of the low-angle diffraction peak
increases to accommodate the thicker crystal.

Nature of the Folds. The -Turn Model. A model
of a chain-folded ap $-sheet that is commensurate with
the dimensions deduced from the X-ray diffraction data,
and which folds in phase with the repetitive octapeptide
sequence, is illustrated in Figure 5. The lamellar
thickness is approximately 3 nm. There are three pairs
of alanylglycyl units in each straight stem, and the
remaining glutamylglycyl diad forms a g-turn. Thus all
the glutamic acid residues occur at the fold surfaces.
At first sight, the arrangement appears to be a perfect
solution for our structure; however, it is an apolar sheet
with a similar distribution of hydrogen atoms and
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Figure 6. Simulated X-ray diffraction patterns (SXDPs) from
proposed crystalline structures for the poly(AG)EG family. (A)
SXDP of a crystalline structure based on the apolar ap -sheet
and S-turns shown in Figure 5. The important 010 is missing
and there is some unwanted first layer-line diffraction. (B)
SXDP of the starting crystalline structure using the chain-
folded y-turn model for poly(AG)sEG. The ap p-sheets are
sheared in an alternating manner by exactly +a/4 in the ac
planes. There is considerable unwanted first layer-line dif-
fraction. This can be removed by randomizing the positively
and negatively directed shears, as illustrated in part C. (D)
SXDP of the structurally refined model for poly(AG);EG.

methyl side groups on the upper and lower surfaces. As
a consequence, we would anticipate regular stacking of
the chain-folded ap fg-sheets in the b direction and
therefore the absence of the 010 diffraction signal, as
discussed in the Basic Crystallographic Analysis section;
contrary to observation. One possibility for modification
is to consider interactions of the glutamic acid side
groups at the fold surface that might induce pairing of
sheets. For example, specific hydrogen-bonding pat-
terns can be generated, by variation in the glutamic acid
side groups, between near-neighbor carboxylic acid
groups (the crystals were prepared in formic acid)
between one pair of ap f-sheets so as to move their
intersheet spacing slightly away from the average 0.53
nm stacking value. We considered the possibility that
a movement of 50% of the glutamic acid side groups
(accounting for 7.4% of the electron density of the
crystal) off crystal lattice sites, together with the slight
perturbation in the regular inter-sheet spacing, might
be sufficient to generate the observed intensity of the
010 diffraction signal. Several candidate structures of
this kind were examined and explored using computer-
ized modeling procedures, and simulated X-ray diffrac-
tion patterns were generated for comparison with the
observed X-ray data. We were unable to generate the
necessary intensity for the 010 diffraction signal with
any model of this kind, subject to the constraint that
the calculated unit cell b-dimension equaled 1.060 nm.
The simulated X-ray diffraction pattern (SXDP) shown
in Figure 6A demonstrates that although the overall
features match well enough, indicating the ap -sheet
is an essential element in any correct structure, the lack
of the 010 diffraction signal is a serious discrepancy and
we cannot accept this structure.?* The decision to
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abandon structures in this category was bolstered by
the knowledge that the 010 was also the prominent
diffraction signal in all the other members of the poly-
(AG)LEG family (see, for example, the X-ray photograph
of poly(AG)sEG shown in Figure 2C); as successive
alanylglycyl diads are added, the possible perturbations
at the fold surface and the percentage scattering from
the glutamic acid side groups (4.2% for poly(AG)sEG)
will have a decreasing influence on both the interior ap
pB-sheet stacking and the ability to generate diffraction
intensity at the 010 inter-planar spacing.

