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Conformational Transitions in Model Silk Peptides

Donna Wilson, Regina Valluzzi, and David Kaplan
Department of Chemical Engineering and Biotechnology Center, Tufts University, Medford, Massachusetts 02155 USA

ABSTRACT Protein structural transitions and B-sheet formation are a common problem both in vivo and in vitro and are of
critical relevance in disparate areas such as protein processing and -amyloid and prion behavior. Silks provide a “databank”
of well-characterized polymorphic sequences, acting as a window onto structural transitions. Peptides with conformationally
polymorphic silk-like sequences, expected to exhibit an intractable B-sheet form, were characterized using Fourier transform
infrared spectroscopy, circular dichroism, and electron diffraction. Polymorphs resembling the silk |, silk Il (3-sheet), and silk
Il (threefold polyglycine II-like helix) crystal structures were identified for the peptide fibroin C (GAGAGS repetitive sequence).
Two peptides based on silk amorphous sequences, fibroin A (GAGAGY) and fibroin V (GDVGGAGATGGS), crystallized as silk
| under most conditions. Methanol treatment of fibroin A resulted in a gradual transition from silk | to silk II, with an
intermediate state involving a high proportion of B-turns. Attenuated total reflectance Fourier transform infrared spectroscopy
has been used to observe conformational changes as the peptides adsorb from solution onto a hydrophobic surface. Fibroin
C has a B-strand structure in solution but adopts a silk I-like structure upon adsorption, which when dried on the ZnSe crystal

contains silk Ill crystallites.

INTRODUCTION

There are numerous instances of protein polymorphic be-
havior. Among these are the formation of insoluble plaques
from normally soluble protein in vivo, such as that of
B-amyloids (De Gioia et al., 1994; Goldfarb and Brown,
1995; Goldsbury et al.,, 1997). Another example is the
tendency of proteins in vitro to aggregate into 3-conforma-
tion-rich precipitates, bypassing the protein folding process.
There are also numerous instances, such as the deposition of
protein on the surfaces of surgical implant materials, where
adsorption of protein is accompanied by a change in con-
formation (Absolom et al., 1987; Lin et al., 1992). For these
phenomena to be understood, model polymorphic protein
sequences are needed. Proteins with simple sequences that
can be crystallized as helices in each conformational poly-
morph would provide the ideal models from the standpoint
of experimental accessibility. These features are prevalent
among a class of proteins, the fibrous proteins.

Most fibrous proteins have physiological roles as protec-
tive, connective, or structural materials. Some of these self-
assemble into multiphase materials, with oriented crystal-
lites embedded in an amorphous matrix (Simmons et al.,
1996; Thiel et al., 1997). Often fibrous proteins exhibit a
single, dominant secondary structural motif due to their
highly repetitive amino acid sequences, or have a blocky
architecture, with each block giving rise to a single confor-
mational motif. Their highly repetitive nature gives rise to
very regular conformations, a feature not found in globular
proteins, as well as conformations that are not usually
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observed in globular proteins, whose main secondary struc-
tures are the a-helix and the B-sheet (a twofold helix).
Examples of helical conformations that are observed for
repetitive fibrous protein sequences are the threefold polyg-
lycine II and polyproline II helices (Andries and Walton,
1969; Crick and Rich, 1955).

Among the fibrous proteins, some silks tend to have an
architecture composed of two chemically distinct repetitive
motifs or “blocks”: an insoluble crystallizable block and a
soluble amorphous block. The crystallizable blocks com-
prise short-side chained, highly repetitive amino acid se-
quences, typically leading to the formation of antiparallel
B-pleated sheets. The high glycine content of silks allows
greater conformational variability than that of most pro-
teins; thus many silks, including Bombyx mori silk fibroin,
are polymorphic. The dominant secondary structure of silk
can change, depending on the environment of the protein.
While the threefold polyglycine II helix, twofold antiparal-
lel B-pleated sheets, and a poorly characterized structure
“silk I” have been observed, the conformational freedom
provided by the glycine residues does not preclude other
conformations, such as “intermediate helices” in the ex-
tended chain conformational region between the threefold
polyglycine II conformation and the twofold B-sheet. This
polymorphism, notably the ability to induce a transition
from a water-soluble silk I-like form to an intractable
B-sheet, provides attractive options for processing these
protein materials and is probably utilized in vivo. The
presence and possibility of a number of slightly different
conformations and conformation selection criteria that are
sensitive to the environment lead to difficulty in obtaining
cross-referenced corroborating data with multiple analytical
techniques.

