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ABSTRACT: The fluorinated organic solvents 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) and hexafluoro-
acetone trihydrate (HFA) have been successfully used to produce silk fibroin fibers with high strength. To
understand the reasons for the difference in strength between regenerated silk fibers prepared from these two
solvents, we analyzed and compared properties of the native silk fibroin and (AGSGAG)2, a model for the
crystalline part of fibroin, in the two solvents. The 13C and 1H chemical shifts obtained from 1H-13C HSQC
spectra of silk fibroin in HFIP, HFA, and water indicates that silk fibroin formed helix-like structure in the
fluorinated alcohols. A similar tendency was observed for (AGSGAG)2 although the chemical shift change is
smaller. Intramolecular 1H-1H NOE data for (AGSGAG)2 imply the presence of helical structures in the
middle part of the peptide in HFIP and but not in HFA, although an equilibrating collection of confor-
mations likely are present in both solvents. For the peptide dissolved in HFIP, cross-relaxation parameters
(σHF) arising from interactions between spins of the solvent and the solute are in good agreement for most
protons of the peptide with those predicted from theory. In contrast, observed σHF for peptide in HFA are
negative at all residues while positive σHF are expected. These results are interpreted to indicate that solute-
solvent interactions in HFA persist longer than in HFIP.

Introduction

Silk proteins produced by domestic silkworm, Bombyx mori,
are of immense practical importance because they are the basis
not only for excellent textiles but also promise to have potential
applications in development of biomaterials.1 The silkworm can
produce a fiber with outstanding mechanical properties from
an aqueous solution of the silk fibroin. There are significant
amounts of the ordered silk I conformation (repeated type II
β-turn structures) in the aqueous solution of silk fibroin stored in
the middle silk gland of the silkworm,2-5 and the presence of this
unique structure is presumably key for the preparation of strong
silk fiber. However, it is challenging to prepare the aqueous silk
fibroin solution while maintaining the silk I structure.

Instead, the fluorinated organic solvents HFIP and HFA have
been successfully used to produce strong fibers from silk fibroin
because the structure of silk fibroin in these solvents seems to be
helix-like structure, not random coil.6-9 To validate the con-
jecture that distinct primitive molecular conformations of the silk
fibroin in these fluorinated alcohols might influence the physical
characteristics of regenerated silk fibers, we analyzed and com-
pared the structural properties of the native silk fibroin and
related peptides that mimic the highly crystalline regions of
the protein.7,8 High-resolution 13C solution NMR and CD tech-
niques have been used to study the solution structures of B. mori
silk fibroin, the chymotrypsin precipitate (Cp) fraction, and two
synthetic peptides, (AGSGAG)5 and (AG)15, as models of the
crystalline region in these solvents. The 13CNMR chemical shifts
of CR and Cβ carbons of constituent residues of these polypep-
tides indicate that silk fibroin takes a helix-like structure in both
solvents. However, differences in the chemical shifts between two

solvent systems indicated different types of helix-like structures in
two solvents.

Similar structural tendencies were reflected in CD spectra. The
observedCDpatterns, i.e., a strong positive bandat∼190nmand
negative bands at ∼206 and 222 nm, have been attributed to the
preponderance of helical structures. Evidence emerged in favor of
310-helical structure stabilization of the fibroin protein in HFIP
and its significant disruption in HFA, as deduced from the char-
acteristic R1 (= [θ]190/[θ]202) and R2 (= [θ]222/[θ]206) ratios,
determined from the CD data.7

In the present work, we explore the solution structures of
B. mori silk fibroin and also the peptide, (AGSGAG)2, taken as a
model for the crystalline part of B. mori silk fibroin, in the sol-
vents HFIP and HFA, and the interactions between the peptide
and fluorinated alcohols. The results give reasons why such
fluorinated alcohols are suitable to prepare regenerated silk fiber
with high strength and suggest why there is a difference in the
physical properties of the regenerated silk fibers between these
two solvents.