The y-Turn Model. If the chain-folded ap j-sheets
were polar in character, with one surface decorated
entirely with methyl side groups and the other with
hydrogen atoms and like surfaces were in contact, then
the sheets would automatically stack with a displace-
ment of sheets off the b/2 periodicity in an alternating
manner, as shown in Figure 4c. This will produce a 010
diffraction signal. Indeed, this is precisely the model
proposed for poly(L-alanylglycine)'® 30 years ago, al-
though in that case no chain-folding was invoked. In
such an arrangement, the sheets are stacked in pairs
with the hydrophobic methyl side groups sandwiched
together. This raises a number of pertinent questions.
Is there a folding mechanism able to accommodate
apolar ap S-sheets, within the constraints imposed by
the X-ray diffraction results, and keep the bulky glutam-
ic acid residues at the fold surfaces? Is the folding
geometry a consequence of the hydrophobic interactions
of the methyl side groups? Returning to the first
question: the computer-drawn view of the chain-folded
ap fp-sheet shown in Figure 7a illustrates such a
solution. Each fold consists of three amino acids, rather
than two. These tripeptide folds have been referred to
as y-turns?® and are very common in globular proteins.?®
If the glutamic acid group remains in the fold there are
three possible arrangements for a straight stem plus
fold, namely (AG),A GEG, (GA),G AGE, and (GA).,G
EGA. In the first instance, it seemed appropriate to
choose the fold with the glutamic acid residue at the
apex and with the small glycine residues on either side,
as shown in Figure 7a. Close inspection of this computer-
drawn view shows that folding with y-turns, while
keeping the glutamic acid residues within the fold itself,
results in successive folds having slightly different fold
conformations; the folds on the right-hand edge are
conformationally different from those on the left. This
is an inevitable consequence of having an odd number
of amino acid residues in the stem segments of a chain-
folded lamella. In the case of poly(AG)s;EG, if we use
three amino acids for the fold, then, of course, we are
left with only five amino acid residues for the stem. The
same argument will apply to other members of the
family. This is a subtle point and can be expressed in
different ways. For example, at one edge of a chain-
folded ap -sheet, y-turns connect adjacent antiparallel
chains through inward-pointing bonds, while at the
opposite edge the y-turns connect adjacent antiparallel
chains through outward-pointing bonds. This pattern
of two conformationally different y-turns would occur
even if we chose the AGE or EGA type of y-turn. There
are other schemes of folding this polymer using combi-
nations of GEG, AGE, and EGA, but all create a
roughness to the chain-folded lamellar surface that
increases the average thickness of the lamellae to an
extent that is incompatible with the observed lamellar
stacking periodicity of 3.6 nm. Since we know a priori
that the resolution of the experimental data will not
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Figure 7. Computer-drawn views of the chain-folded y-turn
structure. (a) View orthogonal to (parallel to b-axis of) a single
ap p-sheet of poly(AG)3EG, folding in phase with the octapep-
tide periodicity and forming y-turns with GEG sequences. Note
the conformations of the y-turns are different; the tripeptides
connect through inward-pointing bonds on the left and outward-
pointing bonds on the right. The glutamic acid side groups are
at the fold apexes. (b) Oblique view of part a to illustrate the
y-turns. (c) View of the refined chain-folded lamellar crystal
of the proposed structure for poly(AG);EG with y-turns. The
methyl side groups form hydrophobic layers interspersed with
layers of hydrogen atoms from the glycyl residues. Successive
sheets are related by rotations of ;r about the a-axis. The sheets
are stacked with random shears of approximately +a/4 and
alternating +c/2 and —c/2 shears in the ac plane.

allow us to delineate the fine details of the fold geometry
we chose the model shown in parts a and b of Figure 7
as the basis of our proposed structure.

Stacking of y-Turn ap #-Sheets. Care is required
when considering the stacking of adjacent-chain re-
entry folded polar ap p-sheets with like surfaces in
contact. Alternative ap -sheets need to be imagined
to be turned upside down prior to stacking. There are
two ways of intercalating the sheets if the fold-edges
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have different geometries; either a rotation of & about
the a-axis or a rotation of zx about the c-axis. The former
structure was favored since it results in a chain-folded
lamellar crystal with both surfaces equally populated
with the two types of fold conformation. In all struc-
tures, shears of approximately a/4 in the ac planes and
parallel to a were incorporated.

