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ABSTRACT: Three kinds of ?H-labeled Bombyx mori silk fibroin samples (with [2,2-2H;]Gly, [3,3,3-?H3]-
Ala, or [2,3,5,6-2H4] Tyr) were obtained by oral administration of either the labeled amino acid or 2H,0 to
5th instar larvae. The administration of 2H,0 alone yielded a high degree of selective deuteration at the
alanine methyl group, since the incorporation of ?H,O occurs between fumarate and malate in the
tricarboxylic acid (TCA) cycle of the silk fibroin synthetic pathway. Uniaxially oriented silk fibers were
prepared as samples for 2H-NMR spectroscopy. An analysis of the quadrupole echo line shape was carried
out in order to determine the angle of the deuterium-labeled group relative to the fiber axis, i.e., of the
Ca—2H bond vectors in glycine and of Ca—CpA%Hjs in alanine. With the fiber axis aligned parallel to the
magnetic field, quadrupole splittings were obtained as 117.8 and 39.8 kHz for [2,2-?H,]Gly- and [3,3,3-
2H;]Ala-labeled silk, respectively. These values are identical with those obtained from the 2H-NMR powder
patterns of the unaligned samples, within experimental error. From the angular dependence of the
quadrupole splittings, it was thus calculated that the Ca—2H bonds of glycine as well as the Ca—Cf%Hs
bond of alanine make an angle of approximately 90° relative to the fiber axis. These steric constraints
were then used to evaluate the torsion angles, ¢ and vy, for the glycine and alanine residues within the
protein backbone. These data, determined independently by solid-state 2H NMR, thus verified and
narrowed down the allowed region in the Ramachandran (¢, ) map obtained from previous solid-state

13C- and >N-NMR studies.

Introduction

Deuterium solid-state NMR has frequently been used
during the last decade to characterize the structure and
dynamics of polymers, including proteins.1=> The ad-
vantage of 2H NMR for studying a deuterium-labeled
polymer is that the line shape and relaxation behavior
are determined predominantly by the quadrupolar
interaction, which can be up to 250 kHz. Other interac-
tions, such as the deuteron chemical shift or the
deuteron—proton and deuteron—deuteron dipolar inter-
actions, are about 100 times less in magnitude. The
coupling between the deuterium nuclear quadrupole
moment and the electric field gradient at the nucleus
is a direct reflection of the local electron distribution in
a particular bonding arrangement. The quadrupole
splitting can thus be analyzed to yield the orientational
angle of a labeled group in a uniaxially aligned sample,
provided that the bond vector is immobile on the NMR
time scale or undergoes restricted anisotropic motion.

2H-NMR spectroscopy is being applied here to the
structural analysis of a fibrous protein, Bombyx mori
silk fibroin. A major part of its amino acid sequence
has been recently traced by genetic engineering tech-
niques.® The overall composition in mol % consists of
glycine (42.9%), alanine (30.0%), serine (12.2%), tyrosine
(4.8%), and valine (2.5%), and the predominant sequence
is a repeating motif of six amino acids (Gly—Ala—Gly—
Ala—Gly—Ser),.” The backbone structure of silk fibroin
fiber was shown to be an antiparallel -sheet. In
particular, 13C and N CP/MAS NMR studies®~1!
provided such evidence on the basis of conformation-
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dependent chemical shifts and orientation-dependent
interactions of uniaxially aligned [*®N]- and [1-3C[-
labeled fiber samples.’2=15 The structural conclusions
from solid-state NMR are in agreement with the results
from IR studies,® X-ray diffraction,®617 and conforma-
tional energy calculations.'®

In a previous report!® we have analyzed the 2H-NMR
powder patterns of [3,3-2H,]Ser- and [3,3,3-2H3]Ala-
labeled silk fibroin. The respective side-chain mobilities
can be interpreted in terms of their structural stabiliza-
tion in the immobilized protein. The reorientation of
most of the serine residues is virtually frozen, while the
methyl group of alanine undergoes rapid 3-fold rotation
about the Ca—Cp axis. This suggests that the hydroxyl
groups might be attached to carbonyl or amide groups
via intra- or interchain hydrogen bonds. Simmons et
al.?0 recorded solid-state 2H-NMR spectra of [3,3,3-2H3]-
Ala-labeled spider dragline silk and analyzed its de-
tailed relaxation behavior. From the two kinds of
relaxation times obtained, they concluded that about
40% of the alanine methyl groups are present in
fB-sheets that are well oriented along the fiber axis. The
other 60% are poorly oriented, with a large volume
available for unimpeded methyl reorientation. These
2H-NMR studies were mainly concerned with the dy-
namics in silks.