Materials and Methods

Materials. (AGSGAG)2-NH2 was synthesized by Pi Proteo-
mics (Huntsville, AL) in>95%purity as assessed byHPLCand
confirmed by mass spectrometry. The sponge of B. mori silk
fibroin was prepared as described previously.10 The diluted
aqueous solution of the silk fibroin was prepared from the
solution stored in the middle silk gland. 1,1,1,3,3,3-Hexa-
fluoro-2-propanol-d2 and hexafluoroacetone trihydrate were
purchased from Sigma-Aldrich and used as received. HFIP-
d1((CF3)2CDOH) was prepared from HFIP-d2 by mixing the
alcohol with H2O and distilling off the partially protonated
alcohol. After four distillations, more than 90% replacement of
OD by OH was confirmed by mass spectroscopy. Deionized,
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distilled water was used for all sample preparations. Tetra-
methylsilane (TMS, Aldrich) was included in the NMR samples
as an internal reference.

CD Spectroscopy. CD measurements were performed with a
JASCO J-805 spectropolarimeter using 1 mm path length cell.
Samples were examined at 25 �C at wavelengths between 190
and 260 nm.The peptide concentrationswere fixed to be 244 μM
in three solvents. The experimental conditions were 50 nm/min
scanning rate, 0.2 nm step size, 1 s response time, and 1.0 nm
bandwidth. Each spectrum consisted of an average of four
scans. The data were processed with the instrument’s software,
with results presented as residue molar ellipticity.

NMR Spectroscopy. 1H-13C HSQC spectra were collected
using a JEOL ECX 400 instrument operating at a proton fre-
quency of 400 MHz. The concentration of (AGSGAG)2 was
30 mM in HFIP, HFA, and water. The concentration of silk
fibroin spongewas 2.4%w/v inHFIP andHFA. The concentra-
tion of silk fibroin obtained directly from the silk gland was less
than 1%. The sample temperature was 20 �C. A total of 512 t1
acquisitions with 32 scans for aqueous silk fibroin solution and
four scans for other samples were collected.

1H NMR spectra of (AGSGAG)2 were collected using a
Varian INOVA instrument operating at a proton frequency of
500MHz. ANaloracH/F probe equipped with a z-axis gradient
coil was used. The sample temperature was 25 �C. The peptide
concentrations were 30 mM in (AGSGAG)2. Samples were
degassed by several freeze-thaw cycles before being sealed
under vacuum in 5 mm J. Young tubes (Wilmad). The deuter-
iomethine group of HFIP-d1 was used as a lock signal. In HFA,
a sealed capillary containing acetone-d6 was used for locking.
Spectra were referenced to tetramethylsilane (TMS) at 0.0 ppm.

Assignment of the proton signals of all samples were accom-
plished by consideration of TOCSY, NOESY, and ROESY
spectra, with mixing times of 70, 200, and 100 ms, respectively.
Spectra were analyzedwith use of the program SPARKY.11 The
program DYANA12 was used to find conformations consistent
with observed NOEs and ROEs.

Radii of solvents and peptides used in this work were esti-
mated by using the method previously described.13 A Connolly
surface14 is created by rolling a sphere of radius 1.2 Å over a
molecular model of the species of interest created in SYBYL8.0
(Tripos). Distances from the surface to the center of the mole-
cule are calculated and averaged. The effective molecular radii
for HFIP and HFA (unhydrated diol) were estimated by this
procedure to be 2.86 and 2.96 Å, respectively. The hard sphere
radius for TMShas been estimated byParkhurst and Jonas from
density data to be 2.84 Å,15 in reasonable agreement with the
radius estimated by the method described.

Self-diffusion coefficients were determined by bipolar double
stimulated echo pulsed field gradient experiments.16 Samples
were allowed to equilibrate in the spectrometer probe at the
regulated temperature at least 3 h before beginning diffusion
measurements.17 Fifteen values of the pulsed field gradients
were used. Gradients were calibrated using the known transla-
tional diffusion constant of H2O in D2O.18 Diffusion experi-
ments were repeated several times. Consideration of reproduci-
bility suggested that the diffusion coefficients obtained were
reliable to at least (5%.

