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Abstract:

Silk fibroin (SF) fiber from the silkworm Bombyx mori in the Silk II form has been used
as an excellent textile fiber for over 5,000 years. Recently it has been developed for a
range of biomedical appplications. Further expansion of these uses builds on the
excellent mechanical strength of SF fiber, which derives from its structure. This
relationship between strength and SF structure has been studied for over 50 years, but it
is still not well understood. In this review, we report the use of solid-state NMR to study
stable-isotope labeled SF fiber and stable-isotope labeled peptides including (Ala-Gly)is
and (Ala-Gly-Ser-Gly-Ala-Gly)s as models of the crystalline fraction. We show that the
crystalline fraction is a lamellar structure with a repetitive folding using B-turns every
eighth amino acid, and that the sidechains adopt an antipolar arrangement rather than
the more well-known polar structure described by Marsh, Corey and Pauling (that is, the
Ala methyls in each layer point in opposite directions in alternate strands). The amino
acids Ser, Tyr and Val are the next most common in B. mori SF after Gly and Ala, and
occur in the crystalline and semi-crystalline regions, probably defining the edges of the
crystalline region. Thus, we now have an understanding of the main features of Silk II

but there is still a long way to go.
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1. Introduction

The silkworm Bombyx mori is a holometabolous insect: within about 50 days it goes
through its complete life cycle consisting of four different metamorphosizing phases,
namely egg or embryo, larva, pupa, and adult (moth).! 2 Of the life cycle, about half is
the larval stage, which is the only stage at which the insects consume mulberry leaves.
Although silk protein is produced throughout the larval state, except during molting, the
largest amounts are synthesized in the fifth instar larval stage. This spinning stage is
characterized by the extrusion of silk from spinnerets located in the head, and drawing
of the fiber by a characteristic figure-eight head movement.

B. mori silk fibroin (SF) fiber possesses a combination of high tensile strength, large
breaking strain and high toughness, which combine to make an outstanding material.>->
The fiber has been used to make high quality textiles for more than 5,000 years.® It has
also long been used for surgical sutures in surgery. Recently, it has come to be
recognized as an excellent biomaterial with a wide range of potential applications.*’!®
The relationship between strength and SF structure has been studied for over 50 years.
As a result, great progress has been achieved. However, a clear understanding of this
relationship is still lacking, because the SF structures proposed so far are not
convincing. SF is a composite structure, consisting of alternating crystalline and
amorphous domains. This means that X-ray diffraction analysis gives only limited
structural information.'®2® Other spectroscopic methods have also been applied to
elucidate its structure,® but the most detailed structural information has been obtained by
NMR, especially solid-state NMR.?’ SF in the solid state has been shown to adopt two
quite different structures. Silk I is the structure of the SF stored in the middle silk glands

and dried without any external forces, while Silk II is the structure of the crystalline part
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of the fiber after spinning.?! The main structured part of Silk I, Silk I*, is a repeated type
II B-turn, which has been reviewed in detail in ref.28.

In this review, we describe our current understanding of the Silk II structure of SF
fibers, mainly developed using various solid-state NMR techniques, and show that it
adopts a lamellar structure (that is, the chain folds into a series of layers) with a
repetitive folding made up from B-turns every eighth amino acid; and that the alanine
sidechains are in an antipolar arrangement, meaning that within each layer, adjacent
strands have sidechains pointing in opposite directions. Furthermore, we describe the
structure of the Ser, Tyr and Val residues in SF in the Silk II form. It is important and
timely to review in detail the lamellar structure, because a better understanding will

guide developments in silk bio-materials, which are becoming very active recently.

2. The primary structure of Bombyx mori silk fibroin

SF consists of two polypeptides: a light chain (L) and a heavy chain (H) linked
together via a single disulfide bond at the C-terminus of the H-chain, forming a H-L
dimer. The H-L dimer also binds to glycoprotein P25 in a ratio of about 6 : 1.2°! The
H-chain is the major protein component and accounts for approximately 92% of the
molecular weight of SF. The amino acid composition of the H-chain (in mol %) is
mainly Gly (46%), Ala (30%), Ser (12%), Tyr (5.3%) and Val (1.8%).3? The primary
structure has a repetitive core that is composed of alternating arrays of 12 repetitive and
11 amorphous domains, made up almost entirely from four motifs as shown in Figure
1(1).32:33

Figure 1

Motif (i) consists of a highly repetitive AGSGAG sequence and makes up a large



fraction of the crystalline domains in the SF fibers. The AGSGAG sequence is repeated
multiple times, as shown in Figure 1(II). There are a total of 433 repeats, constituting a
total of 2,598 amino acid residues, out of the total number of 5263 amino acid residues
in the H-chain. Therefore, almost half of SF is made from AGSGAG sequences. Motif
(i1) is a less repetitive sequence containing aromatic and/or hydrophobic residues,
mainly Tyr and Val in sequences such as GAGAGY and/or GAGAGVGY, comprising
the semi-crystalline regions. Motif (iii) is similar to motif (i) except for the presence of
an additional GAAS motif, and motif (iv) forms the amorphous regions that separate the
domains and contain negatively charged, polar, bulky hydrophobic, and/or aromatic
residues, e.g., TGSSGFGPYVANGGYSGYEYAWSSESDFGT. The properties of SF
are basically derived from the combination of these four motifs, and the still unsolved

problem is how these sequence motifs translate into higher order structures.

3. Silk I and Silk II forms of Bombyx mori silk fibroin

Two crystalline forms, Silk I and Silk II, have been proposed as polymorphs of SF.?!
Silk I is the structure adopted by SF extracted from the middle silk glands in mild
conditions and dried. It is not fibrous, because it has to be extruded from a liquid form,
although it is clearly already well ordered. The main ordered conformation of Silk I
(Silk I*), which is adopted by the regular repeat sequences such as motif (i), is a
repeated type II B-turn (Figure 2). The structure was determined using a range of solid-
state NMR techniques, with a combination of stable-isotope labeled SF and model

Figure 2

peptides, in particular (AG)1s, which is a good model for the typical sequence of the

crystalline domain of SF.3443



On spinning, silk fibroin forms a fiber comprised of crystalline units embedded in an
amorphous matrix. It is presumably this composite structure that gives the fiber its
outstanding mechanical properties. The crystalline units are composed of layers of
antiparallel B-sheets, and are likely to be formed from Silk II nanocrystals (of a few nm
in each direction) packed together into semi-crystalline arrays, with the regions between
the nanocrystals being made largely from the semicrystalline sequences (motif (ii) from
Figure 1).27 It is possible to prepare a crystalline fraction (Cp) from SF fibers by
chymotrypsin digestion of whole SF, which corresponds approximately with the
nanocrystals.