In the study presented here, we use solid-state 2H
NMR of oriented samples to determine details of the
silk fibroin structure with quasi-atomic resolution.
Various 2H-labeled silk fibroin samples are prepared by
the oral administration of isotope-labeled amino acids
or 2H,0 to 5th instar larvae.8-1521-26 The spectral line
shape of the uniaxially aligned fibers is analyzed to give
the relative orientation of the deuterated group with
respect to the fiber axis for [2,2-2H,]Gly and [3,3,3-2H3]-
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Ala. The 2H-NMR data are used as complementary
information to narrow down the backbone conformations
of glycine and alanine that were calculated from previ-
ous solid-state 1°N- and 13C-NMR studies of labeled silk
fibers.13-15 The solid-state 2H-NMR spectra of a uniaxi-
ally aligned [2,3,5,6-2H4] Tyr-labeled silk fiber are also
analyzed here to obtain information about the orienta-
tion of the aromatic tyrosine ring and the dynamics of
the ring flip.

Materials and Methods

2H-Labeling of Silk Fibroin. Bombyx mori larvae of
hybrids of a commercial stock, Shuko x Rhuhaku, were reared
with an artificial diet (Silk Mater, 1S and 2S, Nihon Nosan
Kogyo Co., Tokyo, Japan) at 25 °C.1922 A total of 20 mg of
[2,2-2H;]Gly (98 atom %, Cambridge Isotope Lab., Andover,
MA) was dissolved in water and mixed with 2.7 g of the
artificial diet. This was fed to 5th instar silkworms larvae
from day 4 to day 8. The [2,2-2H,]Gly-labeled silk fibroin was
obtained in the form of cocoons. Similarly, [3,3,3-?Hz]Ala (99
atom %, Masstrace Inc., Woburn, MA) and [2,3,5,6->H4] Tyr (98
atom %, Cambridge Isotope Lab., Andover, MA) were used in
this study. As an alternative route of labeling, 0.05 mL/day
of pure ?H,0 was orally administered to 5th instar silkworms
from day 4 to day 8.

In order to check the degree of ?H incorporation, representa-
tive labeled samples were dissolved in trifluoroacetic acid
(TFA) at a concentration of 7.0 w/v %. Solution-state ?H-NMR
spectra were recorded on a JEOL FX-90Q NMR spectrometer
operating at 13.7 MHz. Since silk fibroin has a random-coil
conformation in TFA, all 2H nuclei in the labeled protein could
be observed. Only those types of silk fibroin samples were
used for the subsequent solid-state 2H NMR experiments that
had a sufficiently high and selective labeling ratio.

Preparation of Uniaxially Aligned Samples of 2H-
Labeled Silk Fibers. The silk fibroin fibers for solid-state
2H-NMR measurements were prepared by first loosening the
threads of the cocoons by placing them in 100 °C water for 5
min.t%13 The ends of the cocoon fibers were located, bundled
together, and wound onto a glass tube. In order to remove
silk sericin, the silk fibers on the glass tube were boiled in a
0.5 w/v % Marseilles soap solution for 30 min and then washed
with distilled water. Thin sheets of the uniformly aligned
fibers were prepared with a quick-setting bonding agent and
cut into 4.5 x 12 mm pieces. These sheets were then stacked
together and fixed with the bonding agent to form a 4.5 x 4.5
x 12 mm block which fits into the radio-frequency coil of the
NMR probe.?”