1H-19F intermolecular cross-relaxation parameters (σHF)
were determined as described previously.13 The unperturbed
intensity of the signal of interest (Icontrol) was defined by a
standard 1D experiment. Five to six control spectra were taken
at various times throughout the course of the 1H-19F NOE
experiments. The effect of inverting the solvent fluorine reso-
nance on the intensity of a solute proton was determined
through 1D 1H-19F NOE experiments by variation from 50
to 500 ms of the mixing time during which the NOE develops.
Observed NOEs peak intensities were collected and fit to the
empirical function (Atmix þ Btmix

2 þ intercept). The coefficient
A divided by Icontrol, multiplied by the ratio of the gyromagnetic

ratios of hydrogen and fluorine (γH/γF), was taken to be the
observed σHF. Corrections for the extent of the inversion of the
fluorine signal were applied.

Results

The 1H-13C HSQC spectra of B. mori silk fibroin dissolved in
HFIP and in HFA and also diluted aqueous silk solution
obtained from the middle silk gland were obtained. The spectra
of Ala methyl region for silk fibroin in HFIP (a), HFA (b), and
water (c) are shown inFigure 1A. TheAlaCβ carbon resonates at
the highest field in HFIP and the lowest field in water. The
conformation of the silk fibroin in water at less than 1% concen-
tration has been reported to be random coil from CD and ORD
measurements.4 The chemical shift of Ala Cβ carbon, 16.6 ppm
observed here, is in agreement with a typical random coil value.19

However, the chemical shift ofAlaCβ carbon, 14.5 ppm, inHFIP
is close to the value typical of the R-helix. The 1H chemical shifts
of Ala Cβ proton of silk fibroin also show solvent-dependent
chemical shifts. The Ala Cβ protons resonate at the highest field
in water and the lowest field in HFIP. These values are in
agreement with the conformational indications of the carbon-
13 shifts. Figure 1B shows the 1H-13C HSQC spectra of Ala
methyl region of the model peptide (AGSGAG)2 in HFIP (a),
HFA (b), and water (c). The Ala Cβ proton of the N-terminal
residue shifts lower field from the main peak by 0.16-0.19 ppm
in three solvents. The chemical shifts of the remaining Ala
methyl groups are similar to those observed in the silk fibroin
sample, but there are no significant differences between HFIP
and HFA.

The 13C and 1Hchemical shifts of silk fibroin and (AGSGAG)2
observed in the three solvents are summarized inTable 1. TheAla

Figure 1. Overlaid 1H-13CHSQC spectra ofAlamethyl region for silk
fibroin (A) and (AGSGAG)2 (B) in HFIP (a), HFA (b), and water (c).
The Ala Cβ of the N-terminal residues of peptide in HFIP, HFA, and
water are labeled a0, b0, and c0, respectively.
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CR carbon chemical shifts change from 51.6 ppm (in HFIP) to
50.0 ppm (in water), which is the opposite direction of Ala Cβ
carbon in both solvents. This is the case predicted from confor-
mation-dependent chemical shifts. Similar chemical shift changes
among three solvents was observed for Ser CR and Cβ car-
bons. The 1H chemical shift change of the Cβ protons through
helix-coil transition were also observed. A similar tendency
was observed for (AGSGAG)2 although the chemical shift
change is smaller. In the 1H chemical shift ranges of both Ala
CR and Ser CR protons, the chemical shift is not so accurate
because of disturbance in the spectra by 1H irradiation of water
signal.

CDMeasurements.CDmeasurements were performed for
(AGSGAG)2 in HFIP, HFA, and water. The CD spectra are
shown in Figure 2. In water, aminimum at 195 nm, typical of
random coil form, is observed. In contrast, the CD spectra in
HFIP and in HFA show an additional weak minimum at
around 222 nm. This observation suggests the presence of
helix-like conformations for (AGSGAG)2 in these solvents,
although these are not likely the dominant conformations of
the peptide.

Conformational Analysis Using NMR Data. To further
characterize the conformation of (AGSGAG)2 in HFIP and
HFA, we performed 1H NMR studies to probe the confor-
mations of (AGSGAG)2 in HFIP and HFA. Sequential
assignments of the proton spectra were achieved using
standard 1H-1H TOCSY, NOESY, and ROESY spectra.
Figure 3A,B shows the HR/HN and HN/HN region of
NOESY spectra of (AGSGAG)2 in HFIP while Figure 3C,
D presents some results of ROESY experiments with the
peptide dissolved in HFA.