A model of Silk II was first proposed by Marsh, Corey, and Pauling'® using X-ray
fiber diffraction (Figure 3(I)). Their model was an antiparallel (AP) B-sheet with the
Figure 3
sidechains in a polar arrangement. This means that one layer has all its alanine methyls
facing down (the top layer with magenta methyls in Figure 3(I)); the next one has all
methyls facing up (orange methyls in Figure 3(I)); and so on. The layers are thus
grouped in pairs, with an Ala face and a Gly face (Figure 3(IIA)). However, subsequent

20-23

studies using X-ray diffraction”"~° showed a less regular structure than proposed by this

model, although the antiparallel B-sheet structure was accepted and is still a textbook

example of B-sheet structure. For example, Takahashi et al.>®

conducted a detailed study
using better X-ray diffraction data based on 35 quantified intensities, and proposed an
antipolar AP B-sheet structure as shown in Figure 3(IIB). An antipolar AP (-sheet has
two identical faces, and the three-dimensional lattice is built up by stacking layers on

top of another, although there are several possible translations that can achieve this. In

order to fit the experimental data, the Takahashi model consisted of a random mixture of
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two unspecified translations, occupying the crystal site with a ratio of 1:2. Their model
is a better fit to the experimental data than the Marsh model, but requires unreasonable
lengths for the intermolecular hydrogen bonds between the NH~OC groups of Ala and
Gly. Therefore, the Tahahashi model is energetically unstable, and a more energetically
favorable model was required. Solid-state NMR was able to provide such a model.

Figure 4 shows the '3C cross-polarization/magic-angle spinning (CP/MAS) NMR
spectrum of the Ala CP carbons of native [3-13C] Ala-SF fibers.*° The spectrum

Figure 4
shows three types of alanines within the crystalline region, which is inconsistent with
the homogeneous structure suggested by Marsh et al. using X-ray diffraction data,'” and
more in agreement with X-ray diffraction studies reported previously by other groups.?*-
23 The three alanine signals from the Cp fraction®! were assigned as 18% distorted -
turns (t), plus two different signals from B-sheets: 25% B-sheets A, and 13% [B-sheets B,
with t:A:B in a ratio approximately 1:2:1. In contrast, the non-crystalline domain (44%
of the total signal) consists of 22% each of distorted B-turn and distorted B-sheets.’® The
assignment of each peak was based on previously reported conformation-dependent '*C
NMR chemical shifts 34375253
The Cp fraction constitutes more than half of the total SF, and is made up largely

from repeats of the sequence AGSGAG. Peptides made from repeats of this sequence
were therefore used as models for the crystalline regions of Silk II. Expansions of the
Ala CB peaks in the 13C CP/MAS NMR spectra of (AGSGAG), (n = 4, 5, and 8) and of
the Cp fraction are shown in Figure 5, along with the spectra of the simpler sequence
(AG)m (m = 12, 15, and 25).%%7 The ratios of each are 23.3—24.0% for

Figure 5



peak B (21.8 ppm), 44.0-45.4% for peak A (19.5 ppm), and 30.9-32.7% for peak t
(16.5 ppm). The fractions of t, A, and B are again roughly 1:2:1, and are almost the
same for the (AGSGAG), and Cp fractions. In addition, the relative intensities of t, A,
and B are also the same in the expanded Ala Cf3 peaks of (AG)m (m = 12, 15, and 25) as
they are in (AGSGAG) », and Cp fractions. This indicates that all these molecules are

expected to have a similar lamellar structure consisting of repeated smaller units.

4. Silk IT has an antipolar antiparallel -sheet structure

Before considering the lamellar structure model in detail, we will consider the
antipolar/polar packing of the lamellar structure as shown in Figure 3(II).

In order to distinguish between these models, we obtained '"H-'H distance
information from double-quantum magic angle spinning (DQMAS) 'H NMR spectra. In
these spectra, only "H—"H distances within about 4 A give rise to observable cross-
peaks.”®? A set of nine 'H-'H correlation signals from the 'H DQMAS NMR spectrum
of (AG);5 is marked in Figure 6(I1a).°° These signals were compared to the

Figure 6
distances calculated from the polar Marsh and antipolar Takahashi models. Figure 6(II)
shows that the Gly Ha protons in adjacent B-strands are very close to one another
(about 2 A) in the polar Marsh model and therefore a diagonal peak for Gly Haz should
be detected. However, in the antipolar model this distance is more than 4 A, and
therefore no peak is expected. This feature is difficult to distinguish from Figure 6(Ia)
because the Gly Hao and Ala Ha peaks have overlapping chemical shifts. We therefore
synthesized deuterium-labeled ([2-d]AG);s and acquired another DQMAS 'H NMR

spectrum (Figure 6(Ib)). There is clearly no Gly Ha peak on the diagonal, now that the
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Ala Ha signal at around 5.0 ppm has been removed. This observation provides very
strong evidence that the polar model cannot be correct.®® Other experimental 'H-'H
distance data were also only compatible with the antipolar model. For example, the
observed cross-peak (v) is between Gly Hoz and Ala Ha which is longer than 4 A in the
polar model, but about 2.4 A in the antipolar model. In addition, observed cross-peaks
(viii) and (ix) are from Ala HP to Gly Ha; and Ha2 which are longer than 4 A in the
polar model, but about 2.3 and 2.6 A, respectively, in the antipolar model.%° Thus, the
'"H-'H distance information obtained from DQMAS 'H NMR clearly demonstrates that

Silk II is antipolar, not polar.

5. Lamellar Structure of Silk II shown using (Ala-Gly)1s as model peptides

To obtain further structural information, we synthesized all fifteen possible (AG)1s

peptides with '3C labeling of a single alanine methyl, and observed the [3-'*C]Ala

CP peaks shown in Figure 7(I). We deconvoluted the Ala *Cp peaks to measure the
Figure 7

fractions of the three components t, A and B, which are shown in Figure 7(I1).%° The

fractions at the Ala CpB peak of the N-terminal Ala residue, Ala!, were 6.6% B, 35.4% A

and 58.0% t, respectively, indicating that the N-terminal Ala residue was mainly

random coil, although significant amounts of 3-sheet structure were still observed. The

fraction of turn (t) decreased sharply for alanines at positions 3, 5 and 7, and then

increased at positions 9 and 11. Beyond that, the fraction decreased slightly and then

increased to a second maximum at position 19. It then decreased again up to position 25

and remained almost constant at positions 27 and 29. Thus, there are two maxima in the

t population observed at positions 11 and 19.91%2 The population of peak A, assigned



to AP B-sheet, tends to change inversely with the population of peak t and there are
correspondingly two minima at positions 11 and 19. Contrary to the behavior of peak A,
the population of peak B is fairly constant throughout, except for position 1. These data
implied a possible lamellar structure with repetitive folding predominantly through
turns at positions 11 and 19, i.e. every eighth amino acid. However, this cannot be the
only structure present in the Cp fraction, because if the lamellar structure has turns only
at positions 11 and 19, the fractions of the peaks t should be 100% at these positions,
whereas they were actually 31% and 34%, respectively, for [3-'*C]Ala-(AG);s peptides.

