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SUMMARY

50.3 MHz 13C NMR cross-polymerization/magic angle spinning
spectra of the raw silk of the mulberry silk moth- (bombyx mo-
ri) and of crystalline silk fibroin were compared with those
of synthetic copolypeptides of alanine and glycine. In crude
silk, but not in crystalline fibroin , tyrosine, valine,aspar-
tic acid and glutamic acid were detected in addition to ala-
nine, glycine and serine. Furthermore, crude silk obviously
contains ca. 10 % of an -helix fraction which mainly con-
sists of Ala-units. A small qr-helix fraction (ca. 5 %) was
also detected in the raw silk of the tussah silk moth (anthe-
raea mylitta).

INTRODUCTION

In several previous papers we have demonstrated 1-5) that
13¢ NMR CP/MAS spectra are a useful tool for the qualitative
and quantitative analysis of the secondary structure of both
homo- and copolypeptides. This work had the purpose to extend
our spectroscopic investigations to naturally occuring proteins.
However, because only proteins with a relative simple primary
structure promise to give 130 NMR CP/MAS spectra which are
easily interpreted, we have begun our studies with silk fi-

broins.

RESULTS and DISCUSSION

The silk protein of bombyx mori consists of two components
whieh differ largely in amino acid composition (Table I) and
properties. Sericin is a water soluble, amorphous protein
with a high serine content in which the fibrous fibroin is
embedded. Fibroin mainly consists of glycine and alanine and

contains crystalline areas with regular sequences of the



Table I Amino acid composition of silk proteins
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7,8)

Amino acid

Sericin &

Fibroin a)

Fibroin &)

(bombyx mori) (antheraea mylitta
Glycine 14.7 44.5 23.5
Alanine 4.3 29.3 37.0
Serine 37.3 12.1 9.8
Threonine 8.6 1.0 1.0
Tyrosine 2.5 5.2 4.8
Aspartic acid 14.8 1.3 5.7
Glutamic acid 3.4 1.0 1.0
Arginine 3.5 0.5 13.3
Valine - 2.2 0.8
Tryptophane 0.1 3.0

a) in mol % ; the less abundant amino acids are not listed

Table TT 15¢C NMR chemical shifts é (ppm, relative to TMS) of
solid raw silk (bombyx mori)

Amino Secondaryl cq o~C B-C further carbons
acid Structure
Gly B-sheet | 168.8 43.7  —
by, [ Besheet 195°3 290 195

®-helix |[176.8 52.9 15.6
L-Ser . B-sheet [170.0) 53.0  62.8
L-Tyr  B-sheet [169.6) (52.1) (39.3) 154.5, 128.5, 118.1
L-Val  8-sheet [171.5) (58.2) 31.8 (18.5 y-CH3)
L-Asp  B-sheet {173.8) (51.0) 37.6 (176.8)
L-Glu  B-sheet [172.6) (51.3) 29.6 29.6 (y -C)

a) The chemical shifts in brackets are those of the homopoly-
peptides. In the spectrum of silk fibroin they are obscured
by the stronger signals of Gly and Ala residues.
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type: [—(Gly—Ala)g-Gly-Ser—] n+ In the raw silk we have measu-
red (Fig. 1 A) the fibroin is about four times more abundant
than the sericin. The so-called crystalline fibroin was obtai-
ned from the raw silk by dissolution in water containing the
Cu 2+/ethylene-diamine complex and enzymatic degradation by
means of chymotrypsin. The white crystalline powder which pre-
cipitated from this reaction mixture was used for the 13C NMR

measurements (Fig. 1 B).

Both 50.3 and 75.4 MHz spectra of raw silk (bombyx mori)
were measured. Because the resolution of the 75.4 MHz spectra
was not better,whereas the spinning side bands were considera-
bly more intensive, only 50.3 MHz spectra were measured in all
other cases. The original spectrum and several resolution en-
hanced versions of this spectrum (Fig. 1 A) yielded the follow-

ing information. The presence of Gly, Ala, Ser and Tyr units
is evident from their (C0-, ~C, B-C or phenyl-C signals. Their
chemical shifts agree well with those found for the B-sheet
structure of the corresponding homopolypeptides 2)- The line
widths of 200 - 400 Hz prevent a distinction between different
kinds of B-sheets if such were present 6). 0f particular in-
terest are the signals at 177, 53 and 15 ppm, which are cha-
racteristic of Ala units in an o-helix structure. On the basis
of the chemical shifts alone these three signals can also be
attributed to other amino acids having a B-structure:

1) The 17.7 ppm signal might stem from the B-carboxyl group of
aspartic acid.

2) The 53 ppm signal stems at least partially from the ¢ -C of
serine.

3) The 15 ppm signal might stem from the <§—CH3 group of iso-
leucine 2 .

However, all three signals are significantly more intensive
than expected for those alternative assignments. For instance,
the weak signal at 38.5 ppm represents the B—CH2 group of Asp.
The signal at 66 ppm stems from the CH2 group of Ser; its in-
tensity is only 1/3 that of the 53 ppm signal, and the content
of Tle is =<<0.8 %. Hence, the three signals at 177, 53 and
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15 ppm suggest that crude silk contains short helical blocks
mainly consisting of Ala units.

