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Abstract: Isotopic labeling oBombyx morsilk fibroin was achieved biosynthetically using two approaches.
First, labeled fibroin was achieved by feeding silk wordf€[]Gly and [:3C,]Ala along with an artificial diet.
Second, in vitro production ofiN]Gly and [*°N]Ala labeledB. morisilk fibroin was accomplished by culturing

the posterior silk glands isolated from five-day-old silkworm larvae in the fifth instar stage. Orientation-
dependentSN and 13C solid-state NMR spectra of these isotope-labeled silk fibroin fibers were observed
when the fiber axis was arranged at various angles betwean®90 to the magnetic field direction. Such

data from the silk Il structure was simulated on the basis of the chemical shift anisotropy to determine the
Euler angles that relate the principal axis system (PAS) to the fiber axis coordinate system. The dipolar
modulated!®>N and3C chemical shift powder pattern spectrald€—15N double-labeled silk fibroin model
peptides were observed and simulated to determine the Euler angles for transforming the PAS to molecular
symmetry axis (MSA) system. The specific orientations effl N—C,;, C;=0O, and G—N bonds for Ala

and Gly residues in the oriented silk fibroin fiber were determined with a combination of these Euler angles.
The conformational space for the Ala and Gly residues of the silk fibroin fibers was substantially reduced
with these bond orientations and the knowgy; G)—Cq+1) vector orientation from fiber diffraction studies.

The best fit torsion angleg (i) within the reduced conformational space were determined-a44@, 142)

and (139, 135), respectively within experimental errat§°). The distance of the unit cell length determined
here results in excellent agreement with the fiber diffraction data.

Introduction tensors serve as probes from which the orientation of specific

Solid-state NMR is an approach that is well suited for the Pond vectors can be determined with respect to both the
study of structure and dynamics of macromolecules in aniso- 1aboratory frame of reference and a unique molecular axis
tropic environments. Such studies can take advantage of higmysystem aligned to the laboratory frame. _The relative orientation
oriented systems which are immobile about each of three Of structural elements separated by torsional degrees of freedom

orthogonal axes on NMR time scales, such as fibérer can be determined from such constraints. The specific site
immobile about one or two axes, such as proteins or peptidesconstraints are achieved through selective iSOtOpe |abe|ing.
that are embedded in a lipid environmé&nt? In these oriented Silk fibroin from B. morisilkworm is a fibrous protein whose
systems, the orientation-dependent nuclear spin interactionprimary structure is dominated by a repeating sequence of six
* Address correspondence to this author. residues, (Gly-Ala-Gly-Ala-Gly-Seff 22 Two crystalline forms,
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Structure of Bombyx mori Silk Fibroin

energy calculationd)28 infrared242° and 13C and!*N cross-
polarization magic angle spinning (CPMAS) NMR
spectroscopy? 34 The protein exists primarily in either the
silk I or random coil forms in the silk glands of the silkworm,
and undergoes a conformational transition to the silk Il form
during the spinning proce$s. The silk Il conformation has been

J. Am. Chem. Soc., Vol. 120, No. 6, 19381

to the macroscopic fiber axis. They found that the Euler angles
that best simulated the observed line shapes placed the normal
to the peptide plane containing the Ala carbonyl group at a
smaller angle (69 to the fiber axis than would typically be
expected for a typicalp-pleated sheet, raising questions
concerning the accuracy of the current models for silk Il

characterized by several X-ray fiber diffraction studies as a structure.

regular array of antiparallgd-sheets: In 1955, Marsh et &
reported a fiber diffraction study of nati mori silk fibroin

based on the quantitative intensities of six equatorial reflections.

The solid-staté®N NMR spectra of similaB. morisilk fiber
orientations have been reported and analyzed to yield orienta-
tions of specific molecular bond%. The NMR-defined and fiber

The agreement between the observed and calculated structuréiffraction-modeled angles for the NH and NC bond vectors

factors generated by aR factor of 37%. Fraser et &?

with respect to the fiber axis agree well for th\ Gly site.

supported the general features of this earlier model for the silk The orientation-depende&C—1°N dipolar coupling was also