The obvious alternative model, as shown in Figure 8(A), is an ensemble

Figure 8

of eight possible lamellar structures (I) to (VIII), with repetitive folding by B-turns
every eighth amino acid at all possible positions.’® This model contains three local
structures for Ala: in the turn, and two B-sheet positions (one in the middle of a strand
and one close to the turn at the end of the strand) in a ratio of 2:1, which we label A and
B respectively because this matches the observed intensities of Ala methyls (Figure 7).
We assumed an antipolar packing arrangement as discussed above. The positions of the
turns differ among the lamellar structures (I) to (VIII) as indicated in Figure 8. For
instance, the Ala!! residue (indicated by a circle in Figure 8(I) to (IV)) is in a t position
in (I). However, it is A in (II) and (III), and B in (IV). The position of Ala!! in structures
(V) to (VII) is the same as in (I) to (IV), ie t, A, A and B respectively. The stabilities of
the lamellar structures from (I) to (VIII) are probably different and thus, it is hard to
predict the fraction of each structure. However, if these 8 lamellar structures are equally
likely, the fractions of the structures (I) plus (V), which are the two structures with t

peaks at positions 11 and 19, should be 25%. But the observed populations of t at these
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positions were 31% and 34%, respectively. These values are slightly higher than 25%,
implying that structures (I) and (V) have somewhat higher probabilities than the others.
If we average only for the central parts of (AG):s, that is, positions 9 to 23, we calculate
the percentages of the averaged fractions as 24.9 : 49.5 : 25.6 for t : A : B, respectively,
which is very close to the observed 1 : 2 :1 distribution. Thus, we proposed a lamellar
structure for the crystalline domain of SF fiber as shown in Figure 8(Bb). This has three
types of Ala: two B-sheet positions B and A, and one B-turn t, with abundancies in the
ratio 1 : 2 : 1. These peaks correspond to three Ala C carbons with different spatial
arrangements. In the extended part of the lamellar structure, two Ala C carbons with
the same arrangement are assigned to A, while the other one with a different
arrangement is assigned to B. Thus, the NMR data are all consistent with an antipolar
lamellar structure with repetitive folding through B-turns every eighth amino acid. It is
worth noting that the observed ratios are only consistent with an 8-residue repeat, that
has one turn, two central and one end B-sheet alanine in each strand.

We checked the lamellar structure using two other kinds of solid-state NMR
experiments: 3C spin diffusion NMR observation under off magic angle spinning
37:44.49.62-77 and rotational echo double resonance (REDOR).? 732447680 Expansions of the
carbonyl regions from the Bc spin diffusion NMR spectra of (a) (AG)6A[1-3C]G'[1-
BCIAG(AG)7 and (b) (AG)sA[1-"*C]G'®[1-13C]AG(AG)s observed under slow
MAS condition are shown in Figure 9 together with the corresponding simulated

Figure 9
spectra, (¢) and (d), and the calculated spectrum of (e) AP [3-sheet (calculated using ¢

and ¢ = -150° and 150° respectively).5> Comparing (a) and (b) with the spectrum (e),
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which is the spectrum expected for a 100% AP B-sheet structure, it is immediately clear
that the non-diagonal components in (a) and (b) are more enhanced, suggesting the
presence of additional structures to the AP -sheet structure in the peptide. In addition,
spectrum (b) has a higher population of nondiagonal components than spectrum (a). We
already know from Figure 7(II) that the population of distorted B-turn at A'° is 23%, but
that of A' is 34%. Therefore the increased nondiagonal component in spectrum (b)
compared with that of the same peptide labeled at Ala'> in spectrum (a) is consistent
with the proposed increased fraction of the distorted -turn component.

REDOR experiments further confirmed this conclusion. REDOR measures the
distance between two labeled nuclei very accurately. Experiments carried out on
peptides doubly labeled with ['3C] and ['°N] at different locations are very useful for
studying peptide and protein structures containing turns, because the measured atomic
distance between C and N nuclei is shorter if these nuclei are in a turn.>”-%281-83 Table 1
compares the observed interatomic distances between the labeling sites determined

Table 1
from REDOR plots, with the predicted averaged interatomic distances calculated from
the percentage composition of B-turn and -sheet at that location as determined by
deconvolution of the Ala Cf3 CP/MAS spectra (Figure 7(II)). If (AG)5 adopts a pure -
sheet structure, all the interatomic observed distances should be longer than the
distances determined by REDOR by 0.2-0.3 A for the peptides D1-D4, and 0.8 A for
D5. However, by including the measured fraction of B-turn structure, the predicted
distances become in much better agreement with the observed distances. Thus, the

results from REDOR are in good agreement with those from the Ala C CP/MAS NMR
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spectra, providing strong supporting evidence for the existence of a combination of 3-
turn and B-sheet secondary structure at Ala'® in (AG);s.

The REDOR experiment can also be used to obtain information about the
intermolecular arrangement.>® ["'N]Ala!G(AG)13A[1-13C]Gly*® was synthesized; this
labeling pattern (with the labels at the extreme ends of the peptide) was chosen because
the >N and '°C sites are too far apart to produce an intramolecular REDOR effect, so
any REDOR effect observed must necessarily arise from the intermolecular
arrangement of the (AG)1s lamellar structures. The optimal fitted distance from the
REDOR measurements was 4.4 A, which is a short enough atomic distance to derive
from head-to-tail ordering of two lamellar molecules. That is, the N-terminal NH3*
group of ['°N]Ala' in the lamellar molecule forms an intermolecular hydrogen bond
with the C-terminal CO2~ group of [1-'*C]Gly* of another lamellar molecule through
head-to-tail ionic bonding.

The model proposed here is not the only lamellar structure possible. Tirrell’s group
have reported the use of genetic engineering to produce artificial proteins that adopt
predictable, chain-folded AP B-sheet structures in the solid state.®*3¢ The chain-folded
lamellar architecture is a kinetic trap in the crystallization of all linear polymers
sufficiently flexible to form hairpin-like folds, and it is well established that hairpin
turns in -strands can form with either one or two amide groups in the turn, which are
known as y and B-turns respectively.®” Panitch et al.®® produced (AG)ss peptides from
recombinant Escherichia coli using genetic engineering and recrystallized them from
dichloroacetic acid solutions as chain-folded lamellae with a lamellar stack periodicity

of 32 A. The structure consists of polar AP B-sheets folding by means of y-turns. The
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sheets stack in pairs with Ala faces together and Gly faces together, with a stacking
periodicity about 3% greater than that reported previously by Fraser et al.®° where
chain folding was not evident. To obtain good agreement between the calculated and
observed X-ray structure factors, successive sheets must shear randomly by + a/4 and +
¢/2 in the ac plane. The final structure is shown in Figure 10 8! which has similarities
Figure 10
to our proposed lamellar structure. However, there are significant differences between
the two lamellar models: Their model has polar stacking and y-turns, whereas ours has
antipolar stacking and B-turns. As mentioned above, our proposed lamellar model was
based on '"H-'H distance information from the observed DQMAS 'H NMR spectra, and
the polar stacking model cannot explain the observed distance data. A further argument
in favor of our model is that a B-turn has two residues in the turn and naturally produces
an antipolar structure (Figure 8), whereas a y-turn has one residue in the turn and
naturally produces a polar structure. The structure of the turn and the polar/antipolar
character are thus tightly linked. Finally, we have shown that Silk I consists of repeated
B-turns (Figure 2). It seems more natural for the refolding of Silk I to Silk II (which
takes place in the spinneret arising from shear stress, dehydration and a reduction in pH)
to retain the B-turns rather than change completely to y-turns. We therefore conclude

that our model is the most consistent with the available experimental data.

