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ABSTRACT. The solid-staté3C CP-MAS NMR spectra of biosynthetically labele@Q.]Tyr, [*3Cs]Tyr,

and [3C,]Val silk fibroin samples ofBombyx moriin silk | (the solid-state structure before spinning)
and silk 1l (the solid-state structure after spinning) forms, have been examined to gain insight into the
conformational preferences of the semicrystalline regions. To establish the relationship between the primary
structure ofB. morisilk fibroin and the “local” structure, the conformation-dependé@tchemical shift
contour plots for Tyr @, Tyr Cs, and Val G, carbons were generated from the atomic coordinates of
high-resolution crystal structures of 40 proteins and their charactéf&tisotropic NMR chemical shifts.

From comparison of the observed Tyg @1d Tyr G chemical shifts with those predicted by the contour
plots, there is strong evidence in favor of an antiparglisheet structure of the Tyr residues in the silk
fibroin fibers. On the other hand, Tyr residues take a random coil conformation in the fibroin film with
a silk | form. The Val residues are likely to assume a structure similar to those of Tyr residues in silk
fiber and film. Solid-statéH NMR measurements of [3,34;]Tyr-labeledB. mori silk fibroin indicate

that the local mobility of the backbone and thg-€Cz bond is essentially “static” in both silk | and silk

Il forms. The orientation-dependent (i.e., parallel and perpendicular to the magnetic field) solithétate
NMR spectra of biosynthetically labele®IN]Tyr and [L°N]Val silk fibers reveal the presence of highly
oriented semicrystalline regions.

Silk, a fibrous protein produced by the domestic silkworm cal map-directed sequencing of the fibroin gene of the heavy
Bombyx moriB. mori),! has a number of desirable proper- chain, predicted the presence of unusual repeat sequences
ties, i.e., luster, comfort, high strength, and elasticity for in the silk fibroin, shown in Figure 1. Their analysis revealed
textiles. In addition, recent studies clearly show that silk that the primary structure d8. mori silk fibroin may be
fibroin may find potential applications in the development approximately divided into four regions. The repetitive region
and construction of various biotechnological and biomedical R (i, ii, and iii) and amorphous region A (iv) appear
devices {). In fact, the extensive use of the silk protein alternatively along the chain: (i) highly repetitive GAGAGS
essentially originates from its unique amino acid composition sequences constituting the crystalline region, (ii) relatively
translated into an unusual primary structure and hierarchicalless repetitive GAGAGY and/or GAGAGVGY sequences
structural organization. The amino acid composition (in mol comprising semicrystalline regions containing mainly hy-
%) of B. morifibrous protein showed the predominance of drophobic moieties, (iii) sequences similar to i plus an
five amino acids: Gly (42.9%), Ala (30.0%), Ser (12.2%), extension by AAS, and (iv) amorphous regions containing
Tyr (4.8%), and Val (2.5%)3). Using the cDNA sequencing  negatively charged, polar, bulky hydrophobic, and aromatic
method, Mita et al.g) and later Zhou et al 4}, employing residues, for example, TGSSGFGPYVANGGYSGYEYAW-
shotgun sequencing strategy combined with traditional physi- SSESDFGT. The superior nature of silk fibroin, making it
an excellent natural fiber, basically originates from the
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RO1  R02  RO3 R04 RO5 ROG6 RO7 ~ RO8 RO9 R10 _Ri1_ R12 may critically contribute to many superiorities inherently
associated with silk fibroin. For example, the presence of

AO1  A02 .03 AGAT--AQ5_ A6 AO7 A0S AGY A10 A1 Tyr residues may be one of the origins providing solubility
ST T of silk fibroin in water £5). In general, it has been difficult
to obtain detailed structural information for the semi-
crystalline regions, mainly because of the lack of suitable
analytical techniques required. The combined use of specific
isotope labeling of silk fibroin and solid-state NMR, together
.  Renatit i . With.“sellected" model peptides Igbeleq suitably for NMR
s Repetitive crystaline regions studies is a powerful approach to investigate the relationship
E] . (GAGAGS) between primary and secondary structures for such semi-
' crystalline domains. From the amino acid composition of
the fibroin protein, the relative contents of Tyr (4.8%) and
Val (2.5%) residues appear to be reasonably high, as they
stand fourth and fifth behind Gly, Ala, and S&—4). The
primary structure indicates that these residues are largely
~  : Amorphous regions consensus sequence: located in the repetitive hexameric (-GAGAGY-) and octa-
TGSSGFGPYVANGGYSGYEYAWSSESDFGT meric (-GAGAGVGY-) units of the semicrystalline regions.
FIGURE 1: Schematic representation of the organization ofshe ~ Consequently, the labeled Tyr and Val residues may be
mori fibroin heavy chain gene. R01...R12 and A01...A11 represent exploited not only to get insight but also to monitor the

the predicted 12 repetitive and 11 amorphous regions, respectively,stryctural changes in the semicrystalline regions of the silk

in the polypeptide chain. An approximate amino acid sequence of ¢, ; id-staféC 15
the RO4 region is illustrated bg, b, andc whereas the symbot flbro_ln moleculg. P_reV|ous solid-sta and ™N NMR
depicts a typical amino acid sequence in the amorphous region. Studies of the fibroins have been very successful both for

conformational characterization of highly ordered fibers and

and is obtained as silk fibers from the cocoon after spinning. in distinguishing polymorphic forms d@. morisilk fibroin
Numerous X-ray diffraction studies have reported the de- (14—23). For example, the observed isotropic chemical shifts
termination of the structure of silk 1157, 11-13). The are distinctly different between silk 1, silk Il, ang-helical
combined results of the analysis on the silk Il structure, structures 14—17, 21, 26). In addition, contour plots
obtained from cocoons or as oriented silk rods prepared by correlating the backbone torsion anglgsandy, with the
stretching the liquid silk from silk glands, unambiguously observed'3C chemical shifts have been established for
established an antiparall8tsheet structure. analyzing the conformational feature®7). A comparison