Solid-State 2H-NMR Experiments. ?H-NMR spectra of
both the aligned and the unaligned ?H-labeled silk fibers were
recorded at 61.25 MHz on a JEOL GX-400 NMR spectrometer
equipped with a solid-state 2H-NMR unit. The quadrupole
echo pulse sequence (90°x—7—90°—7—echo) was used, with an
interval r = 34 us and 90° pulses of 3.4 us. The recycle delay
was 1.0 s for [2,2-2H,]Gly-labeled silk fibroin, 0.5 s for [3,3,3-
2H,]Ala, and 0.1 s for [2,3,5,6-?H,]Tyr-labeled samples. All
NMR experiments were performed at room temperature. The
angle o between the axis of the uniaxially aligned fiber block
and the static magnetic field could be varied by rotating the
sample in the NMR tube manually.’> The number of ac-
cumulations was 5000 for [2,2-°H,]Gly-labeled silk fibroin and
80 000 for [3,3,3-?Hs]Ala- and [2,3,5,6-°H,] Tyr-labeled samples.

°H-NMR Theory and Analysis. The quadrupole splitting
Avqg of an aliphatic deuteron is determined by the angle 0
between the C—2H bond vector and the static magnetic field
direction By, according to?45:29.30

Avg = (3/4)(€°qQ/)(3 cos® 6 — 1) (1)

where e?gQ/h = 168 kHz is the rigid lattice quadrupole
coupling constant and the asymmetry parameter is assumed
to be zero. When all deuterium bonds in the sample are
aligned in the same direction with respect to the magnetic
field, the resulting spectrum will consist of a pair of narrow
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lines. Such uniaxial geometry is characteristic of fibers that
are aligned parallel to the magnetic field direction. In that
case, all deuterium bond vectors lie along the rim of a cone
around the fiber axis, and the cone angle is equivalent to 6. It
is thus possible to determine the molecular bond vector relative
to the fiber axis directly from the measured quadrupole
splitting Avg, using eq 1. For values of 6 greater than 35°,
however, there exist two redundant solutions, since positive
and negative signs of Avg cannot be discriminated from the
spectral splitting alone.

An unoriented sample is described by a different kind of
geometry, since the deuterium bond vectors are statistically
distributed over all orientations in space. Each angle 6
between 0° and 90° contributes a different quadrupole splitting
to the resulting powder pattern, which consists of the weighted
sum over all orientations. The most prominent peaks in the
characteristic powder lineshape represent the deuterium bond
vectors aligned at 90° relative to the magnetic field. The peak
separation will be referred to as the powder splitting, Avgopow-
der). For a rigid powder sample its value is about 126 kHz
according to the equation above.

A third, intermediate kind of line shape is observed when a
fiber is tilted at an angle o relative to the static magnetic
field.2°=33 The deuterium bond vectors are aligned sym-
metrically around the fiber axis and are therefore distributed
over a range of different angles 6 relative to the magnetic field.
Due to the limited set of values for 0, the resulting line shapes
are relatiely complex, with two or more maxima. By analyzing
the line shapes of tilted fiber samples, it is possible to
discriminate between positive and negative values of Avg and
to resolve any redundant solutions for 6 that were calculated
from eq 1.3

Generally, the effect of molecular motion is to reduce the
guadrupole coupling to a time-averaged value which is smaller
than the rigid lattice constant. For example, the fast rotation
of a methyl group around its well-defined tetrahedral angle
scales down the total width of the line shape by a factor of 3.
At room temperature, even a restricted bond may undergo
some small-amplitude random oscillations that are fast on the
2H-NMR time scale. In that case, the apparent powder
splitting will be slightly narrower than the expected rigid
lattice of 126 kHz. Line-shape analysis of the spectra was
carried out by computer simulation, to determine those angles
and line-broadening parameters that produce the best fit to
the experimental data. Details of the simulation procedure
for oriented 2H-NMR spectra are described elsewhere by Ulrich
et al.3=32 Briefly, the intrinsic (Lorentzian) line-width pa-
rameter is determined first, by simulating the powder pattern
independently. With this value, a set of line shapes is then
generated for the oriented spectra at the different tilt angles
o. In a concerted series of steps the unique angle for the
deuterium bond vector is optimized to fit the whole tilt series.
The simulation program also allows an estimation of the
(Gaussian) mosaic spread, by optimizing this parameter in a
similar way. The static disorder of a around the axis of
orientation accounts for most of the effective line width of the
oriented spectra, since the fibers are not perfectly aligned.

