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ABSTRACT: We have recorded high-resolution 3C NMR spectra of silk fibroins in the solid state from
Bombyx mori and Philosamia cynthie ricini and appropriate model peptides and polypeptides to gain
insight into the dynamic features of side-chain groups of Tyr and Ser residues. First, 1°C NMR peaks of
Tyr residues were identified, except for the peak of C;, by comparing 3C NMR peaks of the B. mori fibroin
with those of the crystalline fraction whose Tyr residue is reduced to less than 2%. It turned out that the
phenolic ring of Tyr residues undergoes a flip-flop motion with a rate constant of >10% s, as inferred from
the coalesced single peaks of Tyr C,. The aromatic side chains of (Tyr), and (Phe),, however, undergo
rotational diffusion with a correlation time on the order of 1078 s, as manifested from selective reduction
of the '3C spin-lattice relaxation time of the laboratory frame (T;°). The shortened T, values (<1 s} of
Ala Cy in (Ala), and fibroins were ascribed to the presence of C; rotation. The T',C of Ser C, in (Ser),, and
fibroins appears to arise from two different relaxation processes, a shorter (0.6-1 s) and a longer (10-40 s)
component. The former and latter were obviously ascribed to the presence of free hydroxymethyl groups
and those hydrogen bonded to either carbonyl or other hydroxyl groups, respectively.

Introduction

It has been demonstrated'™ that the *C NMR signals
of Ala, Gly, and Ser residues in silk fibroins are well
resolved in the solid state, and the characteristic displace-
ments of individual residues can be used as a conven-
ient means for distinction of polymorphic structures in
Bombyx mori and Philosamia cynthia ricini fibroins. This
view is based on the fact that relative displacements of
13C chemical shifts from individual amino acid residues
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in peptides, polypeptides, and proteins are in many
instances independent of amino acid sequence and sig-
nificantly vary (up to 8 ppm) with the local conforma-
tion of the amino acid residue under consideration.>¢
The major advantage in using this solid-state NMR
approach for conformational characterization is that NMR
spectroscopy is a nondestructive means and can be equally
applied to systems of noncrystalline as well as crystal-
line samples.

To make this NMR methodology more effective, it is
essential to resolve and assign as many 3C NMR signals
as possible. No assignment of peaks, however, has been
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made for the Tyr residue, despite the fact that Tyr plays
an important role as an active site in the development
of the silk fibroin fiber with a covalently immobilized
enzyme'™!® and also as a reaction site with the azo dyes
such as Orange I1.1° This is because its relative propor-
tion is low (4.8%)?° as compared with those of Ala, Gly,
and Ser residues in B. mori fibroin, and many of its aro-
matic peaks were overlapped with the spinning side-
bands of the carbonyl peaks. The latter contribution,
however, is now easily removed by the pulse sequence of
the total suppression of spinning sidebands (T0SS).%!

Furthermore, this NMR approach can be extended to
analyze dynamic features of silk fibroins, especially the
manner of side-chain orientation or motion, either by exam-
ination of line shape or by means of relaxation parame-
ters of NMR spectroscopy. Analysis of the molecular
motion of the fibroin in the solid is very important in
relation to understanding their physical state as men-
tioned above. To this end, we have previously showed
on the basis of an 2H NMR study of [2-Ser-’H,]- and
[2-Ala-?H;]-fibroin that the majority of the Ser C,
hydroxymethyl group is hydrogen bonded to either
hydroxyl or carbonyl groups, whereas the C; methyl group
of Ala residues undergoes rapid C:é rotation on the NMR
time scale.?> Examination of the “H NMR line shape of
the powder pattern permits one to study dynamic fea-
tures on the intermediate time scale of 1075-107% s such
as in the flip-flop motion of the phenolic ring in Tyr.2%%*
Much slower motion can be detected by chemical exchange
of isotropic peaks.?® On the other hand, more rapid motion
such as rotational diffusion with a time scale of 1078 s
can be monitored by '*C spin-lattice relaxation times of
the laboratory frame.