The observed shifts were compared to the 1H chemical
shifts in water characteristic of typical secondary structures
obtained by Wishart et al.20 The HR chemical shifts of all
residues of (AGSGAG)2 in the fluorinated alcohols were
close to random coil values observed for these protons in
water. However, HN chemical shifts were about 1 ppm to

higher field in HFIP than the shifts in water. The differences
between peptide hydrogen shifts in water and in HFA were
somewhat smaller, about 0.7 ppm. Pitner andUrry observed
that switching from a polar solvent to a neat fluorinated
alcohols induces an upfield shift of a HN resonance if the
proton is significantly exposed to solvent.21We note that the
HN shifts of amino acid residues in the semicrystalline repeat
units of a peptide mimic of the silk from Nephila clavipes
dissolved in HFIP are shifted an average of 0.4 ppm upfield
from the random coil values found in water.22 The HN shifts
in HFIP and HFA observed in the present work are thus
consistent with the change of solvent from water to neat
fluorinated alcohols and with extensive exposure of the
peptide HN protons to solvent.

Figure 3B,D identifies dNN(i, iþ1) connectivities observed
for the central region of the peptide dissolved in HFIP and
HFA. Figure 3A,C shows the dRN(i, iþ1) connectivities for
almost whole peptide length in both solvents. Interestingly,
some dRN(i, iþ2) and dRN(i, iþ3) cross-peaks (Ser3
HR-Gly6 HN, Gly4 HR-Ala7 HN, Ala5 HR-Ala7 HN,
and Gly6 HR-Ser9 HN) were observed with the HFIP
system but not the HFA system. The distributions of obser-
ved NOEs in HFIP and in HFA are shown in Figure 4. The
plots were produced byDYANA. Themiddle plot shows the
number of NOE/distance constraints observed plotted
against the residue index difference. The bottom plot shows
the number of intraresidue (white), short range (light gray),
and medium range (dark gray) to each residue.

Vicinal coupling constants (3JNHRCH)were estimated from
1H 1D spectra. Some of the HN proton signals were present
as doublets and triplets, and the observed line shapes pro-
vided values for the coupling constants and others were
overlapped. In HFIP, 3JNHRCH for Gly4, Ala5, Ala7, Gly8,
Ser9, Gly10, Ala11, and Gly12 groups were 5.8, 4.6, 4.0, 6.1,
6.4, 6.6, 6.0, and 6.0 Hz, respectively. In HFA, 3JNHRCH for
Ala7 and Gly12 were 5.5 and 5.9 Hz, respectively. 3JNHRCH
presumably reflects the torsion angle φ, and 3JNHRCH for
Ala5 and Ala7 in HFIP is close to typical R-helix value,
around 4.5 Hz.23 These observed coupling constants imply
the presence of a helical conformation at around Ala5 and
Ala7 residues for peptide in HFIP.

About 40 interproton distance constraints on the confor-
mation of (AGSGAG)2 could be obtained from the observed
NOE and ROE cross-peaks in HFIP and HFA solutions.
The programDYANAwas used to find structures consistent
with the available data. The mean global backbone rmsd of
the several structures that are consistent with the 1H-1H
NOEdata for the peptide inHFIP is 3.0( 0.7 and 3.5( 1.0 Å
for the peptide in HFA. The relatively large rmsd values
mean that an equilibrating collection of conformations likely
possessing turn structures appears to be present rather than a
single dominant conformation for the peptide in both fluori-
nated alcohols. The models obtained by this analysis were
used for calculation of intermolecular 1H-19F cross-relaxa-
tion terms as described below.

Table 1.
13
C and

1
H Chemical Shift (ppm from TMS) of B. mori Silk Fibroin and (AGSGAG)2 Peptide Dissolved in HFIP, HFA, and

Water at 20 �C
13C 1H

solvent AlaCR AlaCβ GlyCR SerCR SerCβ AlaHR AlaHβ GlyHR SerHR SerHβ

silk fibroin HFIP 51.6 14.5 43.0 57.3 60.6 4.29 1.57 4.00 4.40 4.13
HFA 50.6 15.0 42.4 56.0 61.0 4.35 1.50 4.06 4.52 4.08
water 50.0 16.6 42.7 55.9 61.3 4.29 1.36 3.95 4.43 3.87