Silk  fibroin contains the repetitive hexapeptide
(GAGAGS) as its consensus crystallizable sequence and
(GAGAQY) as its consensus amorphous sequence (Mita et
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al., 1994). Two crystalline polymorphs are observed for
bulk silk fibroin, silk IT (a B-sheet structure) and silk I,
which is not well understood and may be a less extended
helix than the silk IT 3-sheet (Ambrose et al., 1951; Fossey
and Kaplan, 1994; He et al., 1999; Kratky et al., 1950;
Kratky, 1956; Lotz and Cesari, 1979; Marsh et al., 1955;
Valluzzi et al., 1996, 1999a; Valluzzi and Gido, 1997).
Another structural polymorph observed in native silk is the
silk III threefold extended helix, which forms at the air-
water interface (Valluzzi et al., 1996, 1999b).

Solid-state conversion from silk I to silk II, the two
polymorphs associated with bulk fibroin, has been reported
(Ambrose et al., 1951; Asakura et al., 1985; Kratky, 1956;
Magoshi et al., 1981; Marsh et al., 1955). This conversion
has been observed using x-ray crystallographic techniques
and by following the changes in the position of the confor-
mationally sensitive amide I infrared absorption band in silk
membranes before and after treatment with methanol, or by
thermal induction above 180°C. Conversion of silk III to
silk IT due to surface pressure on a Langmuir trough has also
been reported (Valluzzi et al., 1996).

To gain additional insight into these polymorphs and to
show how possible conformational intermediates (“interme-
diate helices” between the B-strand and the polyglycine II
helix) found in these fibrous proteins might be better char-
acterized spectroscopically, two model peptides have been
synthesized based on the amorphous (fibroin A) and crys-
tallizable (fibroin C) sequences of fibroin. A third model
peptide, fibroin V, was prepared as a variant of the amor-
phous spider dragline silk sequence and was designed to
form a 125 helix (Table 1). The sequence of fibroin V is
based on the less repetitive amorphous blocks of Nephila
clavipes spider dragline silk (Arcidiacono et al., 1998;
Beckwitt and Arcidiacono, 1994; Van Beek et al., 1999;
Winkler et al., 1999). The sequence of these noncrystalline
regions may be approximated by the repetitive (G-x-y-GG-
z), sequence. Recent NMR studies suggest a threefold he-
lical conformation for the amorphous component in spider
silk (Van Beek et al., 1999). Peptides with the (GG-x),
sequence have been observed in a threefold helical confor-
mation as well (Shah et al., 1997).

MATERIALS AND METHODS
Peptide design

Three peptides were designed, mimicking different natural silk sequences.
Because B. mori fibroin is polymorphic and possesses several different

TABLE 1 Peptide sequences
Peptide Amino acid sequence
Fibroin C (E)s(GAGAGS),(E)s
Fibroin A (E)s(GAGAGY),(E)s
Fibroin V (E)s(GDVGGAGATGGS),(E)s
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possible crystal structures and conformations, the crystallizable repeat
GAGAGS was chosen as the core repetitive portion of one of the peptides,
fibroin C. The serine in the hexapeptide sequence is believed to act as a
“handle,” directing conformation selection at a hydrophobic-hydrophilic
interface through partitioning (Valluzzi and Gido, 1997; Valluzzi et al.,
1999a). The amorphous blocks of fibroin also have a very simple repetitive
sequence, which is similar to that found in the crystallizable blocks. The
major difference between the two sequences is the presence of tyrosine
rather than serine as the periodic hydrophilic residue. A peptide, fibroin A,
containing a repetitive sequence, GAGAGY, was synthesized to approxi-
mate the amorphous blocks of fibroin. Fibroin A was used to explore the
possible participation of the amorphous portions of the silk sequence in the
silk T crystal structure. Fibroin V, a sequence based on the spider silk
(G-x-y-GG-z), repetitive sequence (X, y, and z are small to medium-sized
side-chain amino acids) was also synthesized. This last peptide incorpo-
rated a pattern of hydrophobic residues that would be commensurate with
a helix making five turns in 12 residues. This conformation has been
suggested to model the local conformation in some random coil proteins
(Hiltner et al., 1972; Ronish and Krimm, 1972; Tiffany and Krimm, 1972).
In all cases, glutamic acid end blocks were added to both ends of the
peptides to promote solubility (Rothwarf et al., 1996).

Peptide synthesis

Peptides were synthesized by traditional F-moc peptide synthesis and
purified by high-performance liquid chromatography. The peptide compo-
sitions were confirmed by matrix-assisted laser desorption ionization,
time-of-flight analysis (MALDI-TOF).

Fourier transform infrared spectroscopy

Infrared spectroscopy data were gathered in both the solid and solution
states, utilizing Fourier transform infrared microscopy and an attenuated
total reflectance (ATR) cell (Equinox 55; Bruker, Billerica, MA) at 4 cm ™'
resolution. Solid-state spectra were taken for dried peptides dropped from
an 18 mg/ml aqueous solution onto a ZnS crystal. This was the highest
solution concentration attainable to ensure sufficient film thickness for
FTIR microscopy signal detection. For peptides A and V, methanol was
added to the dried peptide, and the sample was allowed to dry on the crystal
surface before measurement to assess conformational changes. Solution
state characterization was carried out with peptide solutions placed in a
ZnSe ATR crystal cell. Spectra were taken from ~1 mg/ml aqueous
solutions of the peptides at 14 reflections per measurement. ATR-FTIR
experiments required lower concentrations to avoid overloading the ATR
cell. Spectra were also taken after solvent evaporation.