Results

2H Incorporation into B. mori Silk Fibroin.
Figure 1 shows the 2H-NMR spectra of various 2H-
labeled silk fibroins dissolved in TFA. These samples
were obtained by oral administration of either (A—C)
isotope-labeled amino acids or (D) 2H,0 to the silkworm.
The natural-abundance COO2H peak of TFA was used
as a chemical shift reference and assumed to be 11.3
ppm from TMS.28 The intensity of this peak served as
a reference to estimate the degree of 2H incorporation.
There was essentially no natural-abundance 2H back-
ground from silk fibroin under the experimental condi-
tions used. The resonances of the labeled silk fibroins
were readily assigned on the basis of the chemical shifts
of the pure ?H-labeled amino acid in TFA, and the peaks
are marked by arrows in Figure 1.
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Figure 1. Solution 2H-NMR spectra of 2H-labeled silk fibroin
dissolved in trifluoroacetic acid (TFA). Samples A—C were
obtained from cocoons after rearing the silkworm with an
artificial diet containing added ?H-labeled amino acids: (A)
[2,3,5,6-2H4] Tyr, (B) [2,2-°H,]Gly, and (C) [3,3,3-°Hz]Ala. Sample
D was obtained after injection of ?H,0O into the silkworm. The
chemical shift of the natural-abundance TFA COO?H peak is
assumed to be 11.3 ppm from TMS.

In spectrum 1A of [2,3,5,6-°H4] Tyr-labeled silk fibroin,
only one sharp peak at around 7 ppm is observed besides
the TFA signal, which is assigned to the aromatic
tyrosine ring. It is thus likely that any metabolic
pathways from tyrosine to other amino acids, at least
from the aromatic ring, can be neglected.?! The 2H
intensity of the [2,3,5,6-?H4] Tyr peak is 2.5 times higher
than that of TFA.

In the case of [2,2-2H,]Gly- and [3,3,3-2H3]Ala-labeled
silk fibroins, it is apparent that some metabolic path-
ways in the silkworm can convert glycine and alanine
into other amino acids, judging by the appearance of
additional peaks in spectra 1B and 1C. In spectrum 1B,
a small peak at around 1.5 ppm is observed next to the
main peak of [2,2-2H,]Gly at around 4 ppm. The small
peak is assigned to a deuterated alanine methyl group
according to its chemical shift known from the [3,3,3-
2Hs]Ala spectrum 1C. It is thus concluded that some
metabolic transfer from [2,2-2H,]Gly to alanine occurs
in the silkworm. The intensity of the [2,2-2H,]Gly peak
is 7.5 times higher than that of TFA.

Spectrum 1C contains an additional peak at around
3.8 ppm besides the solvent and the main [3,3,3-2H3]-
Ala signal. This additional peak is assigned to the
methylene group of serine according to its chemical shift
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Figure 2. Solid-state ?H NMR quadrupole echo spectra of (A)
unaligned [2,2-2H;]Gly-labeled silk fiber and (B) a uniaxially
aligned sample where the fiber axis was set parallel to the
magnetic field direction, By (o0 = 0°). Each spectrum was
obtained at room temperature from 5000 accumulations.

value known from previous studies.’® The peak inten-
sity is comparable to that of TFA, which indicates that
a significant degree of transfer occurs from [3,3,3-2H3]-
Alato serine. This sample, prepared by directly feeding
[3,3,3-?Hz]Ala to the silkworm, is thus not suitable for
the solid-state 2H-NMR analysis presented here. How-
ever, it was found that when feeding the silkworm with
pure 2H,0 instead, a much improved sample with a
selectively labeled alanine methyl gruop can be ob-
tained, as shown in Figure 1D. The chemical shift of
the main peak is 1.5 ppm, which is in agreement with
the chemical shift of the [3,3,3-2H3]Ala methyl peak in
Figure 1C. Its intensity is 4.7 times higher than the
sovlent signal. The main peak is broadened by an
underlying signal at its low-field side, indicating the
production of some other amino acids from 2H,0, which
is, however, negligible compared to the situation in
spectrum 1C. This type of sample (D) with an improved
degree of selective 2H labeling is thus used to investigate
the structure of alanine in silk fibers by solid-state 2H
NMR.