Despite a long history of interest in the “less stable” silk between the®*C NMR chemical shifts and the backbone
| form, its structure has remained poorly understood, since torsion angles in the form of contour plots has been used to
any attempts to induce orientation of the silk | form for X-ray determine the silk | structure, 24, 26).
and electron diffractions studies easily cause its conversion The use of solid-state’C and'*N NMR for the structural
into the more stable silk Il form&-16). Nevertheless, we  investigation of highly ordered fibrous systems has also been
recently characterized the molecular structure of silk | by described 18, 23). In our previous study, we reported the
using a synthetic peptide (AG)as the model for the highly  analysis of*SN NMR spectra oB. morisilk fiber obtained
repetitive crystalline domain. We employed several solid- from uniaxially aligned molecules placed with the axis of
state NMR techniques and quantitative use of i CP- alignment both parallel and perpendicular to the magnetic
MAS NMR chemical shifts, in conjunction with the results field, By, to yield information on the local orientations of
obtained by molecular simulation studi@gl). The existence  specific molecular bondsl8). The orientation-dependent
of a repeate@-turn type Il structuregaia ~ —60 % 5°, Y aia nuclear spin interaction tensors serve as probes with which
~ 130+ 5° and¢ggyy ~ 70+ 5°, gy ~ 30 £ 5°) stabilized the orientations of specific bond vectors with respect to the
by a classical 4— 1 intramolecular hydrogen bond was fiber axis can be accurately determined. This possibility for
proposed for the silk | form. The overall planar sheets are determination of the backbone torsion angl¢sandy, of
held together by a number ahtermolecular hydrogen-  fibrous proteins by combined use of several bond vectors
bonding interactions, involving the “central amide bond” of for specific*3C or *>N nuclei has been recently highlighted
the B-turn, perpendicular tintramolecular interactions. It (23).
may be mentioned that it is possible to produce the silk I  Solid-state?H NMR spectroscopy has also been a powerful
and/or silk Il structural forms(s) of both silk fibroin and the tool to analyze the molecular motion and local structures of
derived peptides. Namely, if the silk fibroin sample or the selectively deuterium-labeled macromolecules, i.e., fiberlike
(AG)15 model peptide is dissolved © M LiBr solution and materials 22, 28—32). The spectral line shape and relaxation
dialyzed against distilled water, the resulting structure will behavior are largely determined by the orientation-dependent
be silk I, whereas any silk | sample treated with formic acid quadrupolar interaction (spin= 1). The observed coupling
and dried will give predominantly silk Il. These conversions between the deuterium quadrupole moment and the electric

: (GAGAGY) or (GAGAGVGY)

: (GAGAGSGAAS)

were ascertained primarily by employiféC NMR spec- field gradient at the nucleus carries information about the
troscopy and analyzing the peak shape and chemical shiftspatial alignment and motional averaging of the labeled
values of the Ala ¢, Ala Cs Ala C=0, and Gly G segment?H NMR line shapes and relaxation times can thus
resonances. be analyzed in terms of restricted anisotropic motions. It

There have been very limited studies on the sequencesshould be noted that the quadrupole echo experiments are
representing semicrystalline regions, although such sequencegenerally applicable to the dynamic range of 46 < 7. <
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Table 1: Characteristit®C NMR Chemical Shifts (in ppm from TMS) of Silk | [(AG3, Film] and Silk Il [(AG):s, Fiber] Samples and Natural
Abundance Chemical Shifts of Peptidesand 2

models
peptidel? peptide2®
liquid silk 1 silk 11 9MLiBr/  formicacid 9MLiBr/  formic acid

residue silk (AG)1s film (AG) 15 fiber dialysis treatment dialysis treatment
Gly Cq 42.7 43.2 43.8 42.4 42.5 42.4 42.3 42.6 42.5
GlyCc=0O 1713 169.9 170.7 169.1 169.3 169.2 169.1 169.4 169.3
Ala C, 50.0 50.7 51.4 48.7 48.9 49.0 48.9 48.8 48.9
Ala Cy 16.6 16.5 16.5 16.7, 19.6, 22.2 16.6, 19.6, 21.9 17.0,21.5 16.5, 21.3 16.8, 20.2 16.4, 20.5
AlaC=0 175.5 176.8 177.0 171.8 172.2 172.3 172.1 172.1 172.2
Ser G 55.9 58.0 54.6
Ser G 61.3 60.7 63.9
Ser C=0 172.4 173.7 c
Tyr Cq 55.4 56 (bry 54.2 53.7 53.8 ~54 (bry ~54 (bry
Tyr C 36.1 36.0 40 (bf) ~38 (bry ~38 (bry ~38 (bry ~38 (bry
TyrC=0 173.7 e e e e
Val Cq 59.8 59 (bry 56.9

2 (AGYGAG)s. ® (AG)sYGAGVGAGYG(AG):YG(AG)s. ¢ Overlapped with Ala €&O. 9 br, broad peaké Overlapped with the Ala €0 peak.

1028 s, which covers a wide range of different molecular
motions, such as diffusion processes, backbone dynamicssynthetically by oral administration of an artificial diet with

and aromatic side-chain ring flip8@—32).