Stacking considerations of these apolar ap j-sheets
with like surfaces in contact introduce some subtle
features. If, in all the sheets, we maintain the same
amino acid sequence for the y-turn, for example GEG,
there is a consequential oscillating slip of 0.348 nm (c/
2) between ap fS-sheets; in the ac plane parallel to c.
This is also a feature of having an odd number of amino
acid residues within the ap -sheet and can be seen in
Figure 7c. Although it affects all the poly(AG)EG
family, it is particularly acute for poly(AG)3;EG; it makes
the thickness of the lamella almost the same as the 3.6
nm low-angle X-ray diffraction peak. In fact, the
glutamic acid side groups cannot finger out from the
lamellar surface in an extended conformation; they need
to be in conformations more closely confined to the
lamellar surface.

If, on the other hand, we pair a GEG y-turn ap -sheet
with either of the AGE or EGA y-turn ap 3-sheets, then
it is not necessary to have this 0.348 nm oscillating c
direction slip. Although this makes for a slightly more
comfortable fit of lamellae into the 3.6 nm packing
periodicity, each glutamic acid residue is no longer at
the apex of the y-turn and is therefore more likely to
disrupt the close-packing of the ap -sheets. We were
unable to choose between these subtly different stacking
models on the basis of comparisons between calculated
and observed X-ray diffraction. Thus, a structure with
GEG y-turns was chosen as a sufficiently representative
model for the crystalline lamella.

Crystalline Lamellar Structure of Poly(AG)3;EG.
Model structures were computer-generated and checked
qualitatively for feasibility. Figure 7 illustrates the
basic structure. In the first instance, successive a-axis
shears of +a/4 were incorporated and lamellae were
stacked on a one-dimensional superlattice of 3.6 nm
spacing. The SXDP of this poly(AG);EG structure is
shown in Figure 6B which should be compared with the
X-ray diffraction photograph shown in Figure 1A. There
is a reassuring degree of overall visual matching with
respect to relative intensities, giving us confidence, at
this stage in the structure analysis, that the model is
basically correct. The 010 is there and obvious, and so
is the 020, 021, 030, 022 equatorial diffraction set with
roughly correct relative intensities. The prominent 210
and its broader 211 partner appear, and the 400 occurs
on the meridian. It is opportune to mention that the
intensity of the 210 results from the a/4 shears in the
ac planes, as already pointed out in the structural
analysis of polyAG.15