Il structure. Takahashi et &t.reported a more detailed X-ray
fiber diffraction analysis of the silk Il structure &. mori silk
fibroin fiber with 35 quantitative intensities. Although this and

observed for oriented silk fibers with the double-labefé{]-
Gly-[15N]Ala peptide bond® For the preparation of this sample
the middle silk glands from the silkworm were cultivated in

previous studies have yielded a general pattern of backboneamino acid medium with both'§C;]Gly and [*N]Ala amino

folding by model fitting the observed cell dimensions to a
regular$3-sheet structure, a high-resolution structure of the silk
Il conformation has not been determined. Solid-state NMR is

acids. The dipolar splitting indicated that the angle between
the 15N—13C; peptide bond and the macroscopic fiber axis was
39°, 147, 76°, or 104#. Among these angles, 141s in

suited for the direct fiber structural characterization by observa- agreement with the X-ray diffraction modely¢ = 139.5 by

tion of specific amino acid residues in the oriented silk fibroin
fiber.3637 The repeating sequence that abounds in silk fibroin

Marsh et al23 and 140 by Takahashi et &k).
In this paper, the, v torsion angles of Ala and Gly residues

simplifies the interaction of the NMR data obtained for this of B. morisilk fibroin will be determined with bond orientations
protein, since a majority of the observed intensity from obtained from!N and3C solid-state NMR spectroscopy and
isotopically enriched Gly and Ala residues will arise from constraints from fiber diffraction unit cell parameters. For this

chemically and structurally equivalent sifég1

Fujiwara et al9 applied this solid-state NMR approach to
oriented silk fibroin fromB. mori labeled with [3C]Ala, in
which 13C chemical shift line shapes obtained from fibers placed

purpose, PNJAla, [**N]Gly, [13C;]Ala, and [F3C,]Gly sites in

silk fibroin were isotopically labeled to high enrichment by oral
administration of labeled amino acids to silkworm larvae or by
the cultivation of the silk glands in a medium containing labeled

parallel and perpendicular to the magnetic field were simulated amino acids. The specific NH and N®ond orientations

to yield the Euler angles relating tR&C principal axis system
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relative to the fiber axis were determined for both Ala and Gly
residues from'>N spectra of the aligned labeled silk fibers.
Similarly, the GO and GN bond orientations were determined
for both Ala and Gly residues froffC spectra of labeled silk
fibers. The backbone torsion angles were calculated by the
combination of these bond orientations for both Ala and Gly
residues along with the most reliable constraints from X-ray
fiber diffraction, the orientation of the major axis of the unit
cell relative to the fiber axis.

Theory

The chemical shift anisotropy (CSA) interaction #6N and
13C,; nuclei in a peptide plane can be interpreted with chemical
shift tensor transformation as shown in Figuré! 1The 5N
and®3C; CSA principal axis systems (PAS) are frames in which
the CSA tensors are diagonal, with principal components
< 022 < 033 (taking into account the negative gyromagnetic
ratio of 15N). The Euler angles that relate the PAS and MSA
frames are denoted as andfp, whereopnc andfpne are the
Euler angles relating to théN PAS andopcy andfSpen relate
to the3C; PAS. Inherent in the orientational characterization
presented in this effort is the assumption that ¢ o33 and
13C, 041 tensor elements lie in the peptide plane resultinggn
= 0°.49-52 The fiber axis system (FAS) is a reference frame
fixed in the aligned sample and is defined such that the
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1024-1026.

(43) Asakura, T.; Kawaguchi, Y.; Demura, M.; Osanai, Msect
Biochem 1988 18, 531-538.

(44) Asakura, T.; Demura, M.; Nagashima, M.; Sakaguchi, R.; Osanai,
M.; Ogawa, K.Insect Biochem1991, 21, 743-748.

(45) Asakura, T.; Sakaguchi, R.; Demura, M.; Manabe, T.; Uyama, A.;
Ogawa, K.; Osanai, MBiotechnol. Bioeng1993 41, 245-252.

(46) Asakura, T.; Yamada, H.; Demura, M.; Osanai,livsect Biochem
199Q 20, 261—-266.



1302 J. Am. Chem. Soc., Vol. 120, No. 6, 1998 Demura et al.
C
o H '1,53 H
rzsg 1_16,{0 r1'1_00
on ¥
H on 1'5}/ 1.3}\ LV 1,&1’y 1.&
Bone Bocn Cc N C C
y on ; N 1.00] 123
o e R one OLDCN
o] \ AOP\ \
Ca Ca
(a)'>N CSA -> MSA (b)'*C CSA > MSA
Zras ZFas
\
OF
Y . 4
()N CSA > FAS (d)'*C CSA -> FAS
Z1aB
\ Zeas Zras Figure 2. The bond lengths, bond angles, and definition of bond

orientations Pnu, Onc, Oco, andéey in a peptide plane with respect to
fiber axis, Zeas.