The possible metabolic pathway from 2H,0 into the
alanine methyl group will be considered later in the
Discussion section. In our previous work, various silk
fibroins with a high >N isotope labeling ratio for glycine,
alanine, or tyrosine were obtained by a different method
of cultivating the isolated silk gland.’>?> We have
therefore also tried to obtain 2H-labeled samples by this
method, using a medium with deuterated amino acids;
however, no satisfactory 2H labeling could be achieved
that way.

2H-NMR Spectra of [2,2-2H;]Gly-Labeled Silk
Fibroin. Figure 2A shows the solid-state 2H-NMR
powder pattern of unaligned [2,2-2H;]Gly-labeled silk
fibroin. The splitting of Avq = 117.8 kHz is slightly
smaller than the expected rigid-lattice value of about
126 kHz. This indicates that the methylene group of
the glycine residue is essentially restricted in space and
undergoes only some small-amplitude vibrational mo-
tion at room temperature. This conclusion is in agree-
ment with the prediction from the intermolecular
hydrogen bonding network in the silk fibroin backbone
with an antiparallel g-sheet conformation. Since the
experimentally determined powder splitting represents
the effective coupling constant at room temperature, eq
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Figure 3. Experimental and simulated ?H-NMR spectra of
uniaxially aligned [2,2-2H,]Gly-labeled silk fibers, where the
angle a between the fiber axis and magnetic field was set to
0°, 32°, 35°, 60°, and 90°. The experimental spectra on the
left compare well with the simulated line shapes on the right,
for which the angle 6 between the Ca—2H, bond vector and
the fiber axis was assumed to be 90°.

1 needs to be scaled proportionally. The time average
(3/4e2qQ/hT= 117.8 kHz will be thus used, instead of
126 kHz, in order to calculate the value of 6 from the
oriented spectrum below.

Figure 2B shows the 2H-NMR spectrum of the uniaxi-
ally aligned [2,2-2H,]Gly-labeled silk sample, with the
fiber axis set parallel to the magnetic field direction.
Only a single pair of resonances is observed in the
oriented spectrum for the two Ca—2H bonds of glycine,
which indicates that both bonds lie at the same angle
with the fiber axis. Their respective orientations could
either be aligned in parallel or be pointing above and
below the perpendicular plane of the fiber. A compari-
son of the oriented spectrum 2B with the corresponding
powder spectrum in Figure 2A shows that these differ-
ent geometries exhibit an identical splitting of Avg =
117.8 kHz. The angle of the Co—2H bond vectors in
glycine is calculated using the proportionally scaled eq
1. Two possible solutions are obtained, with 6 = 90° or
35° depending on the sign of the quadrupole splitting.
By taking into account an experimental error of +0.2
kHz, the angle is calculated as 90° + 3° or 35° + 0.5°.

In order to discriminate between the two possible
solutions, 2H-NMR spectra of the uniaxially oriented
[2,2-2H]Gly sample were recorded as a function of the
tilt angle a between the fiber axis and By. A tilt series
of these spectra is shown in Figure 3 along with the line-
shape simulations performed for the case of 6 = 90°.
Simulations were carried out with an intrinsic line-
width parameter of 2 kHz, and a mosaic spread of +5°
was found to reproduce the experimental data best. The
agreement between the observed and simulated spectra
is good, which confirms the result of 90°. When the tilt
angle deviates from o = 0° (where the fiber axis is
parallel to By), the intensity between the peaks in-
creases, and the line shape is very sensitive near o =
30°. When o approaches 90°, a set of wings appear,
which have a somewhat weaker intensity than pre-
dicted. Itis likely that this reduction in intensity is due
to a nonlinear excitation profile of the 2H pulse across
the very large spectral width.