(AGSGAG)2 HFIP 50.1 15.1 42.2 54.8/55.6 61.4 4.41 1.48 4.06 4.54/4.59 3.97/4.11
HFA 49.9 15.3 42.2 54.8/55.4 61.1 4.38 1.46 4.03 4.52/4.58 3.94/4.06
water 49.8 16.3 42.3 55.5 61.0 4.33 1.39 3.99 4.46/4.50 3.90

Figure 2. CD spectra of (AGSGAG)2 in HFIP, HFA, and water.
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Although it is certain that peptides in both solvent do not
possess defined single conformations, the presence of a
helical conformation to some extent at around Ala3 to
Ser9 residues for the peptide in HFIP is indicated by the
dRN(i, iþ2) and dRN(i, iþ3) cross-peaks observed in NOESY
spectrum and vicinal coupling constant.

Estimated Peptide Hydrodynamic Radius. Diffusion of a
peptide is sensitive to the hydrodynamic size and shape of the
peptide.24,25 The translational diffusion constant of a solute
is traditionally related to molecular dimensions by means of
the Stokes-Einstein equation

Dtrans ¼ kBT

6πηr
ð1Þ

where kB is the Boltzmann constant, T is the absolute
temperature, η is the viscosity of the solvent, and r is the
hydrodynamic radius of a sphere representing the solute.26

This equation is most easily applied to estimating molecular
sizes by comparing the diffusion of a species of interest to
that of a reference material of known dimensions in the same

solution. Thus, evaluating the ratio of diffusion constants
provides the radius of this species relative to that of a known
reference material (eq 2).

DReference
trans

DPeptide
trans

¼ rPeptide

rReference
ð2Þ

Experimental translational diffusion coefficients of (AGS-
GAG)2 and the TMS reference in HFIP and HFA are given
in Table 2.

Hydrodynamic radii were calculated from these data,
affording an estimate of 17 ( 2 Å for the radius of the pep-
tide inHFIP and 15( 2 Å inHFA. The diffusion constant of
the peptide is unchanged when the peptide concentration is
dropped to 0.1 mM, suggesting that the observed diffusion
constants and the radii calculated from them are not being
substantially influenced by aggregation of the peptide.27

Intermolecular 1H-19F NOEs in HFIP and HFA.Nuclear
spin dipole-dipole interactions between the spins of (AGS-
GAG)2 and the fluorines of solvent can produce relaxation of
the protons of the peptide. These solute-solvent interactions

Figure 3. NOESY spectrum of (AGSGAG)2 showing HR/HN (A, C) and HN/HN (B, D) regions in HFIP and in HFA, respectively. The labels of
dRN(i, iþ2) and dRN(i, iþ3) cross-peaks in (A) are shown in bold.
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lead to intermolecular NOEs and are characterized by a
cross-relaxation parameter (σHF).

28 Figure 5 shows observed
1H-19F NOE spectra of (AGSGAG)2 in HFIP and HFA.
All the detectable intermolecular NOEs arising from peptide
in HFIP are positive; all NOEs in HFA are negative.

The simplest interpretation an intermolecular NOEs assu-
mes that solute and solvent molecules can be represented by
hard spheres and that interactions of the spheres depend only
on their mutual translational diffusion.29,30 A numerical
procedure that uses the treatment of Ayant et al.13,30 can
be used to incorporate the shape of the solute molecule into
predictions of σHF. Input to these calculations includes
experimental translational diffusion coefficients, the radius
of the sphere that represents a solvent molecule, the effective
rotational correlation time that characterizes 1H-1H intra-
molecular dipolar interactions within the solute, and a corre-
lation time for internal rotation of methyl groups. The latter
correlation times can be estimated by considering the obser-
ved spin-lattice relaxation times of the protons of the solute.31

The effective rotational correlation times for (AGSGAG)2
were thus estimated to be 0.075 and 0.05 ns in HFIP and
HFA, respectively. The correlation time for internal rotation
of the methyl group of the solute was 0.01 ns. The conclu-
sions reached below are not sensitive to the exact values of
these correlation times.