6. Serine in the (Ala-Gly-Ser-Gly-Ala-Gly) repeats does not alter the structure
So far, we have considered only the Gly and Ala residues in SF. We showed above
that the most common motif in SF is the sequence AGSGAG. We therefore discuss here

solid-state NMR experiments on (AGSGAG)s peptides, which should be a better mimic
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of the Cp fraction of SF fiber than (AG)15. We used a similar strategy to that described
above: (AGSGAG)s peptides were synthesized with all ten possible [3-1*C]Ala labels,
and the *C CP/MAS NMR spectra were deconvoluted to give the populations of each
component.’’ Figure 11(I) shows the results, while Figure 11(II) shows the resulting
Figure 11

populations. The results are similar to those shown in Figure 7: the fractions of peaks A
and B corresponding to AP B-sheet changed inversely with the fraction of peak t. The
minima at positions 11 and 19 indicate that these regions formed turns. The decrease in
peak t at positions 5 to 7, and 23 to 25, and the concomitant increase in peak A, suggests
that these regions form AP B-sheet rather than distorted -turn. This pattern indicates a
lamellar structure of (AGSGAG)s with a repetitive folding predominantly through turns
at positions 11 and 19, i.e. every eighth amino acid. Thus, the lamellar structure of
(AGSGAG)s is similar to that of (AG)n, and it is likely to be an excellent model for the
Cp fraction. The replacement of Ala by Ser has a rather small overall effect on the
structure of the chain.

Based on these observations, and the 1:2:1 ratio for the t:A:B Ala CJ3 peaks, a model
of the lamellar structure of (AGSGAG)s was proposed, as shown in Figure 12. We

Figure 12

also compared the plots for (AG)15 and (AGSGAG)s, and observed that the populations
of the distorted B-turn and/or random coil component were higher in (AGSGAG)s than
they are in (AG)1s, except for the two Ala residues at the N-terminal end. This suggests
that the presence of repeated Ser residues in the peptide chain may result in some
disturbance to the lamellar structure. In support of this hypothesis, we cited the data

from Fraser et al.° who reported that the unit cell dimensions of (AG), and
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(AGAGSG)n were different in the c-axis, which is in the direction perpendicular to the
plane of the sheet. They showed that the side chains of Ser residues in (AGSGAG)s
stick out perpendicularly to the plane of the B-sheet, producing a larger c-spacing
beween lamellaec compared to (AG)is. This larger separation allowed looser, less
regularly located turns in the lamellar structure. We will examine the local structure and
dynamics of Ser residue in (AGSGAG)s in the Silk II form in detail in the next section.

Finally, the angle of the Ca-Hz bonds of Gly and the Ca-CBH; bond of Ala relative
to the fiber axis was determined using [2,2-*H>]Gly- or [3,3,3-2H3]Ala-SF fiber samples
studied by *H solid-state NMR.?>**- Uniaxially aligned block samples were prepared
from [2,2-2H,]Gly- or [3,3,3-2H3]Ala-SF fibers, and °H solid-state NMR spectra were
recorded as a function of the tilt angle o between the fiber axis and external magnetic
field. A tilt series of these spectra is shown in Figure 13(I), and compared to line-shape
simulations. The agreement

Figure 13

between the experimental and simulated spectra is good when the angle between the o-
’H, bond of Gly and the fiber axis was fixed at 90°, indicating that the direction of the
Ca-’H; bond of Gly residue is perpendicular to the fiber axis as shown in Figure 13(1).
Similarly, the direction of the Ca-CB*Hs bond of Ala residue is also perpendicular to the
fiber axis (Figure 13(I1)). This result further confirms the general correctess of our

model.

7. Local structure and dynamics of Ser in the Silk II crystalline region

In previous sections, we have discussed in some detail the three signals seen for Ala
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CpB in the crystalline fraction Cp, which we assigned to a distorted B-turn t and two -
sheet signals A and B. Ser Ca and CJ3 peaks are also split into multiple components. In
order to assign them, we used two-dimensional 1*C-!3C dipolar assisted rotational
resonance (2D *C-13C DARR) experiments.”*!22D DARR cross peaks indicate short-
and long-range through-space dipolar contacts between '*C spins, such that a short
mixing time shows short distances, and a longer mixing time shows longer distances.
Figure 14(I) shows a 2D *C-13C DARR spectrum of the [U-!*C] Cp fraction observed
Figure 14
at a short mixing time of 10 ms.'® The cross peaks between Ser Co. and Ser CB can
only be intra-residue with such a short mixing time. Four such cross peaks are clearly
observed: hereafter we abbreviate them by their chemical shifts as (i) (Ca 55.6,
CB 66.8), (ii) (Ca 54.9, CB 64.2), (iii) (Ca. 54.0, CB 63.5) and (iv) (Ca 56.0, CB 61.4).
Three of these peaks have CP chemical shifts larger than that of the typical AP -sheet
chemical shift of 62.8 ppm.'% The larger chemical shift is attributed to an inter-sheet
packing effect, probably similar to the effect that produces separate A and B shifts for
Ala CB. In contrast, the cross peak (iv) (Ca 56.0, CP 61.4) is attributable to random coil
because both chemical shifts are in agreement with the '3C solution NMR chemical
shifts of Ser CP in proteins with random coil conformation in aqueous solution.!'%’
Figure 14(II) shows the correlations between Ala CB and Ser in the DARR spectrum
with a long mixing time of 400 ms.!*® The peaks of Ser Ca at 54.9 and 54.0 ppm
correlate with the peaks of Ala C[3 at 19.6 (A) and 21.7 (B) ppm, respectively.
Moreover, the Ser peak of Cp at 64.2 ppm has a strong cross peak with the peak of Ala

CB A, while the peaks of Ser CP B are too weak to interpret. These observations
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allowed us to assign the four sets of Sa and SP peaks of the Cp fraction, and to
determine their fractions by deconvolution of the C peak as (i) 10% distorted 3-sheet
A, (i1) 37% B-sheet A, (iii) 12% B-sheet B and (iv) 41% random coil.
Next, we studied the dynamics of Ser residues and the formation of interchain
hydrogen bonds through the Ser OH side chain. Figure 15(I) shows a measurement of
Figure 15
the '*C spin lattice relaxation time (7€) of the four components (66.8 ppm, 64.2 ppm,
63.5 ppm and 61.4 ppm) of the Ser'> CB peak of [3-'*C]Ser'>-(AGSGAG)s, which can
be used to analyze their mobility.!% The log plots of peak intensity versus delay time
(Figure 15(1)) show that three of the four peaks have multiple 71 components. For each
of these, we fitted the plots to two exponential decays, and obtained the ratio and 7,¢
values of the shorter and longer relaxation time components (7’1 short and 7' iong ).5* %
107,108 Table 2 and Figure 15(II) summarize the results. From previous measurements of
Table 2
T1€ carried out different temperatures, it is known that the Ser CP peaks have a mobility
in the strong collision limit, which means that the components with the longer 71¢
values indicate a lower molecular mobility.®* Only the peak at 63.5 ppm (assigned as B;
Figure 14(11)) was found to be a single component, with the longest 7:¢ value among
the Ser CB peaks (Table 2 and Figure 15(II)), which means that this peak has a rigid
conformation, likely to arise from strong hydrogen bonds involving the Ser side chain
OH. On the other hand, in the main B-sheet peak at 64.2 ppm, the longer 7:¢ component