In this paper, we recorded *C NMR spectra of a vari-
ety of fibroin samples as well as a number of model pep-
tides and polypeptides to examine the presence or absence
of flip-flop motion in the phenolic ring of Tyr residues.
We further extended this NMR approach to study main-
chain or side-chain motions of fibroins and some poly-
peptides by examination of *C spin-lattice relaxation
times (7, s) of the laboratory frame.

Experimental Section

Poly(vL-tyrosine) (Sigma Type II, P-8523), poly(r.-phenylala-
nine) (Sigma, P-8254) and poly(r-serine) (Sigma, P-5887) were
used without further purification. Preparation and spectral char-
acterization of poly(L-alanine) (PLA- 200) and Z-(1-Ala)g-NH-
(CH,);CH, were described previously.® L-Tyrosylglycine (T-
5254) N- acetyl -L-tyrosine ethyl ester (A-68751), N-acetyl-L-
tyrosinamide (A-6626), and L-tyrosinamide (T-3879) were
purchased from Sigma Chemical Co. Preparation of N-acetyl-
L-tyrosine methylamide was previously described.?®

Cocoons of B. mori and P. c. ricini were obtained in our lab-
oratory. The B. mori fibtoin was degummed with 0.5% citric
acid solution. The crystalline (Cp) fraction was obtained by
digestion of the aqueous solution of the degummed fibroin by
chymotrypsin, followed by collection of the resulting preci-
pitates.2?” An oligopeptide model of the Cp fraction, Boc-(Gly-
Ser-Gly-Ala-Gly-Ala),-OBzl,! was a generous gift from Profes-
sor Mitsuaki Narita of T'okyo University of Agriculture and Tech-
nology. Highly crystalline silk I preparation was obtained from
precipitates resulting from the dialysis of a 9 M LiBr solu-
tion of the Cp fraction against distilled water containing
CH5COOH (pH <5). The silk I form was confirmed by X-ray
powder diffraction.® The a-helical P. c. ricini fibroin was obtained
by casting liquid silk directly taken from the posterior silk gland
over PMMA plates.?®

The 75.46-MHz single contact cross polarization—magic angle
spinning (CP-MAS) **C NMR spectra were recorded on a Bruker
CXP-300 spectrometer equipped with a Bruker CP-MAS acces-
sory. Powdered samples or film cut into small pieces was placed
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Figure 1. 75.46-MHz 3C NMR spectra of the B. mori fibroin
(A) and its crystalline (Cp) fraction (B) in the solid state.

in an alumina syrindrical rotor and spun as fast as 2.8 kHz.
The 90° pulse, contact, and repetition times were 3.5 us, 1 ms,
and 4 s, respectively. Chemical shifts were calibrated indi-
rectly through the *C chemical shift of the glycine carboxyl
peak (176.03 ppm) with respect to tetramethylsilane. Spin-
ning sidebands were removed by the method of TOSS,* except
for the T,° measurements. '3C spin-lattice relaxation times of
the laboratory frame were measured by a pulse sequence of the
proton-enhanced sequence of the 7,° measurements by Tor-
chia.®® T, values are evaluated by plottmg log M, (t) vs t (delay
time) based on the following formula

M, () = 2M,(0) exp(~t/T,°) 1

where M_(t) and M_,(0) stand for the *C NMR peak intensi-
ties at the times t and 0, respectively. Spectra were usually
accumulated 700-1500 times, except for those used for the mea-
surements of the spin-lattice relaxation times. For the latter,
80-150 transients were accumulated for each trace with a dif-
ferent delay time.