The amide I band curves were fitted using the Peak Fit v4 (Jandel)
residual peak detection and fitting procedure (Peak Fit, 1997). Baseline
determination was accomplished by a linear regression analysis, data
smoothing utilized the Savitsky-Golay smoothing function, and Voigt
amplitude function was used to curve fit data peaks (Jansson, 1984;
Langford, 1978). The Voigt amplitude function convolves a “natural”
Lorentzian waveform and an independent Gaussian instrument broadening,
thus producing a theoretical model for spectral lines when both types of
expansion are present. The contribution of each curve to the amide I band
was assessed by integrating the area under the curve and then normalizing
to the total area under the amide I band.

Circular dichroism

Solution-state circular dichroism (CD) studies were performed on a Jasco
J-710 Spectropolarimeter (Easton, MD). Peptides were analyzed at solution
concentrations of 1 mg/ml, with a path length of 0.1 cm. CD spectra were
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deconvoluted utilizing a neural network-based deconvolution program,
CDNN (Bohm, 1997).

Electron diffraction

Electron diffraction data were gathered with a 200-kV JEOL 2000 Mark 1T
Transmission Electron Microscope (Akishima, Japan) at the University of
Massachusetts, Amherst MRSEC/Keck Polymer Morphology Facility.
Samples were deposited on silicon monoxide and carbon-coated grids by
rubbing the grids along the dried peptide surfaces of both the ZnS and ZnSe
crystals.

RESULTS
Infrared data

Infrared spectra were taken for all peptides (Table 1) in both
the solid and solution states. For solution-state measure-
ments, the peptides adsorb to the hydrophobic ZnSe crystal
surface with time, giving spectra of adsorbed peptide local-
ized at the crystal-water interface. The concentration of
adsorbed peptide and conformational change as a function
of time were monitored. A representative peak fitting sim-
ulation has been provided (Fig. 1). No simulation had an R?
value of less than 0.87.

Solid-state FTIR spectra
Fibroin C

The amide I band for fibroin C in the solid state shows one

strong peak at 1623 cm ™' with a shoulder at 1647 cm™'.

Wilson et al.
The absorption at 1623 cm™ ' occurs in a region that is
characteristic for antiparallel 3-structural frequencies (Ta-
ble 2), while the absorption at 1647 cm ™' is usually indic-
ative of a random coil structure (Stuart, 1997). The fre-
quency for the random coil structure contributes less than
25% to the overall area under the amide I curve, while the
area attributed to the adsorption at 1623 ¢cm™ ' contrib-
utes ~46%. Other minor peaks in the (-structural region
(1671 cm ™' to 1679 cm™ ') contribute the remaining amide
I band area. Therefore in the solid state, fibroin C primarily
assumes an antiparallel B-structure (silk II).

Fibroin A and fibroin V

Solid-state absorptions in the amide I frequency region
occurred at 1650 cm ™! (contributing 27% to the amide I
band) and 1652 cm™' (contributing 32% to the amide I
band) for fibroin A and fibroin V, respectively. At a reso-
lution of 4 cm™' these two numbers are the same within
experimental error. This vibrational frequency is observed
for silk I-type structures (Dong et al., 1990; Kataoka and
Uematsu, 1976; Magoshi et al., 1985; Yoshimizu and
Asakura, 1990). Therefore, fibroin A and V readily adopt
conformations approximating the silk I structure of silk
fibroin in the solid state.

To test whether the peptides could mimic the solid-state
transformation behavior of fibroin, treatment with methanol
(a polar solvent) was performed for the two peptides, fibroin

Amide 1 Band of Fibroin A at t=0
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TABLE 2 Characteristic secondary structural assignments
for amide | band frequencies

1

Frequency (cm™ ") Secondary structure

1621-1627 B-Structure
1628-1634 B-Structure
1635-1640 B-Structure
1641-1647 Random coil
1648 Three-fold helix
1658-1666 Turns and bends
1668-1671 Turns and bends
1671-1679 B-Structure
1681-1685 Turns and bends
1687-1690 Turns and bends
1692-1696 Turns and bends