Cross-relaxation terms (σHF) for all conformations of
(AGSGAG)2 inHFIP and inHFAdeveloped by our analysis
of intramolecular 1H-1H distance constrains discussed
above were calculated using the diffusion coefficients given
in Table 2 and the other parameters mentioned. The average
of these calculated σHF values for each proton of the peptide
in each solvent is compared to the corresponding experimental

value in Figure 6. We find that (averaged) cross-relaxation
terms (σHF) predicted in this way for (AGSGAG)2 dissolved
in HFIP are in good agreement with experiment for most
protons of the peptide. This result indicates that the model
used for these predictions reasonably describes the interac-
tions between HFIP and the peptide. That is, these interac-
tions can be characterized as random collisions between
peptide and HFIP, and these dynamics of these collisions
are sufficiently characterized by the experimental bulk diffu-
sion coefficients. In contrast, observed σHF for (AGSGAG)2
in HFA are negative for all residues while calculated σHF

were positive. Peptide-solvent interactions in HFA are thus
more complex than what seems to be the case for the peptide
dissolved in HFIP.

Discussion

13C and 1H chemical shifts showed that silk fibroin in diluted
(<1% w/v) aqueous solution is present as a random coil struc-
ture. Chemical shifts for this material in HFA and HFIP suggest
the presence of helix-like structures. The 13C and 1H chemical
shifts of Ala Cβ of silk model peptide (AGSGAG)2 in HFIP,
HFA, and water were slightly different from those of silk fibroin
in solution. Although the 13C and 1H chemical shifts of Ala
methyl groups are solvent-shifted in same direction as those of
silk fibroin, chemical shifts of other groups in this peptide did not
change. The latter observation indicates that any conformational
transitions of (AGSGAG)2 taking place upon transfer from
aqueous solution to fluorinated alcohols are not detected by
13C and 1H chemical shift changes.

On the other hand, CD spectra (Figure 2) indicate that con-
formations of model peptide (AGSGAG)2 are largely random in
H2O but may include a low population of helix-like or turn
structures in HFIP and in HFA. Also, intramolecular 1H-1H
NOE data are consistent with somewhat folded conformations
that include turn structures in both solvents. The longer range
NOEs observed in HFIP suggest the presence of more helix-like
structures in themiddle of the peptide. These aremissing inHFA.
On the basis of CD measurements, it has been reported that silk
fibroin in HFIP is present as a 310-helix while in HFA exists as a
disrupted helical structure.7 The results reported here may signal
that even a peptide of 12 amino acids possesses the conforma-
tional characteristics of native silk fibroin in fluorinated alcohols.

Proton-fluorine cross-relaxation effects arising frompeptide-
fluoroalcohol interactions described here are reminiscent of
observations reported for other peptide systems. For example,
many of the σHF observed for interaction of the protons of the
26-residue peptidemelittinwith the fluorinated alcohols inHFIP/
water solution agree with those predicted using the hard sphere
interaction model described above.32 However, most σHF for
melittin dissolved in HFA/water are negative, although they are
predicted to be positive by calculations.17 Such observations have
been interpreted to indicate that fluoroalcohol-peptide interac-
tions in HFA/water persist for times that are of the order of
nanoseconds while the time scale for fluoroalcohol-peptide
interactions in HFIP/water is appreciably shorter. Such conclu-
sions are consistent with the suggestions of Rajan et al. that
HFA-peptide interactions are sufficiently strong to provide a
“Teflon coating” of fluorinated alcohols molecules on a peptide,
significantly altering the interactions of the peptide with water
molecules.33 However, it should be borne in mind that our work
involves the peptide dissolved in neat fluorinated alcohols, rather
than in fluorinated alcohols/water mixtures. The absence of
water-fluoroalcohol interactions presumably changes the over-
all thermodynamics of solvent-solute interactions in the neat
liquids, and it may be that fluoroalcohol-peptide interactions
under these conditions are fundamentally different from those in
the absence of water.

Figure 4. Distribution of observed 1H-1H intramolecular NOEs for
(AGSGAG)2 in HFIP (a) and in HFA (b).