Results

Figure 1 illustrates **C NMR spectra of the B. mori
fibroin (A) and the Cp fraction (B) whose Tyr residue
was reduced to less than 2% as a result of digestion by
chymotrypsin at the Tyr residue.??” The peak positions
of Tyr C, and C=0 (downfield portion of well-resolved
doublet) are evident as shown by significantly decreased
peak height of Ser/Tyr C_ in Figure 1B as compared with
that in Figure 1A. The other peaks C,;, C,, and C; are
straightforwardly assigned on the basis of the peak assign-
ment in the solution state,?**! although C, signals are
invisible.?? Figure 2 illustrates '*C NMlg spectra of

(Tyr),, and related Tyr-containing peptides and amino
acid derivatives. The '3C chemical shifts of the aro-
matic side chain in these compounds and their peak sep-
aration were summarized in Table I. It is easy to distin-
guish the Tyr C, and C, peaks because they are split into
doublet peaks as seen in Tyr-Gly, Tyr-NH,, Ac-Tyr-
NH,, Ac-Tyr-NHMe (spectrum not shown) and Tyr-OH
(see also Table I). These peaks, however, were singlets
in (Tyr), and Ac-Tyr-OEt. Note that the C; signal is
resonated at a higher field than that of C, signal in Ac-
Tyr-OEt.

Figure 3 illustrates a typical example of a stacked plot
of 13C NMR peak intensities of (Ser) as obtained by the
proton-enhanced sequence of T,© measurements as pro-
posed by Torchia® together with the delay times indi-
cated on the right-hand side. Semilog plots of the peak
intensities M (t) vs ¢ gave rise to single straight lines,
except for Ser CB (Figure 4). The plot of Ser C; signals
from both (Ser), and silk I is not composed of a single
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Figure 2. 75.46-MHz '3C NMR spectra of (Tyr), (A) and Tyr-
containing peptides (B~F).

Table I
13C Chemical Shifts (ppm) of Aromatic Side Chains of Tyr
Residues in the Solid State

c, C a C a G

(Tyr), 1284 1284 115.0 154.4

Tyr-Gly 1260 1360 1159 09 1575
115.0

AcTyr-OEt 1321 1285 115.4 156.3

Tyr-NH, 1284  130.0 1147 29 1548
117.6

Ac-Tyr-NH, 1281 1290 54 1127 14 1545
134.4 114.1

Ac-Tyr-NHMe 1259 1300 27 1127 43 1540
132.8 117.0

Tyr-OH 1236 1301 06 1164 16 1554
130.7 1180

@ Separation of peaks.

line but a composite of two lines with shorter and longer
T.C. The shorter T,¢ was obtained by a plot of Cpeaks
(closed circles) after contrlbutlons of the longer T,“ were
subtracted (closed squares). The remaining peaks how-
ever, were found to decay as approximated by single lines.
We measured the T, C values of (Ala),,, (Phe),, and (Tyr),,
adopting either o- hehcal or 8-sheet forms, as summa-
rized in Table II. The 7,€ values of B. mori and P. c.
ricini fibroins and model oligopeptides of the crystalline
fraction of the B. mori fibroin are summarized in Table
IIL. In all cases, the T, curves of Ser C; are not approx-
imated by a single lme but by a composite of two lines,
with shorter and longer T, values.

Discussion
Slow Side-Chain Motions of Phenolic Rings in Tyr
Residues. It is noteworthy that the C, and C, signals of
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Figure 3. Stacked plot of 3C NMR spectra of (Ser), recorded
by the cross-polarization enhanced pulse sequence for T,~ mea-
surements.
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Figure 4. Plot of relative '3C peak intensities of (Ser), (A;
Figure 3) and silk I form fibroin (B) vs delay time. Plots of
peak intensities for Gly residue were omitted in Figure 4B. For
separation of Ser C, into two components, see text.

Tyr-OH, Ac-Tyr-NH,, Ac-Tyr-NHMe, Tyr-NH,, and Tyr-
Gly are split into doublets, the separations of which being
0.9-4.3 ppm and 0~5.4 ppm, respectively, depending upon
a variety of molecular structures.®! Similar peak split-
tings were previously noted for a number of para-substi-
tuted methoxybenzenes and phenols®® as well as poly-
(phenylene oxide).?* These splittings, however, are aver-
aged to give single lines in solution because of the rapid
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Table II
13C Spin-Lattice Relaxation Times (s) of the Laboratory Frame in Some Polypeptides in the Solid State
conformatn® C, Cs C, Cs C, C; C=
(Ala),, a-helix 14 0.52 32
B-sheet 13 0.84 46
(Ser), B-sheet 16 0.63 33
6.1
(Tyr), a-helix 10 8.7 b b 4.1 20 b
(Phe),, a-helix 15 8 7.8 2.4°¢ 2.4°¢ 2.4° b

2 Determined by characteristic displacements of *3C chemical shifts (ref 6). ® Overlapped with spinning sidebands from quartanary car-

bons. ¢ Not resolved.