A and V, which exhibited silk I-like structures in the solid
state. Treatment of fibroin A with methanol results in an
incomplete conversion to the (-strand conformation (Fig.
2). An intermediate structure, characterized by a high pro-
portion of B-turns and bends, appears. The peptide might
thus exhibit these structural motifs along the conformational
change pathway (e.g., silk I to silk II). Upon methanol
treatment in the solid state, fibroin A exhibited strong ab-
sorptions at 1616 cm™' (34%), 1633 cm™ ' (32%), 1665
em ! (9%), 1681 cm ™! (13%), and 1690 cm™' (9%), the
region traditionally corresponding to [-structure (1616
cm ' and 1633 cm™ "), and B-turns and bends (1665 cm ™!,
1681 cm™ !, and 1690 cm™'). The strong absorption ob-
served for untreated fibroin A at 1650 cm ™' decreases to
less than 1% of the contribution to the amide I band after
methanol treatment. While the absorption peak at 1662

cm ' after methanol treatment could be assigned to a

Fibroin A in Aqueous Solution
- —— Fibroin A treated with Methanol

0.8
07 ‘ ' ‘ ‘
06"
05

0.4

Absorbance

0.3
0.2
0.1

0 L y |
1600 1620 1640 1660 1680 1700
Wavenumbers (cm")

FIGURE 2 Solid-state conformational change of fibroin A observed
through FTIR microscopy in the amide I region.
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polyglycine II helix and not a B-turn for fibroin A, the
characteristic amide IT absorption peak at 1550 cm ™' for the
polyglycine II helical form of poly(AGGQG) is absent. Instead,
fibroin A shows a single absorption peak at 1515 cm™ ' in
the amide II region, which has been reported for poly(AGG)
in the B-form (Abe and Krimm, 1972; Rippon and Walton,
1972).

Conformational changes in fibroin V with methanol treat-
ment were not as readily observed as changes in fibroin A.
The appearance of a small percentage of B-structure and
random coil conformations was observed after methanol
treatment. However, the major absorption peak at 1652
cm ! for untreated peptide persisted in the treated fibroin V,
comprising ~25% of the amide I region. Strong absorptions
were also observed at 1629 cm ™' (16%) and 1637 cm ™'
(12%), corresponding to the B-structural region and “ran-
dom coil” conformations, respectively. Additional absorp-
tions occurred at 1662 cm ™' (14%) and 1671 cm ™' (18%)
in the region associated with -turns and bends. The 1662
cm~ ! absorption could be interpreted as the presence of
some polyglycine II or silk III conformation, which has a
characteristic amide 1 absorbance of 1558-1663 cm™'.
However, similar values are cited for silk I-like structures in
peptides with similar glycine-rich sequences. The strongest
amide 11 band observed for fibroin V is at 1538 cm !,

consistent with an amorphous or a silk I-type of structure.

Solution-state FTIR spectra

Solution-state conformational information was obtained us-
ing ATR-FTIR. In the initial stages of the experiments,
there was negligible adsorbed peptide in the crystal, and the
IR beam interrogated peptide that was primarily in the
solution (in contact with or near to the crystal). As adsorp-
tion progressed, the growing adsorbed peptide layer con-
tributed more of the spectroscopic information obtained. All
of the peptides readily adsorbed to the hydrophobic surface
of the ATR cell.

Fibroin C

Many peaks were observed for the solution-state structure
of fibroin C, indicating that the peptide adopts a variety of
¢ and ¢ angles in solution. Strong absorption peaks were
observed at 1631 cm ™!, 1648 cm™!, 1656 cm™ !, 1665
em™ L1671 em ™Y, 1679 cm™ !, and 1689 cm ™! for fibroin C
(Fig. 3 4). Absorptions from 1671 cm ™' to 1679 cm ™', and
1687 cm ™' to 1690 cm ™' correspond to B-turns and bends,
respectively. B-Turns and bends are expected because of the
greater conformational freedom experienced by peptides in
solution. Because the peptide approximates the 3-structural
crystalline blocks in silk fibroin, the peak at 1631 cm ™' is
also not unexpected. However, the absorption peaks at 1656
cm™ ' and 1665 cm ™' were not anticipated and change over
time as more peptide adsorbs to the crystal surface (Fig. 3 A).

Biophysical Journal 78(5) 2690-2701
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FIGURE 3 ATR-FTIR solution spectra. (4) Fibroin C; (B) fibroin A.

Poly(AGGQG) in its polyglycine II-like helical form (three-
fold helix) gives an absorption peak at 1656 cm™ ' (amide I
band) and 1550 cm~' (amide II) (Rippon and Walton,
1972). Both of these peaks are present in the adsorbed
fibroin C spectra. Furthermore, a peak at 1663 cm™ ' has
been observed for the polyglycine II/silk III film at the
air-water interface (unpublished data), and Abe and Krimm
calculated the vibrational frequency for the threefold poly-
glycine IT helix at 1648 cm ™! with an observed frequency of
1654 cm™' (Abe and Krimm, 1972). Thus elements of
threefold helical conformation may be present in addition to
the B-strand conformation or may occur in the initial ad-
sorbed peptide layer.