. N T a v > -Xus only to the component of the tensor parallel t¢ Brhe angles
O‘L,A{m e ’ a, andp, can be experimentally defined by the fiber orientation.

When the fiber axis is parallel tBo, 0. = 0 andj_. = 0,

(€)'5N FAS -> LAB (f)'SC FAS > LAB and the observed chemical shift is given by

Figure 1. Transformations from the principal axis system (PAS) to — - : -
the molecular symmetry axis (MSA) system of ¢8)N and (b)3C; Opar =~ 911 szﬂ': CO§0LF + 02 szﬂ': sza': + 033 Cogﬂ':

sites in a peptide plane; from the PAS to the fiber axis system (FAS) 1)
of (c) N and (d)*3C; sites; and from the FAS to the LAB frame of
reference fot®N (e) and**C (f) nuclei. The PAS is related to the FAS
by the Euler anglearx andfex. This definition corresponds to setting
yex = 021 Both >N and'3C; tensors have two tensor elements in the
peptide plane as a result of the Euler anglggc and apcn being O.
Consequentlyg,, andoss are the unique elements for th# and3C;
tensors that do not lie in the peptide plane, respectively.

When the fiber axis is perpendicularBg, . = 90°, and 0 <
oL < 360 (all values ofa, are equally represented in the
spectrum). The observed chemical shift is givertby

Oped 0, Br0y) = Fyy cOS o + 2F;, cosay sinay +

Fo,sim o, (2)
macroscopic fiber axis lies in thEras direction. The PAS
orientation relative to the FAS, is given by the Euler angles
and Br. The locations ofXgas and Yeas within the plane
perpendicular to the fiber axis are defined arbitrarily such that
o33 lies in the XZgas plane. These positions also yield the
convenient result thateny = yec = 0°. The NMR spectra are
observed in the laboratory frame of reference (LAB), in which

where

Fy, = 0y, 0% B cog o + 0,,cos fB; sinf o +
03 Sin’ B (3A)

the applied magnetic fieldBp) is in the Z g direction. The F., = (0, — 01) COSf COSOL SiN 0 (3B)
angleso, andf. are the Euler angles that transform the FAS

into the LAB frame of reference. Only two angles are required )

for this transformation because the NMR experiment is sensitive Fap = 04, SIF 0 + 0, COS 0t (3C)
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The F; terms are the, j components of the CSA tensor
expressed in the FAS reference frame. Equation 2 represents a
family of curves that are manifested in the spectral line shape.
Through spectral simulations using these equations, solutions
to theor and Sk angles can be found.

The definition of the bond orientation8yn, Onc, Oco, and
Ocn relative to the fiber axis is shown in Figure 2. To obtain
the 1N-based Gly and Ala bond orientation anglégy and
Onc, the following equation is uset:
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COSHyy = COSPry COSPpnx T issumed to be 180 The ap andp angles (Figure 1) for th&®Cy—
. : N double-labeled model compounds were determined from the
Sin Sy COSQFN COS_OLDNX Sl_n’gDNX +_ simulation of 33C—15N dipolar modulated powder pattern using the
Sin gy SiN 0y SIN Ay SINPBpnx (4) approach described by Teng and Créfs§ he N and*®C solid-state
NMR spectral line shapes as a functiorppfwere simulated according
whereapnx andfSpnx (X is H or C;) are the Euler angles as  toegs 1 and 2 by varyings andSr. A Gaussian probability distribution
defined in Figure 1 and experimentally determined fiS@y,— of fiber axis orientations was employed to account for the spectral
15N double-labeled peptides. Thery and Ben values are broadening observed in both the parallel and perpendicular orienta-

obtained as described above. TR@-based Gly and Alabond ~ tions®* An error analysis was performed by summing the difference

orientation angles fofico andfcy relative to the fiber axis are betwee_n the experlr_nental and calculate_d points in the spectral line shape
. - to obtain the best fit of thei= and Sk pair.

similarly calculated W|th_ thé3C,; PAS to MSA system Euler The orientation of the G-1—Ci—N—Cy peptide plane with

anglesapcx andfocx (X is O or N) as well as thé’C PAS to respect to the fiber axis was calculated using NH and; Kénd

FAS anglesprc andfrc. orientations. Similarly, the &),—3C;—N—Cy+1) plane orientation was
. . determined from the f© and GN bond orientations. An error analysis
Experimental Section was performed by summing the difference between the experimental