2H-NMR Spectra of [3,3,3-2H3z]Ala-Labeled Silk
Fibroin. Figure 4A shows the 2H-NMR powder pattern
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Figure 4. Solid-state ?H-NMR spectra of (A) unaligned [3,3,3-
2Hs]Ala-labeled silk fibroin fibers and (B) a uniaxially aligned
sample where the fiber axis was set parallel to the magnetic

field direction, Bo(a. = 0°). Each spectrum was acquired at
room temperature with 80 000 accumulations.

of [3,3,3-?Hz]Ala-labeled silk fibroin and underneath the
corresponding spectrum of the oriented fiber sample at
o = 0°. Both sample geometries give rise to the same
splitting of Avg = 39.8 kHz, within experimental error.
The value of the powder splitting indicates a fast 3-fold
rotation of the alanine methyl group about its Ca—Cpj
axis, as reported previously.?® This is also in agreement
with the minimum in the spin—Ilattice relaxation time
T, which was observed between —70 and —80 °C in a
IH-NMR study of B. mori silk fibroin at 90 MHz.3* A
small additional doublet with Avg = 118 kHz is seen in
spectrum 4A, due to the presence of a small amount of
labeled glycine or serine, which is produced by feeding
with 2H,0 as seen in Figure 1A. If the contribution
arises from labeled serine, the signal corresponds to the
CpB—2H; bonds of the side chain which is hydrogen
bonded to C=0 or NH groups.1® The single center peak
is due to H2HO.

Using the powder splitting from unaligned [3,3,3-?H3]-
Ala-labeled silk fibroin as the reference for eq 1, the
angle of the Ca—Cg bond vector of alanine was calcu-
lated to be either 90° or 35° with respect to the fiber
axis.30=32 The correct value of 6 was resolved by
changing the sample tilt angle from a = 0° to 90°.
Figure 5 shows a comparison between the experimental
data and the corresponding line shapes that were
simulated for the two possible cases of & = 35° and 90°,
with an intrinsic line width of 2 kHz and a mosaic
spread of +7°. The simulated line shape (at a = 90°)
for the case of § = 35° does not fit the experimental
spectrum, but if 6 is assumed to be 90°, there is very
good agreement. With an experimental error of +0.2
kHz, the angle of the Ca—C/32H3 bond vector of alanine
is thus determined to be 6 = 90° 4+ 3° with respect to
the fiber axis.

2H-NMR Spectra of Oriented [2,3,5,6-2H4]Tyr-
Labeled Silk Fiber. Figure 6 shows the 2H-NMR
spectra of the block of uniaxially aligned [2,3,5,6-2Hg]-
Tyr-labeled silk, with the fiber axis parallel (o = 0°) and
perpendicular (o = 90°) to By. Besides the central 2H,0
peak, two doublets are observed for either sample
alignment, which display a slight dependence on the tilt
angle. The inner doublet appears to reflect fast 180°
flips about the CA—Cy axis,1=335 with a quadrupole
splitting of 38.0 kHz (oo = 0°) or 35.8 kHz (a = 90°).
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Figure 5. Experimental and simulated ?H-NMR spectra of
uniaxially aligned [3,3,3-’Hs]Ala-labeled silk fibroin, where the
fiber axis was set parallel (¢ = 0°) and perpendicular (o =
90°) to the magnetic field direction, Bo. The experimental
spectra are shown in the middle column, for comparison with
the simulated line shapes on either side. For the simulations
on the left, the angle 6 between the alanine Ca—Cf?H; bond
and the fiber axis was assumed to be 35° and on the right 90°.
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Figure 6. 2H-NMR spectra of uniaxially aligned [2,3,5,6-°H,]-
Tyr-labeled silk fibroin, where the fiber axis was set parallel
(oo = 0°) and perpendicular (o = 90°) relative to the magnetic
field direction By, at room temperature.