Fibroin A and V

The FTIR-ATR spectra for fibroin A and V also showed
more than one absorption peak in the amide I region,
indicating conformational variability in solution. However,
the absorption peaks did not change their contribution to the
amide I band with time (adsorbed film thickness), as was the
case for fibroin C (Fig. 3 4). The highest infrared absorption
intensities occurred at 1636 cm™ !, 1646 cm ™!, 1653 cm ™!,
1660 cm ™!, and 1670 cm~ for both peptides (Fig. 3 B;
fibroin V not shown). The peaks at 1646 cm ™' and 1653
cm ! are characteristic of silk I vibrational frequencies and
are not surprising because fibroin A and V are designed to
reproduce the silk I form of fibroin. The 1660 cm ™' and
1670 cm ™' amide I peaks probably correspond to B-turns
and bends, rather than to threefold extended helical struc-
tures, because the infrared amide II absorption at 1550 cm ™!
characteristic for polyglycine II is absent. As with fibroin C,
turns and bends would be expected for the peptides in
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solution because of the greater conformational freedom of
the ¢ and ¢ angles in solution.

Time-dependent changes for solution state
Fibroin A and V

The relative contributions of the different components of the
amide I band deviate less than ~2% over a 100-min ad-
sorption experiment (Fig. 4). The rate of peptide adsorption
to the crystal surface is linear, with the final concentration
of peptide solution above the surface reaching 0.568 mg/ml
after 2 h (Fig. 5). The rate of adsorption is ~0.3 mg/ml/h
from a starting concentration of ~1.0 mg/ml.

Fibroin C

The solution-state spectra for the adsorbed fibroin C show
an absorption peak at 1631 cm ™', = 0, that decreases with
time from ~10% to 0%, indicating a decrease in B-structure
with increased peptide adsorption to the surface of the ATR
cell (Fig. 6). The peaks at 1648 cm ' and 1665 cm ™'
increase in contribution to the amide I band with time. The
absorption at 1648 cm ™' begins with an approximate 8%
contribution and increases to 17%, while the 1665 cm ™!
peak begins at 5% and increases to 17%. The peak at 1656
cm™ ' remains constant in percentage contribution to the
amide I band throughout the experiment. The rate of peptide
adsorption to the crystal surface is linear, with the final
concentration of peptide solution above the surface at 0.727
mg/ml after 2 h (Fig. 5). The rate of adsorption is ~0.3
mg/ml/h from a starting concentration of ~1.0 mg/ml, the
same as that found for fibroin A and V.
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FIGURE 4 Plots of percentage contributions of various frequencies to the amide I band of fibroin A (not all peaks shown) as a function of time. (4) 1636

em™'; (B) 1646 cm™'; (C) 1653 cm™'; (D) 1660 cm ™.

Unlike fibroin A and V, which are silk I-like in solution,
when fibroin C adsorbs to a hydrophobic surface its con-
formation is altered, as evidenced by changes in the relative
contributions of the different components of the amide I
band (conformations). Fibroin C undergoes changes in con-
formation when it adsorbs to the hydrophobic ZnSe surface:
from the B-structure to a more compressed helix, similar to
silk I, or possibly a threefold polyglycine II-like structure.
Further studies will help to determine whether the confor-
mational change is due to the hydrophobic nature of the
substrate or to peptide localization at the crystal-water in-
terface. Because the sequence of fibroin C differs from (G),,
slight deviations in the absorption intensities would be

expected. However, the slight change in primary sequence
substitution of alanine for glycine in every other amino acid
can be accommodated in this helix without significant dis-
tortion. Assignment of specific helical conformations to the
silk I-like and polyglycine II-like spectra is not possible
with the current available data—further corroboration
through crystallographic techniques is needed.

Circular dichroism

CD spectra were taken for all peptides in water free of salts.
Traditional deconvolution programs do not provide good

Biophysical Journal 78(5) 2690-2701
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FIGURE 5 Rates of adsorption of fibroin C and fibroin A onto the
hydrophobic ZnSe crystal surface.

approximations of the secondary structure of fibrous pro-
teins/peptides because globular protein databases are used
to compare CD spectra. Therefore, the conclusions drawn
by the deconvolution of the spectra can only be interpreted
as rough approximations until better databases based on
fibrous protein structures are available. However, deconvo-
lution of CD spectra for fibroin C indicated more [3-struc-
ture than for fibroin A and fibroin V by >6.05% and
>10.15%, respectively.

The CD absorption spectrum for fibroin V closely ap-
proximates a non-@B-strand extended helical structure with a
curve minimum at 197 nm and —2060 X 180X 107> and a
maximum at ~215 nm and +5.00 X180X 10~ * (Rippon
and Walton, 1971; Ronish and Krimm, 1974; Tiffany and
Krimm, 1972). Polypeptides that form extended helical
structures, such as poly(AGG), poly-L-aspartic acid, and
poly-L-proline, tend to have curve minima at ~198 nm and
maxima at 213-218 nm. Furthermore, the characteristic
minima for wunordered polypeptide chains in the
210-220-nm region are absent from the fibroin V CD
spectra, suggesting an extended helical structure for fibroin
V (Ronish and Krimm, 1972).