Biosynthetic Labeling. Isotopic labeling ofB. mori silk fibroin and calculated bond orientations. Thigy torsion angles were
was achieved biosynthetically through the use of an artificial diet determined from the relative orientation of adjacent peptide planes
supplemented with JC;]Gly and [3C;]Ala.204%4 |sotopes were within the experimental error of the defined bond orientations. The
incorporated into cocoons & moriby feeding 20 mg of fC,-labeled minimum of this sum indicates the best fit op,¢) values. All
amino acid (J3C1]Gly, 99% ICON, New York; [3CyJAla, 99% ICON, calpulatlons were pgrformed W|_th a Mips Fortran 77 compiler on a
New York) along with 27 g of an artificial diet (silk Mate 2M, Nippon ~ Unix workstation (Silicon Graphics, Inc., Indy R4400, IRIXS.3).
Nosan Kogyo Co., Tokyo) to five, 6- or 7-day old silkworm larvae in

the fifth instar stage. In vitro production of*N]Gly and [°N]Ala Results
enrichedB. morisilk fibroin was performed with posterior silk glands Characterization of Euler Angles. To determine the Euler
isolated from 5-day-old silkkworm larvae in the fifth instar stdgé. angles that relate tH8C; and5N PAS to the MSA system for

Preparation of the culture medium containing these isotope labeled 5 . . .
amino acids, the culture procedure, and isolation of the silk fibroin the [*C1]Gly and ["N]Ala sites, two peptides were synthesized

from posterior silkglands has all been described previotisy. by liquid-phase synthgs!s a§ de§crlbed elsewbieregs model
Powder Sample Preparation. To prepare silk Il powder samples, ~ ¢ompounds forB.mori silk fibroin: Boc-Gly-Ala-[*Cy|Gly-

the cocoons oB. mori were first degummed twice with 0.5 wiv % [**N]Ala-Gly-Ala-OPac and Boc-Ala-GlyfCi]Ala-[ **N]Gly-

Marseilles soap solution at 10 for 30 min and then washed with  Ala-Gly-OPac.

distilled water. The silk sericin, another silk protein, was removed  In this way nearly 100% isotopic enrichment is achieved in

from the surface of silk fibers by this degumming treatment. The silk the doubly labeled'fC;—1N] peptide bond. The conformation

fibroin was then dissolvedhi9 M LiBr at 40°C. After dialysis against  of the crystalline peptides was confirmed to be an antiparallel

distilled water for 4 days, the solution was clarified by centrifugation B sheet from the isotropi¢3C chemical shifts of the Ala €

at 10 000 rpm for 2630 min. The supernatant was collected and and G sites in CPMAS spectr®34 B. mori silk fibroin in

gently evaporated by forced air flow to a concentration of 3 wiv %, crystalline form shows very similar chemical shifts characteristic

and the aqueous solution of silk fibroin was freeze-dried. Then, this . . . .
powder sample was immersed in 80 v/v% methanol aqueous solution of silk Il and distinct from silk 12920 Th_erefore, these peptides
for 10 min and dried to prepare the silk Il structdfe represent good models for characterizing the Euler angles that

Oriented Sample Preparation. Preparation oB. morisilk fibroin relate the PAS and MAS system in silk Il. Figure 3 showa
fiber samples was achieved by first loosening the threads on the cocoonsand?>N chemical shift powder pattern spectra of tR€[|Gly —
by placing them in 100C water for 5 min. The ends of the cocoon  [°N]Ala-labeled model compound under conditions where both
fibers were located, bundled together, and wound onto a glass tube.spectra are modified by tHéC—1°N dipolar interaction. From
To remove sericin, the silk fibers were treated with 0.5 wiv % Marseilles the 15N powder pattern simulatioff,°-52 the angles that relate
soap solution at 100C for 30 min while on the glass tube and then {he 15\ PAS to the MSA systemppne and fonc were
washed with distilled water. To prepare blocks of oriented fibers, the determined to be @& 5° and 109+ 5°, respectively. These
silk fibers were removed from the glass tube as a bundle and againangles indicate that the-NCy bond is in thes11—033 plane of

placed in hot water (about 8%) for approximately 15 min to enable 15 . .
easy separation of the fibers from one another. The silk fibers were the N PAS. From the simulation of th€C powder pattern

then rewound onto a form which produces sheets of highly oriented SPectrum the angles that relate €, PAS to the MAS system,

fibers. These sheets were fixed with quick-setting epoxy and then cut %pcn and fipen were determined to be & 5° and 354+ 5°,

into 4.5 mmx 10 mm pieces, stacked together, and fixed with epoxy respectively. These angles indicate that theQ@y bond is in

to form an 4.5 mmx 4.5 mmx 10 mm block that fit within the radio ~ the 011—02; plane of the'3C; PAS. For the TCi]Ala—[*5N]-

frequency coil of the NMR probe. Gly peptide bond similar spectra were obtained and the Euler
NMR Spectroscopy. **N solution NMR spectra were observed with  angles were characterized. The results, summarized in Table

a JEOL FX-90Q NMR spectrometer operating atZs The static 1 are, as expected, slightly different for the two peptide planes.