Tyr and Val residues of native silk fibroin dd. mori for
13C NMR studies, and we combine the use'# CP-MAS

amino acids. The contour plots for the Tyg,dyr Cs, and
Val C, are constructed from the knowfC chemical shift
values in proteins with high-resolution crystal structures to silkworm. The F*C,]JTyr- and [-*Cs]Tyr-labeled silk fibroins
evaluate the effect of conformation. To support the findings enriched with 13C,] Tyr and [*C;]Tyr residues, respectively,
on labeled silk fibroin molecules, we also synthesized and were isolated and confirmed BSC CP-MAS NMR spectra.
analyzed the structure, by solid-state NMR, of two 30-mer A similar method was used to prepatéd,]Val-labeled silk
model peptides: AGYGAGAGYGAGAGYGAGAGYGA-
GAGYGAG (1) and AGAGAGYGAGVGAGYGAGA-
GAGYGAGAGAG (2). While in peptidel the five Tyr
residues are uniformly distributed in the (AG}equence,
peptide?2 incorporates a single Val residue, in addition to
three Tyr moieties. Furthermore?ld NMR analysis of [3,3-
2H,]Tyr-labeled silk fibroin, prepared as silk | and silk I
forms, was performed to discuss the dynamics of the isotopic labeling of the N]Tyr, [*5N]Val, and [°N]Ser

molecules. And last, the orientation dependencé&dNMR
spectral line shapes of enriche®N|Tyr- and [*N]Val-

13C labeling of B. mori silk fibroin was achieved bio-

C-enriched amino acids to larvae of the fifth instar (hybrids
In this paper, we first report the successful labeling of the of Shuko and Rhuhaku), as reported previous3g).( A
representative example for the labeling of Tyr residues in
B. mori silk fibroin is described here. Briefly, the supple-
NMR chemical shifts with a conformation-dependent chemi- mentary Tyr was mixed with 2.7 g of an artificial diet per
cal shift map, i.e., the contour plots, to analyze the labeled day. The amount of labeled Tyr was 10 mg on the fourth
day and 15 mg each on the fifth and sixth day of the fifth
larval stage. Thus, the total amount of Tyr was 40 mg per

fibroin. The [3,32H,]Tyr-labeled silk fibroin samples were
obtained by oral administration of an artificial diet containing
pertinent enriched amino acid during the fifth instar larval
stage, as described previousBA).
Because of the high activity of transaminations in silk-
worms, the'>N enrichment tends to be low when the oral
administration method was use2BJ. Therefore, an improved

residues in the fibroin molecules was achieved by culturing
of B. moriposterior silk glands from 4-day-old, fifth instar

oriented silk fibers, prepared by culturing the silk gland, was larvae. Thisin zitro method has been developed in our
also investigated. Such uniaxially oriented samples yield the laboratory, and details have been reported elsewt8e (
spatial orientation of the labeled groups by means of a simple A large amount of silk fibroin (31 mg/g wet weight of the
static wide-line experiment. A similar experiment was posterior silk gland, after 24 h culture) was produced using
performed for {°N]Ser-labeled oriented silk fibers. Since Ser a rotation culture procedure with modified Grace’s insect
residues are exclusively present in the repetitive crystalline medium, containing pertine&iN-labeled amino acids, while
domain of the (-GAGAGS) sequence, this residue is a bubbling oxygen gas through the medium.

suitable reference for the well-oriented domain in the silk  The silk fibroin, stored in silk glands after the cultivation,

fiber. was immersed in 30% cold ethanol for 12 h, and the pure
silk fibroin was collected by the removal of swelled tissues

and washing it repeatedly with 50% ethanol in a supersonic
wave washer. After immersing it in dilute acetic acid, the

silk sample was stretched 5-fold in length of the original

sample. The oriented silk samples with aligned fibers were
prepared as a block as detailed previoudlg, 3).

The two different structural forms of the native silk fibroin
(silk I and silk 11), referred to in Table 1 as “film” and “fiber”,
are routinely prepared in our laboratory, as described
elsewhere 14, 15). Briefly, to obtain the fibers, silk fibroin

MATERIALS AND METHODS

Preparation of Stable Isotope-Labeled Silk Fibroirhe
13C-labeled amino acid$3C,]Tyr, [*3Cg]Tyr, and [3C,]Val
(each 99% enrichment), used for labeling of silk fibroin, were
purchased from Mastrace, Inc., Woburn, MA. TH&-
labeled amino acids'jN]Ser and °N]val (both 99%
enrichment) andN]Tyr (99.7% enrichment) were pur-
chased from Isotech Inc., Miamisburg, OH, and ICON, Mt.
Marion, NY, respectively.
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was collected fromB. mori cocoon pieces after removing
the sericin protein by degumming it twice with 0.5 w/v %
Marseilles soap solution at 10@ for about 30 min and
washing it thoroughly with distilled waterld). The fibers

thus obtained were used directly for the analysis. To obtain

the film, frequently referred as regenerated sii)( the silk
fibroin was treated wit 9 M LiBr solution separately, and
after extensive dialysis against distilled water the clear

Asakura et al.

simulate quadrupole echtH NMR powder spectra as a
function of the exchange rate and libration angle according
to a suitable dynamic model, as previously descrit&l (
32).