Now for the discrepancies and the structural changes
necessary to reduce or eliminate them. An obvious
feature in Figure 6B is the appearance of a set of
diffraction signals on first layer-line with an unaccept-
ably high level of intensity, contrary to observation. This
diffraction can be eliminated by generating random
shears of +a/4 in the ac planes, rather than alternating
shears of ta/4. Random shears of +a/4 would be
expected to occur since shears of +a/4 and —a/4 produce
structures with identical energies; thus, these shears
would have equal probability of occurrence. This was
also discovered to be the case in the analyses of the
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polyA®® crystalline structure, which showed no 1kl
diffraction signals. Interestingly, first-layer diffraction
signals do occur in Chrysopa insect silk, which de-
manded alternating +-a/4 shears.1?2 Before showing the
results of this change, we will remove another discrep-
ancy between the experimental and calculated diffrac-
tion patterns. Close inspection of the SXPD in Figure
6B shows that the 200 diffraction signal is absent. The
intensity of the 200 diffraction signal can be raised by
allowing the ap -sheets to shear by only approximately
+a/4 in the ac plane. This can be considered to be a
natural consequence of the localized stacking arrange-
ment. Any chosen chain in an ap -sheet will be flanked
by two chains in the adjacent ap 5-sheet: one of which
will have the same chain direction and the other the
chain direction opposite to that of the chosen chain,
resulting in asymmetry in the localized chain environ-
ment. Hence, in the minimum energy structure, the ap
B-sheets will not have exact +a/4 shears in the ac plane.
The intensity can be reduced to yield a better match
with the observed X-ray photograph if the random +a/4
shears are only approximately a/4 in magnitude, with
deviations of a few percent. Thus the structure is best
described as one with successive ap -sheets shearing
randomly by approximately +a/4 in the ac planes. Two
other differences between the SXDP pattern in Figure
6B and the observed X-ray diffraction photograph in
Figure 1A require comment. The low-angle diffraction
pattern can be changed, essentially independently of the
wide-angle pattern, since the former originates from the
one-dimensional interlamellar stacking and crystalline—
amorphous electron density profile. Thus, it is straight-
forward to quench orders of the low-angle 3.6 nm
spacing and control the relative intensity by introducing
packing and lamellar surface disorder to fit the experi-
mental data. The relative sharpness of diffraction
signals embodying Miller indices h,k and hk combina-
tions can be adjusted, with discretion, by changing
crystal size and/or van der Waals stacking disorder (in
the case of index triads involving k = 0) to give a better
fit without compromising the basic crystalline structure
of poly(AG)sEG. Figure 6C illustrates the effect of
randomizing the approximately +a/4 shears; the un-
wanted first layer-line diffraction signals have been
removed, and the intensity match of the 200 and 400
diffraction signals is improved. However, three promi-
nent unwanted diffraction signals, at 0.9, 0.78, and 0.68
nm spacing, remain. These signals result from the
alternating shears of +c/2 and —c/2 in the ac plane. This
condition was introduced into the structure when we
decided that all of the y-turns should have the GEG
sequence. The three unwanted signals can be removed
by allowing random =c/2 shears to occur between
successive ap f-sheets. Random =+c/2 shears would be
favored by arguments similar to that outlined above for
the random ~+a/4 shears. Figure 6D illustrates the
SXDP generated from a structure incorporating both
random ~za/4 shears and random =+c/2 shears. This
SXDP is in good agreement with the experimental X-ray
pattern from poly(AG)sEG, shown in Figure 1A and is
the basis for our proposed chain-folded lamellar struc-
ture illustrated in Figure 7.

Vibrational and NMR Spectroscopy. The infrared
spectrum of poly(AG)sEG exhibits amide I, 11, and Il
vibrational modes at 1623, 1521, and 1229 cm™, re-
spectively, characteristic of the p-sheet conforma-
tion,1527 and the weaker amide | component at 1698
cm~! indicates the regular alternation of chain direction
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that defines the ap (-sheet architecture?®. Detailed
examination of the amide | region (1800—1400 cm™1),
shown in the Figure 3 (insert), reveals the presence of
four vibrational modes unrelated to ap f-sheet archi-
tecture. The weak vibrations at 1710 and 1744 cm™1
can be ascribed to carbonyl stretching of the side chain
carboxyl groups of glutamic acid; however, the amide |
component observed at 1652 cm~! and the weaker
shoulder at 1665 cm™! indicate that a fraction of the
polypeptide chain adopts a conformation different from
the ap 8-sheet. Normal mode calculations?® suggest that
these amide | components, together with the shoulder
at 1550 cm™! in the amide Il region, may arise from
reverse turns. The sharpening of the 1623 cm~! band
and the enhancement of the 996 and 975 cm™1 pair of
bands, on passing through the family from poly(AG)s-
EG to poly(AG)sEG, indicate that the ap 5-sheet struc-
ture is becoming better defined as the oligoalanylglycine
repeating lengths increase. One further feature is the
relative weakening of the bands at 1744 and 1710 cm™1,
associated with the glutamic acid residues (y-C=0O
stretch), again from poly(AG);sEG through to poly-
(AG)sEG. This is consistent with a diminishing propor-
tion of glutamic acid residues in the chemical sequence.