solid-state">N and**C NMR experiments were performed at 25 on Figure 4 shows thé®N solution NMR spectra of fN]JAla

a JEOL GX400 spectrometer operating at 40.4 and 100.4 MHz, and [5N]Gly B. mori silk fibroins in aqueous solution along

respectively. The probe was equipped with a 7-mm inner diameter .
coil. Cross polarization was employed with high-podrdecoupling with the spectrum of a natural abundance sample. PNe

during the signal acquisition period. Typical NMR parameters were 6 labeled samples were obtained by the cultivation of the posterior

us 90 pulse wih a 3 msmixing time anl 7 s repetition delay fot5N silk glands in a medium .containir.lés[\l]Gly or [*N]Ala amino
NMR and 5us 9C pulse wih a 3 msmixing time aml 7 s repetition acids. The isotopic enrichment in the labeled samples is more
delay for3C NMR. The!N chemical shifts were referenced 1 than 15 times higher than the natural abundance, thereby

NH4NO; by setting the signal of soli¢PNH,4Cl to 18.0 ppm. Thé3C (53) Rich, D. .. Sing, JThe peplide analysis, Synthesis, Biologyoss
c_hemlcal shl_fts were referenced to tetramethylsilane by settintf@he E. Meienhéfer', jf, Eds'.; Academic Press: New York, '1979; Vol. i, pp
signal of solid hexamehylbenzene to 17.3 ppm {CH 241—261.

Calculations. The bond lengths and bond angles are fixed as shown  (54) Asakura, T.; Yamazaki, Y.; Seng, K. W.; Demura,MMol. Struct,
in Figure 2 (IUPAC-1UB#"), and thew angles of peptide planes were in press.
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Figure 3. Solid-state'®C (upper) andN (lower) powder pattern
spectra of Boc-Gly-AlaffCy]Gly-[1*N]Ala-Gly-Ala-OPac. The best fit

L L

L
300 200

theoretical line shapes are superimposed on the experimental spectra. g5

The apcy and Bocn values for the PC1]Gly were determined to be
open = 0° Boen = 35°. The >N powder pattern spectrum revealed
OpNe — 0° andﬂDNc = 109.

Table 1. Euler Angles That Relate tHéC; and >N CSA PAS to
the MSA System forfC;]Gly and [*CjJAla, and [°N]Gly? and
[**N]Ala Sites Determined from th&C and'>N Powder Patterns of
Model Peptides

angle Gly (deg) Ala (deg)
15N CSA

ODNC 0 0

Bone 104 109

ODNH 0 0

Bonn 18 13
13C, CSA

OlpeN 0 0

fPoen 35 33

Olpco 0 0

Poco 89 91

2 Reference 41° Experimental error of each Euler angle was°.

(]
<
['*N]Ala
LY
= e
al | 3I5l engaly
T 8 ®
5] <C <C

Natural
abundance

! ' I | I
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Figure 4. 15N solution NMR spectra of'fN]Ala and ['*N]Gly B. mori

L
110

silk fibroins in aqueous solution. The natural abundance spectrum is

shown for a comparison.

permitting the solid-state NMR experiments that follow. More-
over, high isotopic enrichment of3C;]Gly- and [3C]Ala-
labeled silk fibroin was obtained by administering isotope-
labeled amino acids to the silkworms as reported previoiisly.
The 1N chemical shift tensor for the'iN]Gly residues of

Demura et al.

100 0
ppm from 1S NH4NO3

Figure 5. Solid-stateé®®N NMR powder pattern of'fN]Ala silk fibroin

in the silk Il form, prepared by immersing the isotope-labeled silk
powder in methanol. The calculated powder pattern is also shown. The
best fit chemical shift tensor element values were determined ta;be

= 33 ppm,o2; = 56 ppm, andszz = 195 ppm.