Table 2. Experimental Diffusion Coefficients
(�106 cm2 s-1) at 25 �Ca

HFIP HFA

peptide 1.41 (0.14)b 0.29 (0.01)
solvent 5.35 (0.22); 1.82 (0.03)
TMS 8.32 (0.46); 1.58 (0.11)

aThe peptide concentration is 30 mM in both samples. bNumber
shown in parentheses is standard deviation.
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The hydrodynamic radius in water of (AGSGAG)2 in the
random coil conformation can be estimated from empirical
formula of Danielsson et al. to be 7.7 Å.34 A somewhat smaller

radius would be anticipated if the peptide has regions of defined
secondary structure. The average radius for the structures of the
peptide in HFIP calculated by using DYANA program, esti-
mated by the numerical method described earlier, is 6.8 Å. The
average radius calculated for the structures inHFA is 8.3 Å. Both
estimates are consistent with the expectations based on the work
of Danielsson et al. but are in strong contrast to the observed
hydrodynamic radius (∼16 Å) indicated by the translational
diffusion coefficients reported here. The diffusion of the peptide
appears to be concentration-independent, implying that the
difference between observed and calculated peptide radii is not
related to aggregation of the peptide.

The discrepancy between observed and expected hydrody-
namic radii of (AGSGAG)2 could be the result of association
of HFIP andHFAwith the peptide that is strong enough to alter
the translational dynamics of the peptide. It has been shown that
the presence of fluoroalcohol (trifluoroethanol) in water inc-
reases the hydrodynamic radius of peptides in a sequence-
dependentmanner.35The diffusion coefficient of trifluoroethanol
itself in water-trifluoroethanol mixtures is reduced by the pre-
sence of peptides, an observation consistent with the formation of
fluoroalcohol-peptide complexes that persist long enough for
complexed TFE to take on to some extent the diffusion char-
acteristics of the more slowly moving peptide.31 We are unaware
of corresponding experiments with peptides dissolved in neat
fluorinated alcohols, but it appears from our diffusion measure-
ments that both HFIP and HFA associate to some extent with
(AGSGAG)2; the

1H-19F intermolecular NOE results indicate
that the time scales for the association of the two alcohols are
subtly different. Further experimental work will be needed to
elucidate these differences.

In processes for producing regenerated silk fibers from a silk
solution, the solution typically travels through a stainless steel
spinneret into methanol to achieve coagulation. Coagulation
involves removal of solvents from around the dissolved silk

Figure 5. 1H-19F intermolecular NOE spectra of (AGSGAG)2 in HFIP (A) and in HFA (B). Upper spectra in each set are the observed 1D
1H spectrum while the lower spectrum is the 1H-19F NOE spectrum at a mixing time of 500 ms for the HFIP system and 300 ms for the HFA system.

Figure 6. Comparison of observed σHF (solid line) and calculated σHF

(dotted line). The calculated data are the average of calculations for the
conformations obtained by DYANA calculation. Error bars represent
standard deviations of calculated data for the 10 conformations for
HFIP sample and 7 conformations for HFA sample found in the struc-
ture determination.
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fibroin, producing a conformational transition of the crystalline
regions of silk fibroin to β-sheet structures. The regenerated fiber
prepared from the HFIP solution shows slightly larger tensile
strength when the draw ratio is 1:3 than that of native silk fiber,
but the strength of the regenerated fiber with draw ratio (1:3)
from the HFA solution is about 40% smaller than that of native
silk fiber.36 The X-ray diffraction patterns and Ala Cβ signals in
solid-state 13C CP/MAS NMR spectra revealed that this diffe-
rence in the tensile strength of the regenerated silk fibers between
two dope solvents comes from the difference in the long-range
orientation of the crystalline regions.36 According to the results
presented in the present paper, the displacement of HFA mole-
cules during coagulationmay be less complete due to the stronger
interactions of HFA with silk fibroin. A less extensive β-sheet
aggregation during coagulation could result, leading to lower
tensile strength of fibers from HFA solutions. Also, the silk
model peptide conformationpossess a somewhat helical structure
in HFIP compared to that in HFA might imply that silk fibroin
with more extensive helical conformations in HFIP tend to align
more like native silk solution in silk gland and favor the extensive
β-sheet aggregation.

B. mori silk fibroin consists of crystalline and amorphous
regions. Polypeptide in the crystalline regions is present as β-sheet
domains; these domains are regarded as critical for mechanical
properties of materials derived from silk. In present work, the
repeated sequence of the crystalline region was the basis for
the short peptide studied. Although indicative, it remains to be
demonstrated that the conclusions reached for the interactions of
this peptide withHFIP andHFAare relevant to the processing of
silk fibroin solutions from these fluorinated alcohols.
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