The Raman amide | band at 1664 cm™! and the
splitting of the amide 111 band into two components at
1260 and 1228 cm™! are characteristic of the ap S-sheet
structure,?”3% and the broad, weak amide Il band
observed at 1535 cm~! is expected for this structure.3!
It is plausible to associate the bands in the 1330—1300
cm™1 region with reverse turn conformations.?®

The observed chemical shifts from the CP/MAS 13C
NMR spectrum of poly(AG)3;EG are compared with those
reported for the S-form of polyAG in Table 3. All of
these assignments are consistent with an ap g-sheet
architecture,? except for the presence of a shoulder at
16.8 ppm on the g-carbon signal from alanyl residues.
The chemical shift of this shoulder is close to that
observed for the 5-carbon signal from alanyl residues
in the silk-1 structure,l” but the absence of the corre-
sponding carbonyl signal at 176 ppm suggests that the
16.8 ppm signal is not associated with the silk-I
structure. The intensity of this signal was not reduced
by washing the sample with formic acid, a good solvent
for the silk-1 polymorph, reinforcing the conclusion that
it is not associated with silk-1. It would be wholly
consistent with the X-ray diffraction results, and IR and
Raman analyses, to propose that this 16.8 ppm signal
arises from reverse turn structures.

Overall Structural Considerations and Implica-
tions. All of the experimental evidence supports a
regular chain-folded ap fg-sheet architecture for the
crystalline form of poly(AG)EG. The X-ray diffraction
analyses argue strongly for stacking of polar ap -sheets
with like surfaces in contact. This requirement de-
mands an odd number of amino acids in each fold,
irrespective of whether the glutamic acid residues
remain on the fold surfaces. The y-turn is the only
serious contender. (We note in passing that a mixture
of y- and S-turns will not meet the requirements.) The
b-dimension of poly(AG)3EG of 1.060 nm is 19.5% larger
than that reported for polyAG?® (and 14% larger than
B. mori silk fibroin32) and so this may be used to raise
the question of whether glutamic acid residues enter
the crystalline core of the lamellae; that is, whether the
folding periodicity is out of phase with the octapeptide
sequence. This is an important issue, since the choice
of the amino acid sequence was part of our strategy for
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creating crystalline chain-folded lamellae with useful
groups—in this case glutamic acid residues—wholly
decorating the lamellar surfaces. Clearly the chain-
folding periodicity is confined within certain limits, as
imposed by the relative line width of the 211 diffraction
signals, by the occurrence of low-angle diffraction peaks,
and by the experimental evidence in general. On the
other hand, if a mismatch of two amino acids (equivalent
to a c direction translation of 0.695 nm) were permitted,
it would be enough to allow the bulkier glutamic acid
side groups to impregnate the crystalline lattice in the
form of spatially distributed localized defects.33

There are a number of pieces of evidence against the
decoupling of folding periodicity from the repetitive
amino acid sequence, that is, in favor of keeping the
glutamic acid residues at the fold surfaces. Although
the b-parameter value is 19.5% greater for poly(AG);EG
than for polyAG, this difference reduces, as more
alanylglycyl diads are incorporated, to only 8.5% for
poly(AG)cEG (see Table 2). Thus, with the folds taking
three-eighths of the available amino acids in poly-
(AG)3EG, it is perhaps not surprising that the rather
short stems (five amino acids) cannot develop sufficient
van der Waals interactions to pull the ap 5-sheets closer
together against the envisioned overcrowding near the
fold surfaces.3* As the stems get progressively longer
throughout the series, the b-parameter approaches that
of polyAG,1535 a pattern of crystalline behavior consis-
tent with the evidence. There is a counterargument,
of course, that the relative dilution of glutamic acid
residues, in passing from poly(AG)sEG to poly(AG)sEG,
results in a corresponding reduction in the number of
localized defects, allowing closer packing. This coun-
terargument is weakened by the detailed computer
analyses; if the glutamic acid units enter the lattice they
occur selectively in the inter-alanyl decorated layers.
Thus, the middle ap -sheet in the unit cell (see Figure
7c) would move proportionally closer to the b/2 position
in passing from poly(AG);EG to poly(AG)sEG. This
would change the ratio of the relative intensities of the
010 and 020 reflections, and to a lesser extent other
diffraction signals, contrary to the X-ray results.?¢ It
is also worthwhile to consider what the lowest expected
b value would be for such a structure. It would be 1.124
nm; the sum of 0.344 nm for polyG (see review by Fraser
and MacRae8) and 0.78 nm (the lowest value reported
by Keith et al*). This b value is 6% and 16.8% greater
than the values measured for poly(AG)sEG and for poly-
(AG)6EG, respectively. The consequences of allowing
glutamic acid residues to penetrate the lamellar core
are shown in Figure 8.