Table 2. 3C and*>N Chemical Shift Tensors for Gly and Ala
Residues
[*°N]Glya<c [**N]JAla2 [Cq]GlyP [*Ci]AlaP
o1, 22 33 245 242
021 54 56 179 186
186 195 99 96

apParts per million (ppm) from extern&NH;NOs. b Parts per million
(ppm) from external TMS¢ Reference 419 Experimental error of each
tensor element is=3 ppm for the!*N tensors and:5 ppm for the*C
tensors.

silk fibroin was essentially the same as reported previotisly,
and therefore, only théN]Ala tensor is described here. Figure
5 shows the solid-stat®N NMR powder spectrum of'fN]-

Ala silk fibroin in the silk Il form. By simulation, the'*N
chemical shift tensor elements (CSA) for theNJAla residues
were determined to be;; = 33,022, = 56, andosz = 195 ppm.
The!®N chemical shift tensors including experimental error are
summarized in Table 2.

The 13C solid-state NMR powder patterns dfC,]Gly and
[*3C]Ala silk fibroins are shown in Figure 6, parts a and b,
respectively. The chemical shift tensors were determined by
simulation to beosz = 99, 022 = 179, andoy; = 245 ppm for
[13C,]Gly silk fibroin and o33 = 96, 02, = 186, andoy; = 242
ppm for the [3CyJAla silk fibroin. These simulations did not
take into account th&#N—13C dipolar interaction which can be
seen to be present. Consequently, the error is somewhat greater
than for thel>N simulations. The chemical shift tensors and
estimates of experimental error are summarized in Table 2.

Figure 7 shows thé®N solid-state NMR spectra otiN]Ala
silk fibroin fiber block aligned with the fiber axis set parallel
(a) and perpendicular (b) to the magnetic field directiBag,
On the basis of a 20% noncrystalline fraction in silk fibroin
fibers, 20% of the spectral intensity has been subtracted as
powder pattern from these spectta.By simulation of the
resulting spectra including the distribution of fiber axis orienta-
tions, p, the set of Euler angle solutions that relate ¢ PAS
to the fiber axis Zras), orn andfen were determined as shown
in Table 3. The residual orientational distribution of fiber axes
is primarily attributed to local orientational heterogeneity of the
polypeptide backbone relative to the macroscopic fiber axis.
Figure 8 shows thé3C solid-state NMR spectra ofJCy]-
Gly silk fibroin block fibers as a function of fiber axis orientation
(BL) with respect toB,. The reliability of the structural
parametersyrc andfec, given in Table 4 is high resulting from
the consistent simulation of the full data set. Similar parameters
are also obtained for the oriented block &XJ;]Ala silk fibroin
as given in Table 4.
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Table 3. The Euler Anglespry andfSen, and Bond Orientation
Data? Oyn and Onc, for [*°N]GlyP and [°N]JAla Sites within the Silk

Il Structuré
arn (deg) Ben (deg) Onn(deg) Onc(deg)
[*N]Gly CSA
25 72 88 40*
25 108 124 24
155 72 56 156
155 108 92 140
205 72 56 156
205 108 92 140
|....1“L260. 1101016 335 72 88 40*
300 ppm from TMS 335 108 124 24
[**N]Ala CSA
2 70 83 39*
2 110 123 2
178 70 57 178
178 110 97 141
182 70 57 178
(b) 182 110 97 141
358 70 83 39*
358 110 123 2
- a Calculated withapnx and Spnx values listed in Table 1 using eq
ST S S S TP S | 4. The asterisk marks indicates the more probable solutions for each
300 200 100 0 [*°N] site. P Reference 41¢ Experimental error of each Euler angle was

ppm from TMS 1 5.

Figure 6. Solid-state’*C NMR powder patterns of (a}JCi]Gly and

(b) [*3Cj]Ala silk fibroins. The calculated powder patterns are also
shown. The chemical shift tensor elements were determined to be (a)
011 = 245,022 = 179,033 =99 ppm, and (bbll = 242,022 = 186,

033 = 96 ppm, respectively. BL

90

80°

50°

ppm from ext.ISNH4NO3

Figure 7. Solid-stateé®®N NMR spectra of I°PN]Ala B. morisilk fibroin
aligned with the fiber axis (a) parallel and (b) perpendicular to the
magnetic fieldB,. The best fit theoretical line shapes are superimposed
on the experimental spectra. The distribution of fiber axis orientations,
p, was determined to b&10°. The resulting Euler angle solution set
is given in Table 3.