The outer doublet displays a splitting of 124.0 kHz (o
= 0°) or 128.5 kHz (a0 = 90°). These orientation-
dependent spectra thus indicate that there are still
immobile components on the NMR time scale, or com-
ponents with restricted anisotropic motion, even in the
presence of fast 180° flips.3® A structural analysis for
tyrosine is in progress, but it is complicated by the
effects of motion, by the additional torsion angles of the
flexible side chain (compared to glycine and alanine),
and by the presence of two discrete 2H, bond orienta-
tions in the ring (as in the case of glycine).

Discussion

Metabolic Pathways and ?H Labeling of Silk
Fibroin. The [2,2-2H,]Gly- and [2,3,5,6-2H4] Tyr-labeled
silk fibroin samples for the solid-state 2H-NMR study
could be prepared with a high degree of deuteration by
feeding the corresponding isotope-labeled amino acid to
the silkworm. In order to achieve a high degree of
alanine labeling, however, the administration of 2H,0O
to the silkworm proved to be more effective than feeding
with [3,3,3-?Hz]Ala. The metabolic pathway from 2H,0
to alanine in the silkworm thus needs to be discussed
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Figure 7. Possible metabolic pathway of how 2H,0 injected
into the silkworm is incorporated into the alanine methyl
group. Details and abbreviations are described in the text.

in detail.”2337 There is no possibility of 2H,0O incorpora-
tion into the intermediates during glycolysis. Therefore,
the TCA cycle is considered to be the only process when
2H,0 can enter the biosynthetic pathway of silk fibroin.
There are two possible stages at which 2H,O can be
involved, that is, when either (a) citrate synthetase or
(b) fumarate hydratase participate. In the first case (a)
one deuteron of 2H,O would be incorporated into the
citrate molecule and another one into CoA. However,
if the deuterated carboxylate group dissociates, the
deuteron would be released. Thus, it is unlikely that
2H,0 is incorporated into silk fibroin via the action of
citrate synthetase.

Figure 7 illustrates the metabolic pathways involved
in the other possibility (b), where 2H,0 is incorporated
by the catalysis of fumarate hydratase. Glycolysis,
which involves pyruvate (PA), takes place in the cytosol
of cells, whereas the TCA cycle occurs within the
mitochondria. The PA, alanine, and L-malate molecules
can pass freely through the mitochondrial membrane,
but oxaloacetic acid (OXA) cannot. Therefore, L-malate
enters the mitochondrion and is converted into PA. At
this point, PA can be produced during gluconeogenesis
via OXA and phosphoenol pyruvate (PEP) by catalysis
of malate dehydrogenase. Through the action of PEP
carboxylase, one deuteron from 2H,0 is incorporated
into PEP and finally ends up in the methyl group of
alanine, which is derived from PA by alanine—pyruvate
aminotransferase. Similarly, PA can be formed directly
from L-malate by catalysis of the malic enzyme. Also
in this case, one deuteron of the alanine methyl group
becomes labeled. Therefore, we propose that, as sum-
marized in Figure 7, the alanine methyl group will be
labeled by administration of 2H,0 to the silkworm.

Torsion Angles of Glycine in Silk Fibers from
2H NMR. In a previous study,’® we have used solid-
state 1N NMR of uniaxially aligned [1°N]Gly-labeled
silk fibers to determine the angle of the N—H or N—-C
bonds relative to the fiber axis. Additionally, the 15N—
1H dipolar interaction was employed to narrow down
the number of unique orientations. We have also
analyzed a uniaxially aligned sample of [1-13C]Gly-
labeled silk to determine the angle between the C=0
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Figure 8. Ramachandran plot of the allowed torsion angles
(¢ and ) of glycine in silk fibroin, as determined by solid-
state 13C, >N, and ?H NMR of uniaxially aligned silk fibers.
The area NH&NC&CO&CN corresponds to the respective
angles of the bond vectors relative to the fiber axis, as obtained
from previous °N- and 3C-NMR studies. The two curves CD1
and CD2 represent the Ca—2H, bond vectors of glycine
determined here by 2H NMR.** The width of the curves
represents the experimental error.

or C—N bond vector and the fiber axis.!®> All these
observations are in good agreement with the models for
the silk Il antiparallel S-sheet structure proposed by
Marsh et al.,’® Takahashi et al.,'” and Fossey et al.1®
With the combined data of these previous studies, the
restricted (¢, ) region for the glycine residue has been
calculated in the Ramachandran map (—180° < ¢ < 0°,
0° < o < 180° and is shown as the shaded area
(NH&NC&CO&CN) in Figure 8.