The X-ray diffraction results show that, in passing
from poly(AG)3;EG to poly(AG)sEG, the coherent scat-
tering length in the c direction increases substantially,
as highlighted by the relative sharpening of the 211
diffraction signal; this is supported by the increased
spacing of the low-angle signal. If glutamic acid resi-
dues can feed through and be accommodated in the
crystalline core of the lamellae, there would be no reason
why a particular member of this family should have a
fold length different from those of any of the others.
Thus the model fails to offer an explanation for the
increase in fold length as alanylglycyl diads are added.

If glutamic acid residues feed through the crystalline
cores of the lamellae we would expect to see a measur-
able improvement in the relative sharpness of diffrac-
tion signals containing Miller index k, the 010 and 020
in particular, on passing from poly(AG);EG to poly-
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Figure 8. Projection, parallel to the a-axis, of stacked polar
ap f-sheets with the glutamic acid side groups shaded in light
gray. If glutamic acid residues were to penetrate the lattice,
they can only do so in the inter-alanine layer. If they occur
out of phase with the folding periodicity they systematically
decorate all sites in the inter-alanine layer and would force
every other pair of ap -sheets apart. The minimum b value
would be greater than the measured values.
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Figure 9. Schematic illustration of the basic crystalline entity
giving rise to the X-ray diffraction and spectroscopic results.
The long axis of the roughly square cross-sectioned rod is

parallel to the crystallographic a-axis or hydrogen bond
direction. The chain-folded lamellae stack in the c direction.

(AG)6EG, as the proportion of glutamic acid residues is
reduced. No such improvement is noticed.

Although the analysis of the X-ray diffraction results
provides considerable support for an in-phase relation-
ship between chain-folding periodicity and amino acid
sequence, so as to keep the glutamic acid residues at
the lamellar fold surfaces, no direct evidence of fold
surface confinement of glutamic acid has yet been
obtained. Experiments are being designed to selectively
locate the glutamic acid residues within the crystalline
architecture.

The model of the crystalline entity that is the basis
for the diffraction studies is shown in Figure 9. Itis a
semicrystalline rod, of roughly square cross section, and
is constructed from a stack of chain-folded lamellae, the
overall thickness of which is similar to the dimension
in the orthogonal b direction; the axis of the rod is along
the a-axis hydrogen-bond direction.

Now that we have a model structure for these
polypeptides, it is worthwhile, and instructive in terms
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of future strategy, to consider questions concerning the
interplay of the intermolecular forces and protein chain
geometry in these structures. For example: Is it the
overwhelming hydrophobic interactions of the methyl
side groups of alanyl residues, forming a set of hydro-
phobic sandwiches by pairing in contact, that force a
polar architecture on the ap -sheets, and, as a conse-
guence, demand y-turns for these amino acid sequences?
Or, is it that only the y-turns will allow a chain-folded
architecture of this type to be generated systematically?
In our original strategy, we expected the polypeptide
to fold via g-turns. The fS-turn has been a common
element in globular protein structures®” and, at first
glance, is not too different from the proven bend38 in
nylon 46 which forms similar regular chain-folded
crystals.®2 However, more careful consideration reveals
that g-turns would encounter difficulties in an adjacent
reentry chain-folded crystal structure; this is because
the two chain segments that emanate from the s-turn
in globular proteins prefer to run inclined to each other.
Even in globular protein structures that incorporate a
few consecutive S-turns, the patch of ap §-sheet formed
is distorted—twisted in its plane—and would not be
expected to stack comfortably.?® However, as the inte-
rior of the lamella develops with stacking of successive
sheets, the resulting crystalline lattice forces will be
expected to dominate, leading to distortion of the turn.
If, as a result, g-turns are not compatible with the
overall structure, the chains will fold through y-turns.
Recent structure surveys indicate that the y-turn is the
most common sharp fold in protein structures.2” The
consequence of incorporating y-turns into our structures
is to produce polar ap g-sheets, as dicussed previously.