Table III
The Observed T,C Values (s) of Silk Fibroins from Various Sources
C, Cq =0
Ala Gly Ser Ala Ser Ala Gly Ser
silk I
Cp fraction 15 25 13 0.54 0.50° 48 57 38
8.5°
silk II
Cp fraction 14 20 11 0.53 0.52’6“ 20¢ 46 20¢
31
lyophilized 17 22 18 0.33 0.(23" 32°¢ 51 32¢
37
Boc-(GSGAGA)z-Oled 11 15 12 0.38 1.1¢ 14¢ 36 14¢
25°
a-helix (P. c. ricini)
cast film 16 13 0.98 24 33
B-sheet (P. c. ricini)
Cp fraction 15 17 0.82 19¢ 19° 19¢

4 Shorter T,€ component. ® Longer T,° component. © Not resolved. ¢ Boc-(Gly-Ser-Gly-Ala-Gly-Ala),-OBzl.

internal rotation of the C-O bond or of the aromatic ring.
The cause of such splitting was previously explained in
terms of a compression shift due to a van der Waals inter-
action between one of the ortho carbons and the methyl
(or methylene) carbon.?® However, it is difficult to account
for the existence of a peak separation between two meta
carbons (see Table I} by means of this type of steric inter-
action. In this connection, we have previously pointed
out, on the basis of an ab initio molecular orbital calcu-
lation, that a nonequivalence in the electron distribu-
tion between two carbons in ortho and metal positions
caused by the methoxyl or hydroxyl groups partly accounts
for the above-mentioned peak splittings.3® Neverthe-
less, the observation of such differential peak separa-
tions in Tyr C, and C, signals of a variety of compounds
as mentioned above suggests that differences in the ste-
reochemical environment around the Tyr residue play
an important role in determining their *C chemical shifts
from both steric interaction and nonequivalence in the
electron distribution.

Such separation of peaks would diminish or disap-
pear, even in the solid state, when the flip-flop motion
or continuous diffusion of the aromatic ring occurs. The
presence of the former motion can be visualized by the
observation of coalescence of the doublet pattern into a
single peak, if the exchange rate (k) is faster than the
frequency of the peak separation 6,5

k > 7r/\/§5AB (2)

Accordingly, the rate constant for the flip-flop motion of
the Tyr side chain is estimated to be larger than 10% s7%,
if the peak splitting of Tyr C; or C, carbons without such
motion is assumed to be 1-5 ppm as in the cases of the
data in Table I. Hence, the observed sharp singlet peak
in C; and C, carbons of Ac-Tyr-OEt can be accounted
for by this view. Undoubtedly, the presence (Ac-Tyr-
OEt) or absence (Ac-Tyr-NH,) of such motion depends

on the manner of molecular crowdedness around the Tyr
residues. In a similar manner, we previously noted that
the Tyr C, peak is observed as a doublet peak in the
extended form of [Met®]- and [Leu®}-enkephalins in the
solid state, whereas these peaks were coalesced into a
singlet peak in the 8-bend form of [Leu®]-enkephalin,®
suggesting the presence of such flip-flop motion in the
crystalline state.