40°

30°

Iif

Discussion 20°
Unigue Bond Orientations. The Euler angles that relate
the 13C; and15N PAS to both the FAS and MSA system were 10°
determined experimentally frofN- and [13C;]Gly-labeled sites
and!®N- and [°C,]Ala-labeled sites in silk fibroin. The bond 0°
orientations with respect to the fiber ax&y and Onc, were 300 200 100 p':) m from TMS

calculated according to eq 4 with the experimentally defined

Euler angles. For example, tifg value was calculated with Figure 8. Solid-state'*C NMR spectra of an oriented block df€;]-

5N Gly fibroin fibers as a function of thg., the angle between the fiber
o, S, donk, andfoe. The Ony and e values of EN] axis andB,. The best fit theoretical line shapes obtained with the

Gly and ['N]Ala sites are listed in Table 3. Similarly, the bond = - e X

: . ; parametersgec = 90°, Brc = 22° andp = 11°, are superimposed on
orientationsfico and ey were calculated from experimentally o experimental spectra.
defined Euler angles and listed in Table 4. Previously, it was
found that eight possible orientations (eight seta@f andfen) perpendicular tdB,. For instance, eight possible orientations
can be defined from spectra of fibers aligned parallel and of the NH bond @ny) for the [1°N]Gly-labeled site relative to
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Table 4. The Euler Anglespc andfec, and Bond Orientation 180 - ayay sy ey 180 —t
Data? 6co and fcy, for [*3C4]Gly and [*C,JAla Sites within the Silk /
Il Structuré 1 5 / - 1 0/ i
arc(deg)  frc(dey)  Ocoldeg)  Oen(deg) . NH\ WL/ NCY
j=2 o
[°C.]Gly CSA oo\ \ Pl e\ ool\l, y i
o0 158 8 130 NS N R |
30 90
270 22 91 41 | L J L
270 158 89 139+ " \ 3 0
[13C1]Ala CSA S0 T e o S T a0 o
84 15 88 34 $(deg) $(deg)
84 165 89 143* L
180 e 180
96 15 91 37 70 160. 77
96 165 93 146* N - S S — s
264 15 91 37 e ] ]
264 165 93 146* _ T———w—0coy _ t——=——=0CN7{
276 165 8 a3 B
- 120
_/ q\_ 4 L
aCalculated withapcx and Bocx. The asterisk marks indicate the /"mm\ /100/——‘\\
more probable solutions for eacd] site. The orientations ofJC;]Gly ] m i / R §
CSA are eliminated to four sets because of same soluttdesperi- <‘5°\< ( —
© O T T T T T O T T T T
mental error of each Euler angle w&%°. %0 o0 5 % o s
9{deg) ¢ (deg)

the fiber axis orientation are obtained and shown in Table 3.
Previously, a combination dfN chemical shift and>N—H
dipolar data were used to eliminate four of the eight orientations.
Two of the remaining four were simply related to one another
by a 180 rotation and therefore did not represent a different
structure, but only a different orientation of the structure with 180
respect tB,. On the basis of these data alone, it has not been
possible to reduce the NMR-derived bond orientations to a
unique solutiorf! 5

In this paper, we reduce the possible bond orientation angles 3 90
for the silk Il structure by using the experimental observation =
from X-ray fiber diffraction that the i—1)—Cqg+1) axis is
parallel to the fiber axi€® This is based on the good assumption 0
that the fiber diffraction unit cell is a two residue repeat unit 180
along the peptide chain direction corresponding t8-sheet
type of structure. The bond orientations for the two peptide
planes defined by &%71)—C1(i71)—N(i)—Ca(i) and Q(i)—Cl(i)—
N¢i+1—Cag+1) With respect to the Gi—1y—Cqy+1) axis can be
calculated as a function of the torsion angl¢g/) as shown in
Figure 9. Within the range af, angles broadly corresponding
to aS-sheet type of structure the rangeangles is limited.
For the Gly residue defined by the Ala)—Glyg—Alag+y
repeat unit the only combination éfy and6yc from Table 3
that is consistent with the range of possible bond orientations ;
presented in Figure 9 &y = 88° andfnc = 40° denoted by -180 -90 0
an asterisk in Table 3. Similarly, one combinationdief, and ¢ (deg)
Ocn from Table 4 is consistent with the bond orientation range Figure 10. Variation in bond orientations constrained by the; G)—
from Figure 9,0co = 8% andfcy = 13%. For the Ala residue Cui+1) a_xis being parallel to the FAS and _by the NMR orientatic_)nal
defined by the Gly_l)—AIa(i)—Gly(iH) repeat unit a uniquéus constramts for. the (a) Ala and (p) Gly reSIdues.oThe conformational
(8%) and e (39°) pair of bond orientations is defined, while ~ SP2Ce IS restricted fo an experimental errorg§* for each bond
an ambiguity for thedco (8% or 92°) and fe (142 or 145) orientation. The region of overlap is expanded in Figure 11.
remains. However, this latter pair of solutions is within the based on minimum bond orientation difference for Algis
experimental error£5°) of each solution. These results are —140C° andy = 142 (Figure 12). Similarly, for glycine the
consistent with thé3C;—15N dipolar data previously reportéd best fit is¢p = —13% andy = 135°. The torsion angles for