Electron diffraction

Electron diffraction data were obtained for fibroin C under
a number of different conditions. Preliminary results from
lyophilized fibroin C were obtained in the TEM without
further sample preparation, and an amorphous structure was
observed, exhibiting a single diffuse diffraction ring cen-
tered at 4.5 A. Initial data were also obtained by wiping the
ZnS crystal with a TEM grid to pick up solid material from
the film used for FTIR. These samples were found to have
a silk II-like antiparallel B-sheet structure with characteris-
tic reflections at 4.6 A and 4.7 A, corresponding to the
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interchain and intersheet spacings observed for (3-sheets of
silk (Fraser et al., 1966; Lotz and Cesari, 1979; Magoshi et
al., 1985; Takahashi, 1994). This observation corroborates
the solid-state FTIR spectra obtained for fibroin C. An
aqueous solution of fibroin C at room temperature was
dropped onto amorphous carbon films for TEM and allowed
to dry (amorphous carbon is very hydrophobic). Samples
prepared in this way exhibited crystal structures markedly
similar to the silk III structure observed for native silk at the
air-water interfaces (Valluzzi et al., 1996, 1999b; Valluzzi
and Gido, 1997). Hexagonal patterns of single crystal dif-
fraction spots were observed at 4.6 A. Pairs of diffracted
spots were also observed at 3.2 A and 18.6 A, corresponding
to the rise per residue (the 006 reflection), and the chain axis
spacing for sixsidues (the 001 reflection), respectively.
Characteristic reflections for silk III at 4.66, 5.15, and 5.44
A were also observed (Valluzzi and Gido, 1997). Thus the
sample preparation conditions, especially the properties of
the solid surface used to prepare films, affect the confor-
mational and crystalline polymorph obtained for fibroin C.
To corroborate the ATR-FTIR observations, TEM sam-
ples of fibroin C were obtained at two points during the
ATR-FTIR experiments. When material was taken from the
adsorbed peptide at the ZnSe crystal-water interface, elec-
tron diffraction data indicated an amorphous or poorly crys-
talline silk I-like structure. When the adsorbed peptide was
allowed to dry as a thin film in the ATR cell, characteristic
reflections for silk IIT were observed. In both cases material
was obtained by wiping a hydrophobic carbon-substrate
TEM grid across the surface of the film to pick up material.
For wet and soft samples, the use of a hydrophobic carbon
substrate immobilizes the structure and prevents further
crystallization and spreading. Morphologies of the silk I-
like peptides from TEM images are provided in Fig. 7.

DISCUSSION

The development of secondary structure is an important
consideration in protein folding and in the hierarchical
self-assembly of ordered protein domains. Fibrous proteins,
unlike globular proteins, contain repetitive amino acid se-
quences, giving rise to very regular secondary protein struc-
tures. In addition, fibrous proteins in many cases exhibit
a-helical and/or B-sheet conformations, but also can assume
other conformations not observed in globular proteins, such
as the B-spiral and polyglycine II helix. Because these
conformations are not well represented in standard spectro-
scopic data sets, they are difficult to infer from a typical
spectroscopic characterization of secondary structure. The
predominant helical conformation adopted by the repetitive
sequences in fibrous proteins can incorporate most of the
protein molecule such that fibrous proteins tend to exhibit
one dominant structure. Therefore, it may be possible to
identify spectroscopic trends that distinguish more of the
subtleties of these conformations and to examine intercon-
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FIGURE 6 Plots of percentage contributions of the various frequencies to the amide I band of fibroin C (not all peaks shown) as a function of time. (4)

1631 cm™'; (B) 1648 cm™'; (C) 1656 cm™'; (D) 1665 cm ™.

version of these conformations to determine how it might
occur. These results may also provide insights into conforma-
tional transition and folding pathways in globular proteins.
In both the solution state and the solid state, the structural
polymorphism observed for the peptides depends on se-
quence pattern. The sequences are identical in length and
contain the same proportion of glycine residues, a factor that
has previously been observed to contribute to conformation
selection in polypeptides (Abe and Krimm, 1972; Rippon
and Walton, 1972). The patterns of hydrophilic and hydro-
phobic residues and of larger and smaller residues presented
by the peptide sequences are different. Fibroin C is the only
one of the three model peptides that preserves the six-

residue hydrophilic and hydrophobic periodicity of the na-
tive silk crystallizable sequence (GAGAGS) without sub-
stituting in larger, conformation-limiting residues (tyrosine
in fibroin A). Thus it is not surprising that similar confor-
mational templating behavior is observed for fibroin C at a
hydrophobic interface, as is seen for native fibroin, but is
absent in fibroin A and V, which simulate amorphous or
random coil-generating sequences. The behavior observed
upon substitution of tyrosine for serine (when comparing
the sequences of fibroin A, fibroin C, and native fibroin)
suggest that amorphous tyrosine-containing blocks of the
native sequence do not play a crucial role in selection of the
silk I, I, and III polymorphs.