To help answer these questions, and others, different
amino acid sequences have been synthesized and crys-
tallized and are in the final stages of analysis, for
example, where the glutamic acid residues have been
replaced by a variety of natural and artificial amino
acids. Also more subtle changes have been investigated,
as in poly(AG)3sEG(GA)sEG, where successive AG seg-
ments are sequence-reversed. These results, and others,
will be published elsewhere and will add to the debate
about the interplay of intermolecular forces controlling
the folding pattern in crystalline polymers and protein
structures.

Conclusions

The family of poly(AG)1EG polypeptides, where the
integer x varies from 3 to 6, can be crystallized by
controlled precipitation from aqueous formic acid solu-
tions. Analysis via X-ray diffraction and spectroscopic
techniques supports an ap -sheet architecture within
the crystals. The X-ray diffraction results allow us to
go further, enabling an analysis of alternative three-
dimensional models and selection of the structure(s)
giving the best fit with the experimental data. Line
broadening of the wide-angle X-ray diffraction signals
associated with the chain direction and the appearance
of one-dimensional particle-interference peaks favor
chain-folded lamellae. The thickness and packing pe-
riodicity are approximately 3.6 nm for poly(AG)s;EG, and
are somewhat larger for x = 4—6.

The lamellar thickness, for the whole family of these
polymers, is always <28 times the chain length. Thus,
the chains fold back at the lamellar surfaces and reenter
the crystalline lamellae at adjacent lattice sites, as
generally accepted for sufficiently flexible polymers.?*
A direct consequence of this adjacent reentry mecha-
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nism is the creation of ap -sheets within the lamellar
crystal as demanded by the X-ray diffraction and
spectroscopic analyses.

The crystalline core of the lamellar crystals for poly-
(AG)3EG is constructed from an orthorhombic unit cell
with the following parameters: a = 0.948 nm (hydrogen-
bond direction), b = 1.060 nm (ap p-sheet stacking
direction) and ¢ = 0.695 nm (chain-axis direction). This
unit cell is closely related to the ap -sheet structures
of polyAG and $-silk fibroins. The unit cells of the other
members of the family are essentially the same, except
for a progressive decrease in the value of b as the
number of alanylglycyl diads in the repetitive amino
acid sequence increases. We interpret this result in
terms of a closer stacking of the ap j-sheets as the
crystalline lamellar core becomes thicker.

X-ray diffraction structure analyses and refinements
favor a structure composed of polar ap S-sheets, one
surface decorated with methyl side groups and the other
with hydrogen atoms. The ap -sheets stack with like
surfaces in contact. This creates an alternation in sheet
spacing, similar to that proposed for polyAG, and
accounts for the observed strong 010 diffraction signal.
The structure demands y-turns (three amino acid turns)
and rules out g-turns. The evidence favors a chain-
folding periodicity in-phase with the repetitive amino
acid sequence; thus, we propose that the glutamic acid
residues occur at the folds and decorate the crystalline
lamellar surfaces.
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Appendix: Texture of Samples Prepared as
Mats40

As stated in the main paper, the crystalline samples
of the family of periodic polypeptides that were used to
obtain the textured X-ray diffraction photographs (Fig-
ures 1A,F, and 2) were prepared by compressing and
drying swollen gels into mats. Only two types of X-ray
diffraction fingerprint are observed from these mats: (1)
when the X-ray beam is directed orthogonal to the mat
surface, diffraction rings are obtained (e.g., Figure 1E);
(2) with the X-ray beam in any direction parallel to the
mat, surface-oriented diffraction patterns are obtained
(e.g., Figure 1A). The overall picture is illustrated in
Figure 10. Thus, this method of specimen preparation,
necessary because of the relatively small quantities of
crystalline material available, produces a textured
structure.