The 2H-NMR analysis of uniaxially aligned [2,2-2H;]-
Gly-labeled silk fibroin fiber has yielded an angle of 6
= 90 £ 3° for the two glycine Ca-2H bond vectors
relative to the fiber axis. The restricted (¢, ¥) region
for glycine in the Ramachandran map is thus calculated
from these new 2H NMR data and used to narrow down
the orientational constraints from our previous results.
The experimental curves from the two Ca-?H (CD1 and
CD2) bond orientations of glycine are shown in the
Ramachandran plot in Figure 8. The width of these
curves corresponds to the experimental error of +3° in
the determination of 6 from the quadrupole splitting.
The area of overlap between the two curves covers the
antiparallel -sheet region. The additional constraints
from the previous 1°N- and 13C-NMR analysis of glycine
(NH&NC&CO&CN) overlap within a well-defined area
in the allowed (CD1&CD2) region, which is in excellent
agreement with the proposed antiparallel 3-sheet struc-
ture of silk fibroin. The orientational constraints from
solid-state 2H NMR can thus be used effectively to
narrow down the allowed region from other 13C- and
5N-NMR studies.

Torsion Angles of Alanine in Silk Fibers from
°H NMR. From the 2H-NMR quadrupole splitting Avq
= 39.8 kHz, of uniaxially aligned [3,3,3-°Hz]Ala-labeled
silk fibroin, the angle 0 of the Ca—Cf2H3 bond vector
of alanine has been calculated as 90 + 3° relative to the
fiber axis. This result is used to determine the torsion
angles (¢ and ) of alanine in silk fibroin fibers, to
complement our previous solid-state NMR studies.1415
Uniaxially aligned [1-13C]Gly—['*N]Ala silk fibroin fi-
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Figure 9. Ramachandran plot of the allowed torsion angles
(¢ and ) of alanine in silk fibroin, as determined by solid-
state 13C, °N, and 2H NMR of uniaxially aligned silk fibers.
The area NH&NC&CO&CO corresponds to the angles of the
respective bond vectors relative to the fiber axis, as obtained
from previous solid-state °N- and *C-NMR studies. Curve
CD represents the Ca—Cp?H;z bond vector of the alanine
methyl group as observed here by °’H NMR. The width of the
curves represents the experimental error.

bers have been obtained by cultivation of the middle silk
gland in an amino acid medium containing both [1-13C]-
Gly and [**N]Ala'2. By >N NMR, the 13C—15N coupling
constant was found to be 1.08 + 0.08 kHz, which yielded
an angle of 39° (or 141°) 4+ 2° between the 13C—15N
peptide bond of alanine relative to the fiber axis.
Further information about the orientations of the pep-
tide planes in oriented samples was obtained from the
chemical shift tensors of °N and the 3C-carbonyl.1®> The
shaded area (NH&NC&CO&CN) in Figure 9 represents
the allowed region for alanine in the Ramachandran
map, as determined by solid-state 1N and 13C NMR of
silk. The additional curve CD from the present 2H-NMR
study was calculated from the angle 6 = 90° + 3° of the
Co—Cf?Hs bond vector. The region of overlap between
all orientational constraints is obtained in the antipar-
allel g-sheet region, in excellent agreement with the
model for silk fibroin.

The solid-state 2H-NMR spectra of uniaxially aligned
silk fibers reflect the local structure directly via the 2H
qguadrupole splitting. In combination with supplemen-
tary 15N- and 13C-NMR data, these measurements can
thus be used to determine precise backbone and side-
chain conformations at any specific site. The excellent
fibrous character of silk is attributed to both the
crystalline and amorphous regions, which can be dis-
criminated by their respective dynamics. Since the 2H-
NMR line shape contains information about both the
structure and the dynamics, these studies may help to
understand the origin of the high tensile strength of silk.
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