Biophysical Journal 78(5) 2690-2701
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FIGURE 7 Reticulated morphologies observed by TEM for silk I-like
peptides. (4) Fibrous film formed by fibroin A. (B) Precipitate from fibroin
A with reticulated structures visible on the perimeter of the precipitate. (C)
Reticulated fibrous film formed by fibroin V.
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Small modifications in the repetitive sequence can have a
noticeable effect on the behavior of the peptides. Fibroin A
and fibroin C have identical hydrophilic/hydrophobic peri-
odicities, but fibroin C is composed of only small residues
and can adopt the largest number of conformational poly-
morphs. The solution-state conformations, solid-state struc-
tures, and adsorption behavior for the two peptides are quite
different, even though their repetitive sequences differ by
only one residue. Similarly, fibroin V has a repetitive se-
quence that is 50% glycine and is rich in (G-G-x) motifs, but
this peptide does not readily form B-strand or B-sheet struc-
tures. In studies of silk-like polypeptides, sequences com-
posed of the (G-x), (G-G-x), and (G-G-G-x) motif could all
be readily obtained in a 3-sheet crystalline polymorph, as
can many polypeptides modeling fibrous proteins (Fraser et
al., 1965, 1966; Kataoka, 1977; Keith et al., 1969; Komatsu,
1985; Lotz and Cesari, 1979). The difference between fi-
broin V and the similar B-sheet-forming sequence is not a
difference in amino acid composition, but rather a modifi-
cation in amino acid pattern.

The effect of hydrophobic and hydrophilic sequence pat-
terning on preferred protein conformation has been noted
previously. In a study where sequences were designed with
the same amino acid composition but with different pattern-
ing of hydrophobic residues, peptides adopted polar confor-
mations upon adsorption from an aqueous (hydrophilic)
liquid to a hydrophobic surface (DeGrado and Lear, 1985).
The hydrophobic residue periodicity determined the confor-
mation adopted, with hydrophobic residues aligning them-
selves with the hydrophobic surface and the hydrophilic
residues interacting with the solvent.

The pattern of hydrophobic and hydrophilic residues in
the peptide repetitive sequences clearly affects the nature of
the conformations adopted by the peptides and the possibil-
ity of structural transitions. This effect is notable in the
adsorption studies. None of the peptide sequences have a
periodic pattern of hydrophobic and hydrophilic residues
that would help stabilize a 3-strand conformation at a hy-
drophobic/hydrophilic interface. In fact, all three peptides
were designed with sequences that would favor alternative
extended coil conformations at such an interface. The two
“amorphous sequence” peptides, fibroin A and fibroin V,
adsorbed to the hydrophobic interface with essentially no
change in conformation. Fibroin C underwent a structural
change upon adsorption to adopt a conformation more
closely mimicking the silk I conformation favored by fi-
broin A, and upon drying selected a conformation that
separates hydrophobic and hydrophilic residues to opposite
sides of the interface.

Conformational changes upon adsorption to a hydropho-
bic interface are not unexpected and have been observed to
involve partitioning of hydrophobic and hydrophilic resi-
dues. While the effects of an interface on protein structure
and conformation are often neglected in studies of protein
conformation, especially ATR-FTIR spectroscopic analy-
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ses, such effects are widespread and are well known (Bauer
et al., 1994; Caessens et al., 1999; Feng and Andrade, 1994;
Loeb and Baier, 1968; Malcolm, 1962, 1970a; Maste et al.,
1997). Interfacial denaturation and conformational changes
have been studied for a large number of proteins. In most
cases, the effect of a hydrophilic interface is less pro-
nounced than that of a hydrophobic interface (Buijs and
Hlady, 1997; Matsuno et al., 1991; Norde and Zoungrana,
1998; Wu et al., 1993). The conformational diversity ob-
served for fibroin C and the dependence of conformation on
the solid substrate (against which an aqueous solution is
dried) indicate that the interaction between the peptide and
the solid surface is one mechanism that can drive the selec-
tion of conformational polymorphs. Similar effects have
been noted in studies of globular proteins adsorbed to hy-
drophobic surfaces, where the protein adopts a random
coil-rich conformation in the early stages of adsorption,
followed by the appearance of secondary structural ele-
ments as the amount of protein in the adsorbed layer in-
creases (Bauer et al., 1994; Wu et al., 1993). The relative
proportions of the different secondary structures observed in
the adsorbed layer are different from those observed for the
protein in solution; there is a conformational change (Biridi,
1973; Castelain and Genot, 1994; Dufour et al., 1998;
Malcolm, 1968, 1970b; Narsimhan and Uraizee, 1992;
Smith and Clark, 1992). As an example of this behavior in
a fibrous protein, a conformational change has been ob-
served for native silk fibroin at the air-water interface,
where air provides an essentially hard, very hydrophobic
interface (Valluzzi et al., 1996, 1999a,b; Valluzzi and Gido,
1997).