The solid-staté>N NMR measurements were performed
at 25°C on a JEOL GX400 spectrometer operating at 40.4
MHz equipped with a probe of 7 mm inner diameter. A
contact time of 3 ms and a repetition time%os were used

solution was dried gently at room temperature for several to accumulate a total of 520K scans at room temperature.

hours.
Peptide SynthesiEmoc amino acids and all reagents used

in peptide synthesis were procured from PerSeptive Bio-

systems, Warrington, U.K. The resin and HATU were from

NH;NO; was used as an external reference. Th¢
solution NMR spectra were observed with a JEOL FX-90Q
NMR spectrometer operating at an ambient temperature.
Cross-polarization with high-powetH decoupling was

Applied Biosystems and PE Biosystems, respectively. The employed as describedq).

solvents of high-purity grade and other chemicals were

available locally from Wako Pure Chemical Industries Ltd.
The two model peptides] and 2, were synthesized by

Preparation of'3C Chemical Shift Contour Map&ontour
plots of the conformation-dependent chemical shifts of the
Tyr Cq, Tyr Cg, and Val G, carbons were generated from

solid-phase Fmoc chemistry on a fully automated Pioneer the known chemical shift data of 40 proteins whose X-ray
peptide synthesis systeri4). The peptide was assembled  coordinates were available from the Brookhaven Protein Data
on Fmoc-Gly-PEG-PS resin (0.19 mmol/g). The coupling Bank. The relevant information about the proteins with their

of Fmoc amino acids were performed by HATU. After

PDB codes has been provided in our previous publications

synthesis, the free peptides were released from the resin by27). The conformation-dependent secondary shifé (=

treatment with a 40 mL mixture of TFA, phenol, triiso-
propylsilane, and water (88:5:2:5 vol %)rf@ h atroom

gobserved— grandom js defined as the difference between the
observed®*C NMR chemical shift and the shift of the

temperature. The crude peptide was precipitated and washe@orresponding residues in the random/unordered structures.
repeatedly with cold diethyl ether. The precipitate, collected Such random coil chemical shift values were taken from the
by centrifugation, was dried in a vacuum, dissolved in 9 M chemical shifts of the corresponding amino acid residues in

LiBr, and dialyzed extensively against distilled water. The
desired peptide was recovered by filtration and/or lyophiliza-
tion. This is a widely accepted method for the preparation
of B. mori silk fibroin with silk | structure (4, 15). To
transform this structural form to silk Il, the peptide was
dissolved in a minimum amount of formic acid and dried at
ambient temperatur&4). In addition, the fraction oB. mori

silk fibroin precipitated after chymotrypsin enzymatic cleav-
age (Cp fraction) was obtained with a silk | form, according

B. morisilk fibroin in aqueous solution3{): 55.4 ppm for

Tyr Cqy, 36.1 ppm for Tyr G, and 59.8 ppm for Val & The
steps involved in the construction of the contour maps have
been described in another pap2r)(

RESULTS

Solid-Staté3*C CP-MAS NMR Spectra ofC.]Tyr-, [$3Cg)-
Tyr-, and [*C,]Val-Labeled Silk FibroinsThe'3C CP-MAS

to the method described earlié5j. The silk | structure of
the Cp fraction was converted to the silk Il form by formic
acid treatment. Tyr), Tyr Cs (or [3-13C]Tyr), and Val G, (or [2-*C]Val) sites
NMR Spectroscopy:3*C CP-MAS NMR measurements are shown in Figures 2 and 3 for both the silk | (film) and
were conducted on a Chemagnetics CMX-400 spectrometersilk Il (fiber) forms, respectively. Only the expanded spectra
operating at 100 MHz for'3C. CP was employed for between 10 and 70 ppm are shown, and the observed
sensitivity enhancement with high-powé decoupling chemical shifts are summarized in Table 1. For the sake of
during the signal acquisition interval. #d 90° pulse width comparison, the solution-staté&C NMR chemical shifts of
of 3 us duration was used wita 1 mscontact time and a 3  the silk fibroin have also been tabulated along with @
S repetition time. Approximately 15K FIDs were added to isotropic chemical shifts from the CP-MAS experiments. By
generate the spectra. The chemical shifts were representedomparison of spectta c, andd with that of the nonlabeled
in parts per million with respect to the external reference material,a, the relatively increased peaks are assigned to
adamantane. For direct comparison with previous dide: ( the labeled carbons. To confirm these resonances, the
17, 21, 26), we added 28.8 ppm to the observed chemical spectrum of the nativ8. mori silk fibroin recorded under
shifts to account for TMS as a reference on the silk | and similar conditions was subtracted. As expected, the resulting
silk Il as well as the solution chemical shift data of the silk difference spectra in Figure 4 contain the resonances arising
fibroins. The revised chemical shift values for the (A§)  predominantly from the labeled sites, while only small peaks
sample of our previous worlk4) are also listed in Table 1.  in spectruma are due to differences in the line shapes of
°H NMR measurements were made on a 61.06 MHz the labeled and nonlabeled materials. Therefore, it is evident
Chemagnetics CMX Infinity 400 spectrometer equipped with that the biosynthetic labeling technique described here
suitable accessories. The details of the pulse sequence usesuccessfully targets the,Cand G-labeled sites of the Tyr
have been described elsewheé, 32). The spectral width residues in the silk fibroin and may be extended to other
was 2000 kHz, 8192 data points were collected, and therelated biological model systems. Characteristic solid-state
spectra represent 8KLOK scans acquired at room temper- 3C NMR chemical shifts of the Tyr Ccarbon are~56 and
ature. Lorentzian line broadening of 4 kHz was applied. For 54.2 ppm for film and fiber, respectively, and for Ty C
the line-shape analysis the MXQET program was used to ~36.0 and 40 ppm.