Since the mulberry silk possesses a high content of glycine,
the question arises whether the helical parts may contain Gly
units and whether glycine in helical environments is detec-
table in the 13¢ NMR spectra. Because poly(glycine) itself does
not form an o¢-helix we have synthesized a so-called guest-host
polypeptide from glycine-N-carboxyanhydride (NCA) containing
20 % 13¢ (denoted %) and from a 20 fold molar excess of L-Ala-
NCA. (Eq. 1). The resulting polypeptide was mainly helical,
and thus, most Gly units were forced into an &-helix structu-
re (Fig. 2 A). The CO-signal of .the helical Gly units absorbs
ca. 3 ppm downfield of its B-sheet position 2) whereas the CH
signal is insensitive to a change of the secondary structurez.
Because the CO-signal of helical Gly overlaps with the CO-sig-
nal of the Ala units in the B-sheet structure, the 130 NMR CP/
MAS spectra of silk fibroin do not allow the detection of he-
lical Gly units. We have also synthesized a copolypeptide with
a random sequence of Gly and Ala units in a mole ratio of 1:4.
Figure 2 B shows that this copolypeptide contains ca. 60 %
&-helix structure. Hence, we may conclude that Ala sequences
containing up to ca. 10 % Gly units may form o-helices. Fur-
thermore, it is to be noted that helical poly(alanine) may con-
tain up to 40 mol % Val units 9). Thus the helical structures
in raw silk may contain a variety of amino acids including
glycine and valine, even though only the signals of the heli-
cal Ala units were detectable in our spectra.

*
HN———CH2 HN———CHCH3
) ! + R=NH »*
oc_ €O + 200C_ ,CO - =""U2.5 H(L-Ala) -Gly -(L-Ala) NH-R
~ n m

n o+ m= 20; % = 20 % 13C enrichment.

In the spectrum of crystalline fibroin the " ot-helix sig-
nalsg" are not detectable,in agreement with the pleated sheet
structure reported in literaturelo). Furthermore,the signals

of tyrosine are absent along with the signals u, v and w. The
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absence of these signals in Fig. 1B supports their assignments

to Asp (B—CHZ), val (B8-CH) and Glu (y-CH,) (Table I). Further-
more, it is noteworthy that the intensity ratios of Gly, Ala
and Ser signals have changed. Evidently, the crystalline fi-
broin contains more alanine and less serine compared to raw
silk,in good agreement with the data of Table I.

a x c y e y Lz
—NH—?H—CO—NH—?H—CO—NH—?H—CO—NH—CHfCO-
bCH3 7 dgHz fCH,
H PNh Lp)
i
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Fig.1 50.3 MHz 130 NMR CP/MAS spectra (slightly resolution
enhanced) of A) raw mulberry silk, and B) crystalline silk
fibroin.
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Fig.2 50.3 MHz 19C NMR

CP/MAS spectra of random
copolypeptides: A) (Gly*/
Ala)  mole ratio 1:20;

B) (Gly/Ala)n mole ratio
1:4.

W
Yix) ah] lcw
Fig.3 50.3 MHz 15C NMR
;\ CP/MAS spectrum (slight-
- . . , ly resolution enhanced)
200 150 100 50 0 dpem) of raw tussah silk.
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Finally, we have measured the raw silk fibroin of the tussah
silk moth (antheraea mylitta). The amino acid composition of
this fibroin differs from that of bombyx mori silk in that the
former contains more alanine than glycine and more arginine
than serine or tyrosine (Table I). In agreement with this com-
position signals of Ala, Gly, Arg, Ser and Tyr units are de-
tectable and the ¢-C signal of Ala is 1.5 times more intensi-
ve than that of glycine and ca. 4 times more intensive than
that of serine (Fig. 3). Most interesting is the presence of
signals (or shoulders) at 176 and 15 ppm which are characteris-
tic for helical alanine. Furthermore, the ¢o¢-C signal of seri-
ne at 53 ppm is three timés more intensive than its B-C signal
at 62 ppm. Hence the 53 ppm signal might contain a contribu-
tion from the o -C signal of helical Ala-units. Because the
concentration of isoleucine is below 0.3 % the signal at 15 ppm

cannot result from the CS-CH3 group of this amino acid. Hence,
the assignment of the 15 ppm signal to helical alanine is still
more reliable in the case of tussah silk than in the case of
mulberry silk. Thus, we may conclude that tussah silk, simi-
lar to mulberry silk, contains a small fraction (ca. 5 %) of
o¢-helices which has hitherto not yet been detected. Thus Fi-
3¢ NMR CP/MAS spectra al-
low a qualitative and semiquantitative analysis of composition

gures 1-3 clearly demonstrate that

and secondary structure of fibrous proteins. However, consi-

dering our studies of synthetic copolypeptides 9’11), we must

emphasize that these spectra do not yield any sequence infor-
mation.

EXPERIMENTAL

Copolymerizations: A) A mixture of 5 mmol 15C enriched GLy-NCA
and 100 mmol L-Ala-NCA were dissolved in 150 ml dry dioxane
and 1 mmol benzylamine was added. The reaction mixture was stor
ed for 4 days at 2OOC, then diluted with 400 ml diethyl ether
and filtered. B) A mixture of 10 mmol Gly-NCA and 40 mmol L-
Ala-NCA was dissolved in 100 ml dry dioxane and polymerized
with 0.5 mmol benzylamine at 100°C. After 20 h the reaction
mixture was cooled, diluted with 400 ml diethyl ether and fil-

tered. 130 NMR sequence analyses demonstrate 12) that under
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these conditions random Gly/Ala sequences are obtained.

NMR-Measurements: The 50.3 MHz 1:”C NMR CP/MAS spectra were

measured on a Bruker CXP-200 in deuterated PMMA rotors at a

spinning rate of ca. 3 KkHz. A single contact pulse sequence
with alternation of the 90° pulse phase, a contact time of 3 ms
and a repetition time of 4 s were used. The magic angle was
checked with glycine,and the chemical shifts were referenced

to TMS as described previously 2). Because the silk fibers do
not allow a dense packing of the rotors,accumulation of ca.

15 000 transients was required for Figs. 1 and 3, whereas ca.
600 transients were sufficient for Figs. 2 A and B.
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