was minor and the relaxation value was the shortest (Table 2 and Figure 15(II)). This

peak has been assigned as a B-sheet A peak on the basis of its strong correlation with
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Ala CB A (Figure 14(II)). These results suggest that Ser residues close to A (ie, in the
center of the lamellar B-strand) are relatively stable but do not form stable hydrogen
bonds with other chains. Interestingly, the random coil peak showed more percentage of
the longer T1¢ component. This shows that in the random coil structure, the percentage
of hydrogen-bonding conformation is larger than that for A. It is worth noting that in a
liquid NMR spectrum, random coil structure usually implies an isotropically mobile
component, whereas in solid-state NMR spectra of materials with high hydrogen-
bonding networks, random coil structure does not always mean a mobile component.
Ser occurs every sixth residue in the crystalline region, but the lamellar structure
folds every eighth residue, implying that Ser is distributed regularly throughout the
crystalline region. 68% of the Ser in silk fibroin is in (AGSGAG)x repeats, highlighting
their importance to the crystalline structure. In the center of the lamellar strand (residues
A), Ser is not rigid and Ala methyls are relatively mobile. However, at the edges of the
strands (residues B), Ser is more hydrogen bonded, and Ala methyl groups have more
restricted motion.>” We infer that a major function of the Ser is to hold the edges of the
nanocrystals together, forming hydrogen bonds between one lamellar layer and the next.
They may also link together neighboring nanocrystals, as implied by the high degree of

hydrogen bonding in the non-crystalline signals.

8. The structure of Tyr and Val residues in the semi-crystalline region of Silk II
Tyr and Val residues are the 4™ and 5" most common amino acids of SF. The fraction

of Tyr is 5.2% and that of Val is 1.8% in the H chain. Zhou et al.>>** showed that in

addition to the repeating sequence of GAGAGS (Motif (1)), the primary sequence of SF

also contains Motif (i1). Motif (ii) is a less repetitive sequence containing aromatic
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and/or hydrophobic residues such as GAGAGY and/or GAGAGVGY, comprising the
semicrystalline regions. Thus, it is interesting to study the structures of these residues in
SF fiber. Figure 16(I) shows >N NMR solution spectra (80-110 ppm) of selectively
Figure 16
SN-labeled SF samples: (a) ['>N]Val-SF, (b)['N]Tyr-SF, and (c) ['°N]Ser-SF. For
comparison, the ’N NMR spectrum of non-labeled SF sample is also shown (d).!*
These '°N labeled SF samples were prepared by culturing B. mori posterior silk glands
from 4-day-old, fifth instar larvae using a rotation culture procedure with modified
Grace’s insect medium, containing the relevant I5N-labeled amino acids, while
oxygenating the medium.''” Sufficient labeled samples were obtained for ['N]Tyr- and
['°N]Ser-SF. Although relatively low enrichment of ['’N]Val-SF sample was produced
due to the low proportion of Val residues in SF, the ['’N]Val peak is still enriched
enough to be useful. Therefore, all these selectively labeled samples can be used for °N
solid-state NMR analysis. To gain insight into the structural organization of the SF
molecules, we investigated the N solid-state NMR spectra of ['°N]Tyr-, ['°N]Val-, and
['°N]Ser-SF fibers in the Silk II form. Oriented samples were obtained as blocks, which
were placed with the fiber axis either parallel or perpendicular to the magnetic field as
shown in Figure 16(II).!!! All of the experimental spectra were found to contain a
contribution of approximately 30% of a non-oriented powder pattern which was
subtracted from the observed spectra. The resulting spectral patterns in Figure 16(II)
show significant differences between the parallel and perpendicular alignments,
indicating that the Tyr and Val sites are well-aligned within the macroscopic fiber.
Since the spectral patterns are very similar to those of ['°N]Gly- and ['°N]Ala-labeled

SF samples reported previously,'!! we conclude that Tyr and Val residues in motif (ii)
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form AP B-sheet structure within the semicrystalline domain, similar to the Ser residues
in the crystalline domain of motif (i).

In order to expand on this observation, we obtained the '3*C CP/MAS NMR
spectra of (A) [3-'3C]Tyr- and [3-!*C]Ser-SF before spinning, (B) non-labeled SF
before spinning and (C) [3-13C]Tyr- and [3-'2C]Ser-SF fiber after spinning as shown in
Figure 17(D).'1?

Figure 17

The Tyr Cp peak is difficult to analyze, because of overlap with the natural abundance
Gly Ca peak. Therefore, the fractions of the different conformations of Tyr residues
were determined by simulation of the difference spectra by subtracting the non-labeled
spectrum from the '3C-labeled spectrum. The populations of Tyr were measured after
peak deconvolution as 92% random coil and 8% B—sheet for the sample before
spinning, and 44% random coil and 56% [-sheet after spinning. Thus, more than half of
the Tyr adopt B-sheet structure. Figure 17(II) shows the Val '*Ca peak obtained by
subtracting non-labeled SF fiber from [2-'3C]Val-SF fiber. The '*C chemical shift of
Val 3Ca peak in Figure 17(II) was about 57.5 ppm, indicating that the conformation is
also predominantly B-sheet structure.'®

As shown in Figure 4, the fraction of non-crystalline domain in SF is 44%. It consists
of 22% each of distorted B-turn and distorted B-sheets.” We synthesized the main
sequences in Motif (ii), i.e., (AGYGAG)s,'* (AGAGYGAGAG);'"* and
(AG);sYG(AG):VGYG(AG);YG(AG)3.** Then, we observed the *C CP/MAS NMR
spectra of these sequences. Figure 17(1II) shows expanded Ala CP peaks of the 1*C

CP/MAS NMR spectra of (A) (AGYGAG)s, (B) (AGAGYGAGAG); and (C)
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(AG)3YG(AG)2VGYG(AG)3:YG(AG)s. These spectral patterns reproduce that of the
non-crystalline domain obtained from the difference spectrum of Figure 17(I1II).
Specifically, the fraction is 22% of both distorted B-turn and distorted f-sheets. Thus,
the fraction agrees with the fraction of Tyr residues in the SF fiber mentioned above.
This result is unexpected because more than half of Motif (i1) forms a B-sheet structure
in the SF fiber.

In summary, based on these results we propose that much of the backbone of the Tyr
and Val residues (which occur in the semicrystalline region) has regular antiparallel 3-
sheet structure, but that the sidechains are less ordered than in the crystalline region. In
Silk I, the Tyr act as 180° chain reversal points, and we speculate that they maintain this
function in Silk II: in other words, that the Tyr are located at the edges of crystalline or
semicrystalline regions, at 180° chain reversals. Tyr rings cannot be accommodated

within the lamellar structure, but are functionally important.