NMR spectra of nativ@. morisilk fibroin (i.e., nonlabeled)
and of silk fibroin enriched witA3C at the Tyr G (or [2-3C]-



Solid-State NMR of Silk Fibroin

Gly Cat

Tyr CB

ppm from TMS

FiGURE 2: Solid-state'3C CP-MAS NMR spectra (1670 ppm)
of B. mori silk fibroin with the silk | form @) in its native state,
i.e., unlabeled sampleb) enriched with'3C at the G site of the
tyrosine residuesgj enriched with**C at the G site of the tyrosine
residues, andd) enriched with13C at the G site of the valine
residues.
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FiGURE 3: Solid-staté’C CP-MAS NMR spectra (3670 ppm) of
B. morisilk fibroin with the silk Il form (@) in its native state, i.e.,
unlabeled samplebj enriched with'3C at the G site of the tyrosine
residues, ) enriched with*C at the G site of the tyrosine residues,
and @) enriched with!3C at the G site of the valine residues.

Figures 2l and 3 also show thé3C CP-MAS spectra of
theB. morisilk fibroin that has been enriched at thg $ite
of Val. To ascertain that the assigned resonansé&® (and
56.9 ppm for film and fiber, respectively) arise from the
isotropically enriched Val ¢ sites, again the spectrum of
the nonlabeled nativdd. mori silk fibroin sample was
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Ficure 4: Solid-stateé*C CP-MAS NMR difference spectra (30
70 ppm) of labeled. morisilk fibroins with the silk | @, ¢, €) and
silk Il (b, d, f) structural forms: spectraandb are the G sites of
the tyrosine residues; spectrandd are the G sites of the tyrosine
residues, and specteandf represent the Csites of the valine
residues.
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FicUrRe 5: Solid-stateH NMR spectra {200-200 ppm) of [3,3-
2H,]Tyr-labeledB. mori silk fibroin with the silk | @ andc) and
silk Il (b andd) structural forms. Spectrmandd represent results
after the water peak at the center is subtracted.

-100 -200 -100 -200

subtracted from the spectrum of the corresponding labeled
sample. The difference NMR spectra of the silk | and silk Il
structural forms (Figure 4) clearly indicate that the labeling
technique has successfully targeted the Val residues, too.
From these results it appears that in solid state the Tyr C
Tyr Cg, and Val G resonances are conformationally sensi-
tive.

Solid-StateH NMR Spectra of [3,3H,] Tyr-Labeled Silk
Fibroins. We examined the solid-stafél NMR spectra of
[3,3°H,]Tyr-labeled silk fibroin in Figure 5 in the silk |
(film) and silk 1 (fiber) structural forms. The observed line
shapes could be satisfactorily simulated with an asymmetry
parameter ofy = 0.00 and a quadrupole coupling constant
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FiGURE 6: Solid-staté3C CP-MAS NMR spectra (1870 ppm and
160—-190 ppm) of the two model peptides,(a, b) and2 (c, d).
Spectraa and c were obtained after LiBr treatment and dialysis
against distilled water fol and 2, respectively. Spectrh andd
were obtained after formic acid treatment foand2, respectively.
For both peptides the characteristic doublets of the Aja C

LI LA I L A N O A AL L

Asakura et al.

form (14—16). Thus, the observed chemical shifts and the
relative peak intensities of the Ala, Gly, and Tyr residues in
1and the Ala, Gly, Tyr, and Val residues2rclearly indicate
that both peptides assume a fiberlike silk Il conformation
rather than silk |, even after LiBr treatment, according to
the summarized values in Table 1. The Tyr residues exhibit
a dramatic destabilizing effect on the silk | structure, as
judged from the characteristic doubling of the Alg C
resonance at-16.5 and~21.0 ppm representing silk | and
silk 11, respectively. Of particular interest is the finding that
the Tyr G, resonance at 53.8 ppm (marked by arrow in
peptide 1) is closer to the fibrous form, which may be
characteristic of predominantf§-sheet structures. The Tyr
Cs peaks at~38 ppm remain significantly broadened. A
careful interpretation of the results, in conjunction with the
appearance of broad peaks for the AlaaDd Ala carbonyl
carbons at~16.5 and~177 ppm (marked by an asterisk),
respectively, may suggest the existence of diverse structural
forms of a “distorteg3-turn” type (unpublished results). This
interpretation is fully consistent with our recent proposal,
based on experimental NMR as well as theoretical molecular
simulation structural characterizations, of a “heterogeneous”
structure of the silk Il form. Further, the analysis of NMR
spectra oR suggests that the presence of a single Val residue,
as such, may not have any dramatic influence, particularly
when it coexists with almost uniformly distributed Tyr
residues. The simultaneous appearance of the characteristic

resonances are clearly seen. The broad appearance of the, Tyr CSllk Il resonances in both and2, as also analyzed from the

resonance ir2 is indicated by an arrow.

of Qcc= 164 kHz 31). On the basis of the model of a three-
site jump around the &-Cg bond, a very slow rate constant
of 10° Hz was obtained as reported previously for [2;8}-
Tyr-labeled silk fibroin in the silk 1l form 81). Thus, the
rotation about the £&-Cs bond of the Tyr residues can be

split patterns of the Ala gresonance, provides evidence that
these residues stabilize the silk Il structure, i.e., an antiparallel
p-sheet. The overall results on the model peptides clearly
show that the effect of the Val residue is significant and
nonnegligible. The present data, however, do not allow a
guantitative evaluation of the destabilizing and stabilizing
effects on the silk | and silk Il structures, respectively, exerted

considered as essentially “static” for both of the samples. by these two residues.