The solution-state structures observed for the peptides
and the structures observed for peptides precipitated from
solution contrast with the structures obtained by adsorption
to an interface. The conformations selected by each peptide
upon adsorption to a hydrophobic interface appear to be
strongly driven by the hydrophobic periodicity inherent in
each repetitive residue pattern. The factors driving solution-
state conformation selection are less readily apparent. Fi-
broin C and fibroin A have very similar repetitive hexapep-
tide sequences, with a hydrophilic residue occurring
periodically at every sixth position in the sequence. In the
FTIR-ATR adsorption experiment, these sequence similar-
ities led to similar conformations on a hydrophobic surface.
In addition, both peptides can be obtained in the B-sheet
structural polymorph in the solid state. However, the solu-
tion-state conformations favored by these two sequences are
very different; fibroin A adopts a random coil/silk I-like
conformation, while fibroin C adopts a 3-sheet conformation.

For isolated molecules in solution, sterical considerations
that would exist in a 3-sheet crystal structure are relaxed.
For example, factors leading to constant-density [3-sheets
without significant deformation, such as the relative sizes of
side chains in the 3-sheet intersheet region and whether or
not the pattern of residues permits interdigitation, are not
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expected to be of crucial importance for the stability of an
isolated B-strand. Similarly, without a hydrophobic inter-
face to partition hydrophobic and hydrophilic residues, the
thermodynamic driving force for such partitioning of resi-
dues in isolated molecules in solution is not evident. The
solution conformation of fibroin V is especially notable in
this respect; circular dichroism indicates a nonrandom coil
structure for fibroin V in solution, very similar to the
“approximately threefold” and 125 helical conformations
proposed to explain CD results for similar polypeptides
(Rippon and Walton, 1971, 1972; Ronish and Krimm, 1972;
Tiffany and Krimm, 1972). The solution-state conforma-
tions adopted by the peptides could be rationalized if they
cluster or interact in solution, although the nature of this
possible interaction remains unknown at this time. Similar
tendencies in solution-state conformations adopted by pep-
tides, which are also possible to rationalize if the peptides
interact, were observed by DeGrado and Lear (1985).

The relationship between peptide sequence and the mech-
anism of solid-state transformation from a silk I-like struc-
ture to a B-sheet structure requires further elucidation at this
time. While B-turn-rich intermediates are observed during
solid-state transformation of fibroin A to a B-sheet form, it
cannot be demonstrated from these results whether or not
the ability of the peptide sequence to form such intermediate
structures is a necessary prerequisite for a solid-state trans-
formation to a B-structure. Fibroin V does not show a
similar solid-state transformation and has not been obtained
as a B-sheet structure. Structures involving a high propor-
tion of turns are not observed for this peptide when it is
treated with methanol. However, because the 3-sheet struc-
ture is evidently not favorable for fibroin V, it is unclear
whether the lack of a solid-state transition for this peptide is
due the intermediate structure being unfavorable, or to the
unfavorable nature of the final structure (the -sheet). In a
B-strand conformation, the fibroin V sequence mixes hy-
drophobic and hydrophilic residues on each side of the
strand, which would lead to mixing of these residues along
the surfaces of a B-sheet. Furthermore, large and small
residues are also mixed, and the pattern of large and small
residues presented in a B-strand conformation precludes
interdigitation of residues to create a uniform-density
B-sheet structure (without local deformations in the sheet).

One interesting development arising from the ATR-FTIR
experiments is that the silk I structure seems to be an
intermediate between the silk II B-strand and the silk III
structure. In solution, fibroin C exists as a B-strand. Upon
adsorption to the ATR cell, the FTIR spectra for fibroin C
shift toward spectra observed for silk I. Crystallographic
experiments also indicate a silk I-like structure for samples
obtained at this hydrophobic/hydrophilic crystal-water in-
terface. After the peptide had dried against the crystal, FTIR
and diffraction data indicate a silk IIl-like structure.

The FTIR data shown here, corroborated by electron
diffraction, show that spectroscopic structural characteriza-
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tion of these fibrous structures, as well as intermediate
conformations of helices, can be cataloged and quantified.
Furthermore, the conformational transitions of the peptides
can be monitored, allowing insight into intermediate struc-
tures that may be adopted along the “folding” pathway and
the conditions under which these structural transformations
are observed (Fig. 8). Of particular interest is the observa-
tion that a (B-structure can adopt an alternative extended
helical structure upon adsorption to a hydrophobic surface.
Other coatings for the ATR cell, of varying hydrophobicity,
are being investigated to further understand this phenome-
non. Additional structural peptides that might behave in the
same manner are being investigated as well. These insights
have important implications for assembled protein-based
materials and help to elucidate the natural precursors in-
volved in fibrous protein assembly, such as in silk spinning,
collagen assembly, and the polymorphic precursors in
B-amyloid disease (McGrath and Kaplan, 1997).
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