The texture can be described by considering the pole
figure diagrams shown in Figure 11. The lattice is
orthogonal so that each pair of reciprocal, real axes—a*,a;
b*,b; c*,c—are coincident and mutually orthogonal. In
Figure 11 they have been arranged to match the
oriented X-ray patterns shown in Figures 1A,B and 2.
The set of three pole figure diagrams in Figure 1la
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Figure 10. Diagram illustrating the relationship between the
crystalline mat sample and the two types of X-ray diffraction
pattern observed. LX represents the observed low angle
diffraction peak.

0k0
(@ 7 001

0k0
(© 00l

Figure 11. Pole figure diagrams corresponding to the mat
texture shown in Figure 1A. (a) Projection of poles with
crystallites cylindrically averaged about a*,a-axis. The black
bars are projections of circles in planes perpendicular to a*,a
direction. (b) The same poles as in part a cylindrically averaged
about the b*,b direction. The graduated shading is meant to
give an indication of the relative distribution of poles on this
set of three-dimensional pole figure diagrams. (c) Sections of
these pole distributions in the diametric plane (in the plane
of the paper). These are the pole figure sections that correspond
to the X-ray diffraction patterns obtained when the X-ray beam
is directed parallel to the surface of the mat. X-ray patterns,
with the incident X-ray beam orthogonal to the mat surface,

i.e., orthogonal to the a*a-axis, will give diffraction rings
consistent with the experimental observations.

illustrates the behavior of the 0k0/001, h00, and hkl
poles, respectively, when there is cylindrical averaging
about the a*,a direction. In this case, the 0k0/001 poles
are swept into equatorial circles; the h0OO poles are
confined to “polar” caps, and hkl poles trace out latitude
circles. Figure 11b shows the effect when additional
cylindrical averaging takes place about the b*,b direc-
tion. Although the 0k0/001 poles are distributed over
the whole polar diagram, they are concentrated at the
extrema of the horizontal diameter; the h0O poles trace
out a “polar” great circle, and the hkl poles are distrib-
uted within the band shown but with a pronounced
concentration at the edges. The diametric plane sec-
tions of these pole distributions (in the plane of the
paper) are shown in Figure 11c; they are equivalent to
the sections of diffraction space captured in the X-ray
photographs taken with the X-ray beam parallel to the
mat surface (Figures 1A and 2). In contrast, the X-ray
diffraction pattern of this texture, taken with the
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incident beam orthogonal to the mat surface, is a set of
concentric rings (imagine vertical sections of Figure 11b
perpendicular to the paper) as illustrated in Figure 1E.
The interplanar spacings will, of course, match those
of the powder X-ray diffraction photograph (Figure 1E),
but the relative intensities will not be the same; this
difference will be most noticeable for the intrinsically
strong OkO diffraction signals. Thus, this texture, with
cylindrical averaging about the a*,a-axis coupled with
cylindrical averaging about a direction orthogonal to the
a*,a-axis, accounts for the X-ray experimental results.

Allowance has to be made for texture in the computa-
tion of the relative intensities of the diffraction signals.
In the SXDPs, derived using the Cerius 2 software
system, only fiber and powder textures can be accom-
modated; thus, modifications were made to compensate
for the additional textural features that we have in our
crystalline mats. These modifications are, by their very
nature, a respectable approximation and not an exact
calculation. Detailed quantitative comparison between
calculated and measured relative intensities is therefore
inappropriate.
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