Figure 9. Variation in bond orientationg)ny, One, Oco, andOcy, as a
function of torsion angles¢( 1) when the Gi-1—Cqg+1y axis is
constrained to be parallel to the FAS. Th@ range shown is restricted
to the generalize@-sheet region of the Rhamachandran diagram.

90

P (deg)

that defined two possible orientations for thgc of the Ala Ala and Gly residues in this structural determination and
residue, 39 and 142. In addition, this dipolar data also previous silk Il structural models are summarized in Table 5.
confirms thefyc value (142) for the Gly residue. For the structural characterization here and for the other models

Unique Torsion Angles. Each unique bond orientation except for Takahashi's, the torsion angles have been assumed
constrains the,y torsional solution set. In Figure 10 regions to be 180. In addition to the crystallographic axis being
of the ¢, torsional space consistent with specific bond characterized as parallel to the fiber ax@As), the unit cell
orientations and their error range are shown. The overlap regionlength has been rather precisely described by the fiber diffraction
from the four bond orientations for each residue is expanded in reports as 6.94 & and 6.98 &5 while energy-based modeling
Figure 11 showing contours that represent the sum of observedhas resulted in a unit cell length of 7.06 A. The dipeptide repeat
and predicted bond orientation differences. The best fit solution distance determined here is 6.98 A based on the Ala results
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160 160
(a) (c)
150 150
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Figure 11. Comparison of the restricteply conformational space for the (a and c) Ala and (b and d) Gly residues. Panels a and b indicate sum
of four kinds of errors between observed and calculated bond orientali@gnsOnc, Oco, and Ocn. Panels ¢ and d indicate the,C1y—Cygita)
distance.

Table 5. Torsion Angles ¢, v) of Silk Il Structure ofB. mori
Silk Fibroin Determined from Solid-State NMR and Other Methods
Cai-1~Cag+1) sum of
method ¢ (deg) v (deg) distance (A) O (deg)
NMR and Fiber Diffraction
this work
Ala —140 142 6.98 4.0
Gly —-139 135 6.92 4.8
X-ray Fiber Diffraction
Marsh’s modél 6.94
Ala -139 140
Gly —139 140
Takahashi’'s model 6.98
Ala —134 154
Gly —-150 142
Energy calculation
Fossey’s modél 7.06
Ala —149 148
Gly —150 146
aReference 23% Reference 25¢ Reference 284 Sum of O is the
sum of four minimum errors between observed and calculatealues
for Onn, One, Oco, andbcey at the best fit torsion anglé.Unit cell length.

Figure 12. The best fit structure for the Ala residue in the silk Il mori _S_'"f fibroin labeled W'_th FCJAla. These_low-fleld, low
structure.¢ andy values are £14C°, 142). sensitivity results were interpreted to define a somewhat
distorted 5-sheet structure in which the peptide planes were
and 6.92 A based on the Gly results, in excellent agreementtipped by 30 with respect to the fiber axis. Here it is shown
with the fiber diffraction data. that the peptide plane with the Ala carbonyl carbon is tipped
The data reported here is consistent with our previously by only 2C, thereby avoiding thg-sheet distortions. Despite
published orientational constraints from dipolar interactins. these compromising issues for the Fujiwara data, @
In addition, Fujiwara et #l° has observed oriented fibers Bf constraints are in qualitative agreement with the constraints
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reported here. They did not develop their constraints ¢nto determined for the Gly and Ala residues in the silk Il structure.

torsional angles. Similarly, the orientational constraints ob- Many details of theg-sheet packing and noncrystalline domains

served in Nicholson et 4L were primarily used to support extant have yet to be resolved, but solid-state NMR has generated new

structural models rather than to defipgy angles. structural constraints for this long-standing challenge in struc-
tural biology.

Conclusion

For four decades the best structure of silk Il has been a model
B-sheet that fits the fiber diffraction data well. However, a broad
range ofg,y torsion angles are consistent with the unit cell
parameters from these diffraction studies. In this unique study
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