Therefore, we suggest that B1 morisilk fibroin the origin

13C NMR Chemical Shift Contour Maps of Tyr and Val

of the peak broadening may be due to the distribution of the ResiduesFigures 7 and 8 show the contour plots of the

“local” structural environment of th&C-labeled Tyr nuclei,

conformation-dependertC chemical shifts of the Tyr €

presumably associated with multiple secondary structures ofand G; carbons, respectively. Th&(¢, 1) values in the left
Tyr. We attribute a similar explanation also to the observed half of the Ramachandran map (i.e:180° < ¢ < 0° and

broad peaks of the Val {resonance.

—180C° < y <18() are reported. The analysis shows that

Sold-Staté*C CP-MAS NMR Spectra of Model Peptides indeed there exists a conformation dependence of the

1 and?2. Two model peptides]l and2, were synthesized to

chemical shifts. For example, the chemical shifts falling in

examine the influence of the presence of Tyr and Val residuesthe helical regiong ~ —57 & 20°; y ~ —47 & 20°) of the

on the structure of the (Ala-Glyj sequence. Such informa-
tion is usually difficult to obtain directly from silk fibroin

samples. The solid-statéC CP-MAS NMR spectra of these
peptides, after dissolution© M LiBr solution and extensive

¢, ¥ map appear at much lower field-68.0 ppm) for the
Tyr C, resonance than those values5@.5 ppm) appearing
in the 8-sheet regiong ~ —139 + 20°; y ~ 135+ 20°).
Interestingly, a reverse trend was observed for the Tyr C

dialysis against water, are shown in Figure 6, and the resonance, i.e., upfield chemical shifts for the helical region
characteristic chemical shifts are summarized in Table 1, (~35.5 ppm) and downfield shifts~38.5 ppm) for the
along with formic acid-treated samples. The resonance extended3-sheet region. The Tyr carbon chemical shifts of
assignments of the constituent amino acids could be readilysilk fiber in the silk Il form are examined in the contour
made from their relative peak area and by comparison with plots in Figures 7 and 8. The observed chemical shifts, 54.2
the spectra reported previously for several related silk fibroin ppm (Tyr G) and ~40 ppm (Tyr @) are marked by

model peptides2b). Both peptides gave remarkably similar

assuming an error in the chemical shifts#60.5 ppm. The

13C chemical shifts; however, a marked difference in the overlappeds andy region, which satisfies both the Tyr,C

relative intensities of the conformationally sensitive Ala C
resonance~16.5 and~21.0 ppm) was apparent. It should
be noted that th 9 M LiBr-treated (AG)s sequence yields
a single sharp peak at16.5 ppm for the Ala gresonance
which could be assigneelxclusiely to the silk | structural

and Tyr G chemical shifts of silk fibers simultaneously, is
located close to an extendghsheet region in the Ram-
achandran map.

There are several areas which satisfy both the Tya@
Cs chemical shifts of the silk film with silk | form. The
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Ficure 8: Contour plots of the conformation-dependér€
chemical shifts (in ppm) for the Jcarbon of Tyr residues in 40
proteins, shown as a function of torsion angteandiy. Chemical
shift values in the regior-18C¢° < ¢ < 0° and—180C° < ¢ < 180C°
are shown where the density function i#sl. The random coil
chemical shift for the Tyr gcarbon considered is 36.1 ppm. The
areas of silk | chemical shift (36.8= 0.5 ppm) and of silk Il
chemical shift (40.0+ 0.5 ppm) are shown in gray. The boxes
with broken lines indicatex-helical (lower) and3-sheet (upper)
regions.

FIGURE 7: Contour plot of the conformation-dependelC
chemical shifts (in ppm) for the LCcarbon of Tyr residues in 40
proteins, shown as a function of torsion angjeandy. Chemical
shift values in the regior-180° < ¢ < 0° and—180° < y < 18C°
are shown where the density function isl. The random coill
chemical shift for the Tyr ¢ carbon considered is 55.4 ppm. The
areas of silk I chemical shift (56.8 0.5 ppm) and of silk Il
chemical shift (54.2+ 0.5 ppm) are shown in gray. The boxes
with broken lines indicater-helical (lower) and3-sheet (upper)
regions.

Solid-State!>N NMR Spectra of Oriented Silk Fibroin

chemical shifts are the same as those in liquid silk, but in Fibers.Figure 10 shows th&N NMR spectra of {°N]Tyr-
the latter case there is a rapid exchange among variousand [’N]Val-labeled B. mori silk fibroins in aqueous
conformations on the NMR time scale. However, in the solid solution, along with the spectrum dfN]Ser-labeled fibroin
state théH NMR analysis of [3,3H,]Tyr-labeled silk fibroin (33). For comparison, the natural abundants NMR
in the silk | form has shown that there is no interconversion spectrum (lower most) of the nativ&. mori silk fibroin,
among different conformations. Thus, it is likely that the Tyr obtained under similar conditions, is also shown. In the
residues assume several torsion angles in the silk film with spectrum of each silk fibroin-labeled sample, only one major
the silk | form. 15N resonance is observed. The small peaks in the NMR