Rapid Motions As Studied by °C Spin-Lattice
Relaxation Times. There appears no significant differ-
ence in the ®C T,€ values of (Ala), between the a-helix
and B-sheet forms (Table II). In addition, the T,€ val-
ues of Ala and Ser C,, carbons are very similar (10-18 s)
among the polypeptides and fibroins used, irrespective
of the difference in the primary and secondary struc-
tures (Tables IT and III). Further, the T,€ values of Gly
C, in fibroin are slightly longer (20-25 s) than those of
Ala and Ser residues. This is not unexpected because
there exists no rapid backbone motion whose correlation
time is on the order of 1078 s, which is effective as a relax-
ation pathway. Much slower motion, if any, cannot be
detected by this sort of relaxation times of the labora-
tory frame. Therefore, spin-lattice relaxation times of
backbone carbons in these polypeptides and proteins are
mainly determined by dipolar couplings with proton(s)
undergoing rapid intramolecular reorientation such as the
C, rotation of the methyl group. The effectiveness of
this relaxation pathway vary with a function of ™ where
r is the distance between carbon and proton in question.
Therefore, this effect can be visualized by the observa-
tion of a gradual reduction of the 7,€ values from the
carbons near the backbone to the site nearer to the methyl
or other groups undergoing internal motions.>® The obser-
vation of such a T, gradient is a very useful means for
confirming assigned peaks.®®

It is noteworthy that the C, T,C of (Tyr), is very short
(4 s) as compared with that of C, (Table II). Obviously,
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the existence of such shorter T, values in the aromatic
side chain as compared with those of the backbone is
well explained by the onset of rapid rotational diffusion
about the C.-C, axis with a correlation time on the order
of 10® 5. The C, T,C is indifferent to the presence of
this motion because no proton is attached to this car-
bon. In a similar manner, the T, values of C; and C,
carbons (not resolved) in (Phe), are substantially reduced
(2.4 s) as compared with that of C, (7.8 8).%® Thus, it
appears that intermolecular interactions between aro-
matic side-chain groups are very weak in the a-helix form
s0 as to allow continuous diffusion in (Tyr), or (Phe),,.
Nevertheless, such rapid motion of the side chain in Tyr
and Phe residues does not occur in amino acids or oli-
gopeptides of better crystalline packing. In fact, such
reduction of ®C T,° was noted in the phenolic ring in
Tyr in the case of Ac-Tyr-OEt (data not shown), although
flip-flop motion results in an averaging of the chemical
shift nonequivalence, as described above.®

As summarized in Table II and III, the T, values of
Ser Cg are observed as a composite of two components
in all samples of fibroin and (Ser),, irrespective of the
differences in the conformations.*® Undoubtedly, the com-
ponent, which gives rise to a longer T,€ value, is ascribed
to hydroxymethyl groups participating in various types
of hydrogen bonds because the spin-lattice relaxation times
in the solid are at the low-temperature site. On the basis
of the survey of X-ray diffraction data on many globular
proteins, Janin et al.*! and Gray and Matthews*? showed
that approximately 70% of the Ser residue have their
O, atom within hydrogen-bonding distance (3.5 A) of at
least one carbonyl group, with an acceptable angular geom-
etry for the OH--O bond. The presence of such hydroxy-
methyl groups in the Ser residue in the B. mori fibroin
was previously ascribed to a component that gives rise
to a static 2H powder pattern spectra of [Ser-2H]-fibroin
with a quadrupole splitting of 125 kHz (~70%).224% On
the other hand, the remaining component (~30%), giv-
ing rise to reduced quadrupole splittings of less than 356
kHz in 2H NMR spectra, was ascribed to the Ser
hydroxymethyl group which undergoes rapid internal rota-
tion about an axis of C;~C,, bond and is not involved in
any type of hydrogen bonding. Therefore, it is now clear
that the above-mentioned rapidly relaxing component of
the Ser residue is undoubtedly ascribed to the Ser group
not involved in any type of hydrogen bonding. The rel-
ative proportion of this component is roughly estimated
as less than 50% on the basis of the relative peak inten-
sity extrapolated at time zero (see Figure 4), although
quantitative evaluation of the relative proportion from
this plot is not easy because of several types of uncer-
tainty involved. In any case, it is interesting to note that
such an estimated value is roughly in accordance with
the data from 2H NMR powder pattern of [Ser-2H]-fi-
broin, as described above.