9. Conclusions and Future Aspects

In this review, we proposed a chain-folded lamellar structure for Bombyx mori silk
fibroin (SF) fiber based on solid-state NMR analysis of model peptides. We showed that
the crystalline domain of SF consists of B-turns every eighth amino acid and that the
chains adopt an antipolar arrangement. These proposals are based on multiple sets of
experimental evidence, which provide unambiguous support and enable the community
to move on to more detailed structural studies. We also studied the conformations of Ser
in the crystalline domain, and Tyr and Val residues in the semicrystalline domain.
However, many limitations remain, including a lack of direct evidence for the chain-

folding mechanism from repeated type II B-turn structure in Silk I before spinning to a
22



lamellar structure in Silk II as reported here, as well as the influence of a range of
environmental factors on the fiber structure, such as tensile and shear stress in the
spinneret including in the silk press region of silkworm, loss of water molecules, the
presence of silk sericin and metal ions, and liquid-liquid phase separation as evidenced
by the formation of micron-scale liquid droplets. A greater understanding of these
factors is needed before we can hope to produce suitably strong fibers synthetically.
Therefore, we suggest further research is needed to address these issues and to explore

the potential applications of SF fiber in various fields.
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Figure 1. (I) The organization of the B. mori silk fibroin heavy chain gene. RO1---R12 and
AO01---Al1 represent the predicted twelve repetitive and eleven amorphous regions, respectively, in
the polypeptide chain.3>3* An approximate amino acid sequence of the R06 region is illustrated by
sequences D - @. Adapted with permission from Asakura et al., Possible Implications of Serine
and Tyrosine Residues and Intermolecular Interactions on the Appearance of Silk I Structure of
Bombyx Mori Silk Fibroin-Derived Synthetic Peptides: High-Resolution '*C Cross-
Polarization/Magic-Angle Spinning. Biomacromolecules 2005, 6, 468-474. Copyright 2005
American Chemical Society. (II) Histograms of the number of occurrences of each (AGSGAG),
sequence for n=1-11 (blue), and the total number of amino acid residues of each (AGSGAG).
sequence in the primary structure of SF heavy chain (orange stripes). Reprinted from Int. J. Biol.
Macromol., 164, 3974-3983, Asakura et al., Chain-Folded Lamellar Structure and Dynamics of the
Crystalline Fraction of Bombyx Mori Silk Fibroin and of (Ala-Gly-Ser-Gly-Ala-Gly), Model
Peptides. Int. J. Biol. Macromol., Copyright (2020), with permission from Elsevier.

37



. b=1424A ol

Figure 2. Packing structure of poly(AG) chains with type II B-turn structure as a
model for Silk I*, shown in three orthogonal directions.”® Dotted lines denote
intra- (green) and inter- (red) molecular hydrogen bonds. The unit lattice values
a, b and ¢ were obtained from X-ray diffraction data. Adapted with permission
from Asakura et al., Refinement of Repeated B-Turn Structure for Silk I
Conformation of Bombyx Mori Silk Fibroin Using '*C Solid-State NMR and X-
Ray Diffraction Methods. Macromolecules 2005, 38, 7397-7403. Copyright
2005 American Chemical Society.
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(B) Alanine + glycine face

(1)

Glycine face Alanine + glycine face

Polar B-sheet Antipolar p-sheet

Figure 3. (I) Marsh model of poly(AG)."” The model is shown in three orthogonal
orientations, with the relevant unit cell axes shown. Three 3-sheet layers are shown. In
the top layer, methyl groups are in magenta; in the middle layer they are in orange; and
in the bottom layer they are in yellow. Interstrand hydrogen bonds are indicated for the
central sheet. The directions of the strands are shown beneath panel (a), with the top
strand in magenta and the central strand in orange. Adapted with permission from
Asakura et al., Intermolecular Packing in B. Mori Silk Fibroin: Multinuclear NMR Study
of the Model Peptide (Ala-Gly)1s Defines a Heterogeneous Antiparallel Antipolar Mode
of Assembly in the Silk II Form. Macromolecules 2015, 48, 28-36. Copyright 2015
American Chemical Society. (II) Schematic illustration of (A) polar and (B) antipolar
poly(AG) B-sheets obtained by conformational energy calculations. The polar B-sheet
has an Ala face and a Gly face, while the antipolar B-sheet has two identical faces.??
Reprinted with permission from Fossey et al., Conformational Energy Studies of [3-
Sheets of Model Silk Fibroin Peptides. I. Sheets of Poly(Ala-Gly) Chains. Biopolymers
1991, 31,1529-1541. Copyright 1991 John Wiley and Sons.
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Figure 4. Expanded Ala Cp peak from the '3C solid-state NMR spectrum of [3-'*C]Ala
silk fibroin fiber (thick solid, black) with the assignment of each component. The
crystalline domain (56% ; thin solid, black) with the sequence (AGSGAG), consists of
18% distorted B-turns (t), 25% B-sheet (A), and 13% [B-sheet (B). The non-crystalline
domain (44%, red) consists of 22% distorted B-turns and 22% distorted B-sheets. Adapted
with permission from Asakura et al., Heterogeneous Structure of Silk Fibers from Bombyx
Mori Resolved by 13C Solid-State NMR Spectroscopy. J. Am. Chem. Soc. 2002, 124,
8794-8795. Copyright 2002 American Chemical Society.
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Figure 5. 3C CP/MAS NMR spectra of the Ala CB peaks from different peptides (black), showing
deconvolutions into three components: t (distorted B-turn), and two different antiparallel B-sheet signals A
and B. Left panels adapted from Int. J. Biol. Macromol., 164, 3974-3983, Asakura et al., Chain-Folded
Lamellar Structure and Dynamics of the Crystalline Fraction of Bombyx Mori Silk Fibroin and of (Ala-Gly-
Ser-Gly-Ala-Gly), Model Peptides. Int. J. Biol. Macromol., Copyright (2020), with permission from
Elsevier. Right panels adapted with permission from Asakura et al., Lamellar Structure in Alanine-Glycine
Copolypeptides Studied by Solid-State NMR Spectroscopy: A Model for the Crystalline Domain of Bombyx

Mori Silk Fibroin in Silk IT Form. Biomacromolecules 2020, 21, 3102-3111. Copyright 2020 American
Chemical Society.
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Figure 6. (I) (a) "H DQMAS spectrum of (AG);s in the Silk II form. Cross peaks are assigned as (i) AlaHao.-
AlaHN, (ii) GlyHa2-GlyHN, (iii) GlyHa1-GlyHN, (iv) AlaHB-AlaHN, (v) AlaHa-GlyHa?2, (vi) GlyHa2-
GlyHal, (vii) AlaHo-AlaHB, (viii) GlyHo2-AlaH, (ix) GlyHol-AlaHp. (b) 'H DQMAS spectrum of
deuterium-labeled ([2-di1]AG)s in the Silk II form to remove spectral overlap in the Ha region (cf. Figure 6(I)). It
is clear that there are no Gly Ha2—Gly Ha?2 peaks on the diagonal. Adapted with permission from Asakura et al.,
Intermolecular Packing in B. Mori Silk Fibroin: Multinuclear NMR Study of the Model Peptide (Ala-Gly)is
Defines a Heterogeneous Antiparallel Antipolar Mode of Assembly in the Silk II Form. Macromolecules 2015,
48, 28-36. Copyright 2015 American Chemical Society. (II) In the polar Marsh model,'” the Gly Ha, protons in
adjacent B-strands are about 2 A apart, so a diagonal peak for Gly Ho is expected. However, in the antipolar
Takahashi model,?> the '"H—"H distances between two Gly Ha protons in adjacent B- strands are more than 4 A,
so a diagonal peak for Gly Haz is not expected. On the other hand, the 'H—"H distances between Gly Ha, and Ala
Ho are longer than 4 A in the polar model, but about 2.4 A in the antipolar model. Therefore, a cross peak should
be observed in the antipolar model, but should not be observed in the polar model. Thus, '"H-'H distance

information obtained from DQMAS 'H NMR gives a clear conclusion about the packing of the AP B-sheet.