A similar conformation-dependent contour plot was con- spectra are attributed to the natural abundance in the samples.
structed from thé*C chemical shift values of the Val,C It should be mentioned that the nitrogen nuclei of the amide
carbon of known protein structures, as shown in Figure 9. bonds in proteins, as donors, frequently participate in diverse
The results indicate that the torsion anglesndy, exert a hydrogen-bonding interactions in different secondary struc-
significant effect on the chemical shift values of the Val C tures, along with other long-range interactions. A wide
carbons. The typical chemical shift values tohelices are distribution of the shifts in the native silk fibroin may indicate
~63.0 ppm (shift to lower field) and-58.0 ppm (shift to that these moieties are likely to be distributed in different
higher field) for antiparalles-sheets. A comparison of the conformational states. We observed relatively low enrichment
observed?3C chemical shifts of the Val Ccarbons with the  of [*N]Val silk fibroin samples which could be due to low
contour map suggests that the most likely conformation for contents of the Val residues in the silk fibroin molecules;
the Val residues iB. mori silk fiber (silk Il form) is the however, the intensity of the peak is still significant to the
extended3-sheet. On the other hand, we speculate that the extent that the sample can be exploited for the solid-
Val residues in the silk film (silk | form) take several state NMR analysis. Thus, the results demonstrate that
conformations that satisfy the chemical shift constraints, just isotopic labeling of selected residues during the cultivation
as in the case of the Tyr residues in silk film. of the posterior silk gland oB. mori silk fibroin can yield
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Ficure 10: 15N NMR solution spectra (86110 ppm) of selectively
-120 - ' labeledB. morisilk fibroin samples: &) [*°N]Val silk fibroin, (b)

\ [*N]Tyr silk fibroin, and ) [*°N]Ser silk fibroin. For comparison,
1 the™N NMR spectrum @) of an unlabeled (i.e., natural abundance)

-150 |
_— —ﬁw silk fibroin sample is also shown.
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) The conformation of the silk Il form, reported by Marsh

Fiure 9: Contour plots of the conformation-dependgAe et al. using X-ray diffraction analysis, has been established
chemical shifts (in ppm) for the Ccarbon of Val residues in 40 &S an array of antiparall@tsheets oriented such that the all

proteins, shown as a function of torsion angeandy. Chemical of the Ala methyl groups and Gly residues face opposite
shift values in the regior180° < ¢ < 0° and—18C < y < 18C° sides, thus giving rise to a “polar-antiparallel” arrangement

are shown where the density function #sl. The random coil  (5). A monoclinic unit cell was proposed where the chains
chemical shift for the Val ¢ carbon is considered 59.8 ppm. The i consecutive sheets are staggered when viewed along the

areas of the silk | chemical shift (598 0.5 ppm) and the silk Il . .
chemical shift (56.9+ 0.5 ppm) are shown in gray. The boxes intersheet distance. These general features have largely been

with broken lines indicater-helical (lower) and3-sheet (upper) ~ supported by Fraser and co-worke€ by an independent
regions. analysis of the X-ray diffraction patterns of an (A@)odel

system, and the intersheet distances were further clarified
high >N incorporation for these three residues. This approach by Lotz and Cesaril(l, 12). Therefore, to a first approxima-

may be useful for the preparation of other relatéN- tion, the amino acid sequence of the crystalline region
labeled biomaterials in their native forms for structural comprising the3-sheet structure is an alternating sequence
investigations. of Ala and Gly residues. Interestingly, a reexamination of

To gain insight into the structural organization of the the X-ray diffraction pattern oB. morisilk fibroin fiber by
fibroin molecules, we investigated th®N spectra of Takahashi et al. ) revealed an “antipolar antiparallel”
[**N]Tyr, [**N]Val, and [°N]Ser silk fibers in the silk II model, composed of antiparallel chains where the methyl
forms in the solid state. Oriented samples were obtained asgroups of the Ala residues alternately lie on both sides of
a block, which was placed with the fiber axis either parallel the -sheet, since this refined model provided a “better fit”
or perpendicular to the applied magnetic field (Figure 11). to the observed diffraction pattern. Fraser et @).réported
All of the experimental spectra were found to contain a that the diffraction pattern of the crystalline Cp fraction (the
contribution of approximately 30% of a nonoriented powder precipitate obtained from an aqueous solution of fibroin
pattern which was subtracted from the observed spet&a ( treated with pancreatic chymotrypsin) was similar to that of
23). The resulting spectral patterns in Figure 11 show powdered silk fibroin and to that of the model polypeptide
significant differences between the parallel and perpendicular(GAGAGS), containing Ser residues. This finding is sub-
alignments, indicating that the Tyr and Val sites are well stantiated by our own studie83) where we showed that
oriented within the macroscopic fiber. Since the spectral the Ser residues act as a stabilizing entity of the basic (AG)
patterns are very similar to those 8fN|JGly- and [\°N]Ala- p-sheet structure through hydrogen bonding of the side-chain
labeled silk fiber samples reported previously, we conclude hydroxyl groups with carbonyl groups on adjacent chains.
that the long silk fibroin chain represents an antiparallel The effect of individual amino acid residues on the
f-sheet structure. Thus, most of the Tyr and Val sites, conformational preferences within globular proteins has been
incorporated into the semicrystalline domains of repeated extensively studied by a number of research&®.(Ac-
-GAGAGS- sequences, are suggested to assume the silk licording to these studies, the distribution of Tyr residues is
structure. significantly below average in helical regions, and Tyr does
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Ficure 11: Solid-staté®N NMR spectra (6-200 ppm) of the labeled, uniaxially align&l morisilk fibroin fiber: (a) [**N]Tyr fiber, (b)
[**N]Vval fiber, and €) [*°N]Ser fiber. The fiber axis was placed parallel (upper spectra) and perpendicular (lower spectra) to the static
magnetic field directioBy. Approximately 30% of the intensity arising from nonoriented powder patterns was subtracted from the experimental

spectra.

not exhibit a propensity for forming helical structures.
Similarly, the distribution of Val residues was shown to be
significantly above average ift-sheet regions. Hence, our

The driving force for self-aggregation of the fibroin
molecules into g3-sheet structure is most likely a hydro-
phobic exclusion of the solvent by the (A®equence, and

findings substantiate the propensity of Tyr and Val residues the role of the Ser residue is presumably to stabilize the
in globular proteins, which is reported to be considerably S-sheet structure through hydrogen bonding. The occurrence

higher for3-sheet structures3g, 40).