The presence of such a free Ser hydroxymethyl group
as a component giving rise to rapidly relaxing species,
however, seems to be very important as a site for hydra-
tion in stabilizing the silk I form. In other words, a sol-
vent-induced conformational change could be associated
with the destabilization of the silk I or silk I type form
as a result of dehydration, as will be discussed in more
detail in the following paper.**

Concluding Remarks

We found that examination of 13C line-shape and spin—
lattice relaxation times of silk fibroin and related model
polypeptides gives us a clue about slow or rapid flip-flop
motion or continuous diffusion of the phenolic side chain
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of the Tyr residue in the solid. The spin-lattice relax-
ation times of fibroin, however, is found to be deter-
mined by dipolar coupling with protons rapidly under-
going internal rotation such as the methyl group of the
Ala residue or the hydroxymethyl group of the Ser resi-
due and is not by any type of backbone motion. The
presence of the latter type of side chain in the Ser resi-
due was observed in both forms of the B. mori fibroin,
which might play an important role in the stabilization
or destabilization of the silk I type form, leading to a
solvent-induced conformational transition.

Registry No. Tyr-Gly-OH, 673-08-5; Ac-Tyr-OEt, 840-97-
1; Tyr-NH,, 4985-46-0; Ac-Tyr-NH,, 1948-71-6; Ac-Tyr-
NHMe, 6367-14-2; Tyr-OH, 60-18-4; BOC-(GSGAGA),-OBzl,
123621-17-0; Ser-OH, 56-45-1; Tyr homopolymer, 25619-78-7;
Tyr (SRU), 25667-16-7; Ala homopolymer, 25191-17-7; Ala (SRU),
26213-34-7; Ser homopolymer, 25821-94-7; Phe homopolymer,
25191-15-5; Phe (SRU), 25248-59-3.
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ABSTRACT: We have recorded *C NMR spectra of silk fibroins from Bombyx mori and Philosamia
cynthia ricini to examine solvent- (or diluent-) or mechanical-treatment-induced conformational transi-
tion. First, 13C NMR spectra of silk I and II forms of the crystalline (Cp) fraction of B. mori fibroin and
of a-helix and 8-sheet forms of P. ¢. ricini fibroin were recorded under improved spectral resolution than
those previously reported. For the latter fibroin, two kinds of a-helical domains (stable and less stable a-
helical domains consisting of longer and shorter Ala sequences, respectively) were distinguished in view of
the substantial difference in the stability of helices between the solid and the solution. Hydration of B.
mori fibroin resulted in a stabilization of silk I forms, as manifested from the significant narrowing of peaks
without inducing conformational transition. In P. c. ricini fibroin, however, hydration caused a partial
conformational change from the less stable a-helix to the 8-sheet form, without any change in line widths.
Furthermore, solvent-induced conformational change of B. mori fibroin from the “random coil” to the silk
IT form was examined and explained in terms of ease of dehydration by the solvent used. In addition, con-

formational change by mechanical treatments such as drawing and compression was also examined.

Introduction

Crystalline silk fibroins are known to exist in one of
the polymorphs, either silk I or silk IT and either o-helix
or (-sheet forms, depending on the species of silkworms,
Bombyx mori and Philosamia cynthia ricini,
respectively.™ Besides, the “random coil” form can be
distinguished from the above-mentioned polymorphs in
fibroins of noncrystalline samples. Previous works showed
that a number of solvents (or diluents) or mechanical
treatments induce conformational transition from the less
stable “random coil” or silk I form to the more stable
silk IT (3-sheet) form.>7 Extensive study of such a pro-
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cess is very important to gain a better understanding of
the relative stability of the respective forms as well as a
plausible mechanism of induced conformational transi-
tion.

Recently, Asakura and co-workers attempted to uti-
lize this sort of conformational transition of silk fibroins
to develop an immobilized enzyme support system with-
out inducing inactivation of entrapped enzymes.# ! Here,
entrapment is facilitated by the partial formation of effec-
tive physical “cross-links” of polymers from aggregates
of ordered $-sheet sequences. Effectiveness of this pro-
cedure is based on the fact that such conformational tran-
sition is induced by a gentle process such as solvent or
mechanical treatment. For this purpose, it is important
to clarify and to control various types of conformational
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