¥ & 8 8 &
T

(1)

4 el
Ala-11
wl|

el itz

T
*I" Ala-23

T
1 e Ala-29

o 100
90

80

70

60 LR

>,

1 3 5 7 9 1113151719 21 23 25 27 29

Figure 7. (I) Deconvoluted *C-labeled Ala CB peaks in the *C CP/MAS NMR spectra of all fifteen
specifically [3-'*C]Ala-labeled (AG);s peptides. (IT) Change in the fractions of t, A, and B of '*C-labeled Ala
CB peaks of 15 [3-1*C]Ala-(AG);s peptides plotted as a function of the *C-labeled site. Adapted with
permission from Asakura et al., Lamellar Structure in Alanine—Glycine Copolypeptides Studied by Solid-State
NMR Spectroscopy: A Model for the Crystalline Domain of Bombyx Mori Silk Fibroin in Silk II Form.
Biomacromolecules 2020, 21, 3102-3111. Copyright 2020 American Chemical Society.
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(B)

(a)

Figure 8. (A) Eight possible lamellar structures of (AG)1s, (I)-(VIII), derived by modelling repetitive
folding through B-turns every eighth amino acid in an antipolar arrangement, with B-turns at all
possible positions. Ala'! is marked by a circle in structures (I)-(IV). (B) (a) Assignment of Ala Cp
peaks deconvoluted to three peaks, i.e., two B-sheet signals, A and B, and one B-turn t, of (AG)m in
the Silk II form. (b) Three peaks, A, B and t, can be assigned to three kinds of Ala C[3 carbons, A, B
and t in the lamellar structure. Adapted with permission from Asakura et al., Lamellar Structure in
Alanine—Glycine Copolypeptides Studied by Solid-State NMR Spectroscopy: A Model for the
Crystalline Domain of Bombyx Mori Silk Fibroin in Silk II Form. Biomacromolecules 2020, 21,
3102-3111. Copyright 2020 American Chemical Society.
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Figure 9. Expansion of the carbonyl region from '*C spin diffusion NMR spectra of
(a) (AG)sA[1-*C]IGM[1-3C]A’G(AG)7 and (b)(AG)sA[1-*C]G™[1-
BCIAYG(AG)s, observed under slow MAS condition. The corresponding simulated
spectra, (¢) and (d), and (e) the calculated spectrum for antiparallel B-sheet sheet,
(modelled with ¢ = —150° and ¢ = 150°) are also shown. Adapted with permission
from Asakura et al., Lamellar Structure in Poly(Ala-Gly) Determined by Solid-State
NMR and Statistical Mechanical Calculations. J. Am. Chem. Soc. 2007, 129, 5703-
5709. Copyright 2007 American Chemical Society.
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Figure 10. Three-dimensional structure of a stack of polar antiparalell B-sheets of
poly(AG), folding in phase with an octapeptide periodicity and forming y-turns. In the
process of the preparation, various structures for poly(AG) were computer generated
and the closest overall fit structure with the observed X-ray data is shown.

Adapted with permission from A Panitch et al., Poly(LAlanylglycine): Multigram-
Scale Biosynthesis, Crystallization, and Structural Analysis of Chain-Folded Lamellae.
Macromolecules 1997, 30, 42-49. Copyright (1997)American Chemical Society.
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Figure 11. (I) Expanded '*C-labeled Ala CpB peaks in the '*C CP/MAS NMR spectra of all ten
individually [3-1*C]Ala-labeled (AGSGAG)s peptides. The three deconvoluted Ala Cp peaks are
assigned to t (distorted B-turn), A and B (center and end of antiparallel-B sheet respectively) of
(AGSGAG)s as shown in Figure 4. (II) Changes in the percentages of peaks t, A and B of 1*C-
labeled Ala CB carbon of all ten [3-*C]Ala-(AGSGAG)s peptides plotted as a function of the *C-
labeled position. The positions 3, 9, 15, 21 and 27 (red) in [3-*C]Ala-(AGSGAG)s are Ser
residues, not Ala. Reprinted from Int. J. Biol. Macromol., 164, 3974-3983, Asakura et al., Chain-
Folded Lamellar Structure and Dynamics of the Crystalline Fraction of Bombyx Mori Silk Fibroin
and of (Ala-Gly-Ser-Gly-Ala-Gly), Model Peptides. Int. J. Biol. Macromol., Copyright (2020),
with permission from Elsevier.
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Figure 12. Lamellar structure of (AGSGAG)s in an antipolar arrangement with B-turns
at positions 11 and 19, formed by repetitive folding using B-turns every eighth amino
acid. Three peaks, t, A and B in the '3C-labeled Ala CB peak can be assigned to three
kinds of Ala Cp carbons (black letters). The difference between A and B is that B is at
the end of the B-strand whereas A is in the middle of the strand. The red letters indicate
the Ser CB carbons in (AGSGAG)s corresponding to the Ala Cp carbons in (AG)15
lamellar structure. The side chain conformations of the Ser Ca-Cp bonds were
modelled as gauche+. The Ca-’Hz bond of Gly and the Ca-Cp*Hs bond of Ala are
perpendicular to the fiber axis. Reprinted from Int. J. Biol. Macromol., 164, 3974-
3983, Asakura et al., Chain-Folded Lamellar Structure and Dynamics of the Crystalline
Fraction of Bombyx Mori Silk Fibroin and of (Ala-Gly-Ser-Gly-Ala-Gly), Model
Peptides. Int. J. Biol. Macromol., Copyright (2020), with permission from Elsevier.
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Figure 13. Experimental and simulated 2H solid-state NMR spectra of uniaxially aligned
(I) [2,2->H2]Gly- and (II) [3,3,3->H3]Ala-SF fibers.The angle o between the fiber axis and
magnetic field was set to be (I) 0°, 32°, 35°,60° and 90°, and (II) 0° and 90°. When the
angle between the Ca-’H, bond of Gly and fiber axis was assumed to be 90°, the

experimental spectra could be well simulated as shown in (I). Similarly, a good agreement

was also obtained when the angle between the Ca-CB?Hs bond of Ala and the fiber axis

was assumed to be 90° for (II). Adapted with permission from Asakura et al., °2H-Labeling
of Silk Fibroin Fibers and Their Structural Characterization by Solid-State :H NMR.
Macromolecules 1997, 30, 2429-2435. Copyright 1997 American Chemical Society.
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Figure 14. (I) Expanded Ser Ca-Cp correlation from the 2D *C-13C DARR spectrum

of the [U-'*C] Cp fraction in the Silk II form observed with a mixing time of 10 ms.
The peak assignment of four cross peaks is shown. (II) (Ala CB)-Ser Ca/Cp)
correlations in the 2D 3C-13C DARR spectrum of the [U-!*C] Cp fraction in the Silk
II form observed with a mixing time of 400 ms. Solid lines show the correlations
with the B-sheet carbons A and B. Adapted with permission from Okushita et al,
Local Structure and Dynamics of Serine in the Heterogeneous Structure of the
Crystalline Domain of Bombyx mori Silk Fibroin in Silk II Form Studied by 2D

13C—13C Homonuclear Correlation NMR and Relaxation Time Observation.