Relatively few studies have reported on the structural
behavior of the Tyr residue withiB. morisilk fibroin. Using
13C spin-lattice relaxation, the dynamic feature of the Tyr
side chains irB. morisilk fibroin was investigated by Saito
et al. @1). The dynamic behavior of the Tyr side chains in
B. mori silk, reported by Kameda et al31) using solid-
state?H NMR spectroscopy, revealed that [313;]Tyr-
labeled silk fibroins showed a typical rigid powder pattern,
indicating that there is essentially no motion about the-C
Cs bond axis, thereby revealing the existence of distinct

of bulky aromatic side chains of Tyr within the silk | structure
possibly exerts a disruptive effect on the hydrophobic
interactions between the basic (A@hains. Interestingly,
our results show that the Tyr residues in the “oriented
domains” ofB. morisilk fibroin (silk 1) are highly oriented

in such a way that the, v torsional angles of this residue
can easily accommodatefasheet conformation.

By comparing thé3C NMR chemical shifts and the X-ray
structures of proteins, Spera and Bai)(and we R7)
suggested that th&d values for the ¢ and G resonances
correlate quantitatively well with the backbone torsional

rotameric populations within the oriented domains. On the angle obtained from the crystal structures. Tghend v

contrary, theH NMR spectra of silk fibers witiH-labeled
aromatic rings, that is, [®'-?H,]Tyr-labeled silk fibroins,

values determined from th€N NMR experiments of silk
fibroin are nicely consistent with the range predicted by the

exhibited two dynamic components. Here, the presence of acontour plots constructed from the obsen/é@ chemical

rigid powder contribution and a motionally averaged con-
tribution indicated that some of the Tyr side chains are in
fact mobile at the phenolic ring. This motion was character-
ized to be ar-flip, typical of aromatic rings. Moreover, the
°H NMR line shape could be simulated by attributing 20%
of the signal to a motionally averaged component with a
fast rate of~10f Hz, while the remaining 80% reflected a
much slower component(L0®* Hz). To our knowledge, there
has been no report on the dynamics of Val residue(8.in
mori silk fibroin, yet.

An apparent f, value of~10.1 for the phenolic hydroxyl
group of Tyr in silk fibroin indicated a favorable deproton-
ation (37). This largely precludes the formation of hydrogen-
bonding interactions involving the hydroxyl groups. The
absence of hydrogen bonding is likely to promotethitip
motions of the phenolic ring as revealed by 8kr NMR
study of [3,5-?H,|Tyr-labeled silk fibroin @1). Indeed, by
enabling ther-flip motions to occur, the model proposed
by Takahashi et al.7, where the methyl groups of the Ala

shifts of the G and G carbons of the Tyr residues in other
proteins. However, the packing of the polypeptide chains
into -sheets in the vicinity of the Tyr residue is suggested
to be less tight than around the Ser residues, probably due
to the disordered side-chain orientations, described above
(7). It is also worth mentioning that the diffuse streak
scattering observed between the layer lines of the X-ray
diffraction patterns by Takahashi et al. has been interpreted
as arising from the periodic occurrence of the Ser residue
within the g-sheet structure. Nevertheless, the presence of
Tyr residues within th@-sheet structure may equally explain
this effect.

CONCLUSION

The results of the present investigation have established
that B. mori native silk fibroin can be successfully labeled
biosynthetically at specific main-chain positions witfJJ Tyr,
[*3C]Val, [**N]Tyr, [*°N]Val, and [*N]Ser amino acids. The

residues alternately point to either side of the sheet, is moresimple method can be extended to other related biological
feasible. The proposed antipolar-antiparallel arrangementssystems for site-specific labeling of particular residues in

of the fibroin chains are expected to bring relatively more

fibroin-like molecules for structural characterizations. Given

local disorder in the stacking of sheets and, consequently,that the repeated (AG}equence in the silk Il form confers

the bulky side-chain dispositions.

the basic3-sheet structure t8. mori silk fibroin, the role
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of the short polar side chain of Ser is suggested to stabilize
the 3-sheet structure via side-chain to main-chain hydrogen

bonding 82). Employing 13C CP-MAS NMR, we have
established that the bulky hydrophobic side chains of Tyr
and Val may readily be included in thfesheet structure of
theB. morisilk fiber. Here, it appears that in the silk | form
(and/or LiBr-treated samples) particularly the Tyr residues
exhibit a larger distribution of their torsion angles (i.e.,
unordered structures), whereas in the silk Il form the
distribution is significantly restricted to an extendggheet
conformation. Thé3C CP-MAS NMR analysis of the model
peptidesl and 2 also indicates that both the position and
the relative content of Tyr in the (A@)nodel system can
be critical in causing the structural change from silk | to
silk Il, in a quantitative manner (unpublished data). A more

systematic analysis of the simultaneous destabilizing effects, 23.
exerted by these residues on the silk | structure, is currently 4

being analyzed in our laboratory with the help of designed

model peptides. The current analysis also suggests that the

15c

be more sensitive to the backbone conformation accom-
modating thg3-sheet structures, whereas the dependence of

the

NMR chemical shift values of the Tyr,Gesonance may

Tyr G and Val G, chemical shifts on the backbone

conformation met with limited success. Finally, our experi-

ments clearly indicate that a number of different solid-state
NMR techniques are required to obtain detailed knowledge
about the intra- and intermolecular conformational geometry,
particularly in the case of fibrous proteins such as silk.
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