Macromolecules 2014, 47, 4308—4316. Copyright 2014 American Chemical Society.
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Figure 15. (I) Log plot of normalized area of each Ser Cf} peak observed in the 71°
measurement of [3-'*C]Ser'>-(AGSGAG)s via Torchia’s pulse sequence'% versus
delay time. (II) Stacked column chart of component ratios of shorter and longer 7/°
values for each Ser Cf peak. Adapted with permission from Okushita et al, Local
Structure and Dynamics of Serine in the Heterogeneous Structure of the Crystalline
Domain of Bombyx mori Silk Fibroin in Silk II Form Studied by 2D 3C-'3C
Homonuclear Correlation NMR and Relaxation Time Observation. Macromolecules

2014, 47, 4308—4316. Copyright 2014 American Chemical Society.
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Figure 16. (I) '°N solution NMR spectra (80-110 ppm) of selectively labeled SF fiber samples:
(a) ['°N]Val-SF, (b)['°N]Tyr-SF, and (c) ['°N]Ser-SF. For comparison, the '’N NMR spectrum
(d) of non-labeled (natural abundance) SF fiber is also shown. (IT) '*N solid state NMR spectra
(0-200 ppm) of the labeled, uniaxially aligned SF fiber: (a) ['°N]Tyr-SF, (b)['°N]Val-SF, and
(c) ['°N]Ser-SF. The fiber axis was placed parallel (upper spectra) and perpendicular (lower
spectra) to the static magnetic field direction Bo. Approximately 30% of the intensity arising
from non-oriented powder patterns was subtracted from the experimental spectra. Adapted
with permission from Asakura et al., Comparative Structure Analysis of Tyrosine and Valine
Residues in Unprocessed Silk Fibroin (Silk I) and in the Processed Silk Fiber (Silk II) from
Bombyx Mori Using Solid-State °C, '°N, and ?H NMR. Biochemistry 2002, 41, 4415-4424.
Copyright 2002 American Chemical Society.
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Figure 17. (I) Expansion of the 0—80 ppm region from the '*C CP/MAS NMR spectra of SF. (A) '*C-
labeled Ser, Tyr, and Ala C carbons of the SF before stretching. (B) Non-labeled carbons of the SF
before stretching. (C) *C-labeled Ser, Tyr, and Ala CB carbons of the SF fiber in the Silk II form.
Adapted with permission from Asakura et al., Stretching-Induced Conformational Transition of the
Crystalline and Noncrystalline Domains of '* C-Labeled Bombyx Mori Silk Fibroin Monitored by Solid
State NMR. Macromolecules 2015, 48, 5761-5769. Copyright 2015 American Chemical Society. (II) Val
3Ca peak in the '*C CP/MAS NMR spectrum obtained by subtracting nonlabeled SF fiber from [2-
13C]Val-SF fiber. Adapted with permission from Asakura et al., Comparative Structure Analysis of
Tyrosine and Valine Residues in Unprocessed Silk Fibroin (Silk I) and in the Processed Silk Fiber (Silk
1) from Bombyx Mori Using Solid-State '*C, '°N, and ?H NMR. Biochemistry 2002, 41, 4415-4424.
Copyright 2002 American Chemical Society. (III) Expanded Ala CP peaks in the '*C CP/MAS NMR
spectra of (A) (AGYGAG)s, (B) (AGAGYGAGAG); and (C) (AG)3YG(AG).VGYG(AG)3YG(AG); in
the Silk II forms. Reprinted with permission from Asakura & Yao, °C CP/MAS NMR Study on
Structural Heterogeneity in Bombyx Mori Silk Fiber and Their Generation by Stretching. Protein Sci.
2009, 11, 2706-2713 31,1529-1541. Copyright 2009 John Wiley and Sons.



Table 1. Atomic distances calculated from REDOR plots for five '*C,!’N-labeled
peptides: (D1) (AG)7[°NJAP[23C]G!*(AG)7; (D2) (AG);A['°N]Gly'®[2-
BC1A1aY G- (AG)e; (D3) (AG)sA[1-3C]Gly“A[PN]Gly'%(AG)7; (D4) (AG)'[1-
BC]Al1a>G[°N]- Ala!’"G(AG)e; (D5) (AG)7[°N]Ala' [1-13C]Gly'*(AG); . Adapted
with permission from Asakura et al., Lamellar Structure in Poly(Ala-Gly)
Determined by Solid-State NMR and Statistical Mechanical Calculations. J. Am.
Chem. Soc. 2007, 129, 5703-5709. Copyright 2007 American Chemical Society.
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D1

labeled site observed  B-sheet B-turn simulated

distq)nces A) (A) dist%nces
(A) (A)
D1 [PN]Ala">---[2-3C]Gly'* 4.6+0.1 4.82 4.74 4.8
D2 [PN]Gly'S..-[2-13C]Ala"7 4.7 +0.1 4.96 4.17 4.8
D3 [1-BC]Gly'*--['°N]Gly'® 4.5+0.1 4.77 3.85 4.6
D4 [1-BCJAlaP.-.[’N]Ala"7  4.5+0.1 4.76 2.94 44

D5 [N]Ala"---[1-BC]Gly'"®* 5.2+0.3 6.02 5.05 5.8




Table 2. T ¢ Relaxation Times ( T (short/s) and T1“(long/s) of [3-13C]Ser!’-

(AGSGAG)s and their fractions (I (short) and I (long)), respectively for four

peaks of Ser Cp carbon. Adapted with permission from Okushita et al, Local Structure
and Dynamics of Serine in the Heterogeneous Structure of the Crystalline Domain of
Bombyx mori Silk Fibroin in Silk II Form Studied by 2D '*C~"*C Homonuclear
Correlation NMR and Relaxation Time Observation. Macromolecules 2014, 47,
4308—4316. Copyright 2014 American Chemical Society.

66.8 ppm 64.2 ppm 63.5 ppm 61.4 ppm

I (short) 0.59 0.68 0.44
I (long) 0.41 0.32 1.00 0.56
T (short/s) 0.32 0.45 0.73
Ti€ (long/s) 4.92 4.43 10.75 8.43
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