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1. Introduction

Here we suggest a new type of packing of polypep-
tide chains in the silk fibroin of Bombyx mori. This
packing differs completely from that described in
[1,2]. It also differs markedly from all known types
of structures which occur in globular and fibrous pro-
teins. In our model of silk fibroin, several polypep-
tide chains form the parallel-chain tape-structure
twisted into a flat helix (the tertiary structure) which
in turn forms sitk fiber (the quuternary structure).

2. Tertiary structure

2.1 ap oep-Structure

Pauling and Corey’s classic works [3,4] give a
description of several structures of the pleated-sheet
type. Fig.1a presents one of them. This structure is a
hydrogen-bonded layer structure of polypeptide
chains with all chains similarly oriented. Such a struc-
ture will be termed here an og ap-structure. Let us
consider the & ap-structure in which all left-handed
a-helical positions are occupied by glycine residues.
Such an e ap-structure can be formed from polypep-
tide chains having the amino acid sequence Gly—A—
Gly- B—Gly—C, where A,B,C, are any residues except
proline. Glycine residues occupying cach second posi-
tion of the chain will be located on one side of the
o g -structure and residues A,B,C, on the other. A
regular alternation of ridges and grooves on both sur-
faces allows a good contact between two oy o -struc-
tures according to the ‘ridges into grooves’ principle
(see fig.1b). Analysis with CPK models shows that the
best contact is ensured by glycine surfaces. The
geometry of glycine surfaces is so perfect that they
can be in contact without any cavities between them.
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Fig.1. aj ag-Structure: (a) Circles with symbols ap are side
chains facing the reader. Residues of these side chains are in
the region of the right-handed a-helical conformation. Circles
with symbols o are side chains located on the opposite side
of the pleated sheet, Their residues are in the region of the
left-handed c-helical conformation, Points denote inter-pep-
tide hydrogen bonds. Both surfaces of an aj ap-structure
represent regularly alternating ridges and grooves. Lines of
ridges and grooves (1) form with line (2), parallel to the poly-
peptide chain, an angle of 90°—w where w ~ 7°. The distance
between neighbouring chains (¢) is 4.7 A and the distance
beiween neighbouring residues along ridges and grooves {f) is
4.8 A. Free CO-groups ure located on one border of an ap ag-
structure and free Nll-groups are located on the other border.
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Fig.1. e ag-Structure: (b) ‘Ridges into grooves® interaction
between oy ap-structures (black zigzag bold lines). View
along the lines of ridges and grooves. aj ap-Structures are
formed from poly peptide chaing (Gly—Ala),,. Vertical shading
denotes methyl groups of alanines, These groups are located
on the peaks of ridges. Upper and central o ap structures,
separated by 3.9 A, interact by glycine surfaces while central
and lower ones, separated by 5.4 A, interact by alanine sur-
faces. Upper and lower oy arp structures are strictly parallel
to each other. The angles that a central structure forms with
cach of them are +2w and —2w (for w see fig.1a). v, = v, =
100°.

2.2, agapf-Structure

The polypeptide chain of the silk fibroin of Bombyx
mori tepresents a block-copolypeptide in which so-
called C -fragments alternate with Cofragments [5].
Cy- and Cfragments account for 60% and 40% (by
wt) of the silk fibroin molecule, respectively. The
primary structure of a Cp-fragment is known [5,6]:
Gly—Ala—Gly—Ala—Gly—Ser—Ala—Ala—Gly—[Ser—
Gly—(Ala—Gly),]g—Tyr. In this sequence there is a
long section [Ser—Gly--(Ala—Gly), ] in which each
second position is occupied by a glycine residue. The
primary structure of a Cfragment is unknown, but it
has been reported [7] that glycine residues occupy
each second position in a considerable length of its
chain. These experimental data on the primary struc-
ture enabled us to assemble from several polypeptide
chains the parallel-chain tape-structure represented in
fig.2. This tape-structure, in turn, can be twisted into
a regular flat helix (see fig.3) which we suggest as the
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Fig.2. Parallel-chain tape-structure made up of several poly-
peptide chains of silk fibroin. Parallelograms with dashed lines
are o ap -structures of equal dimensions made up of frag-
ments in which each second position is occupied by a glycine
residue. Glycine surfaces of «p wp -structures are towards the
reader. Dashed lines represent ridges on glycine surfaces. In
inter-wy ap-structural zones the polypeplide chains can have
any extended conformation.
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tertiary structure for polypeptide chains of silk fibroin.
The oy o -structures of Cp-fragments are located on
one side of this flat helix and the aj ap-structures of
Cfragments on the other (see fig.2). On each side of
the flat helix o; ap-structures are packed in parallel.
Such a packing allows CO and NH-groups located at
the borders of o ay-structures (see fig.1a,3) to form
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I'ig.3. Flat-helical structure (an oy apf-structure}: Vertically
shaded regions of the tape are o ap-structures. Vertical
dashed lines are ridges on the glycine surface of oy o -struc-
tures, vertical solid lines are ridges on the opposite side of

o ap-structures. L is the length, in A&, of an ap ap-structure.
The packing of individual polypeptide chainsin the flat-helical
slructure is shown in the upper part of the figure. In inter-

o g -structural regions of the tape, each chain forms a
g-structural hairpin. Oblique dashed lines are inter-peptide
hydrogen bonds in g-hairpins. h’ is the distance between
neighbouring g-hairpins. In the formed part of the flat helix,
ap op-structures lie in the plane of the figure while the planes
of A-hairpins are perpendicular to the plane of the figure. 2w
is the anglc between two ap ag-structures whose glycine sur-
Taces interact with each other according te the ‘ridges into
grovves” principle. Vor w see fig.1a. The number ‘m’ of poly-
peptide chains in an aj ap@-structure = £ . sin 2w/4.7 where
4.7 A is the distance between chains in an e ag -Structure
(see 1 in fig.1).
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tig.4. Fragment of an o apg-structure assembled from CPK
atomic models. (a) View in the direction perpendicular to the
glycine bilayer surface. The right part of the figure represents
polyulanine g-hairpins. Planes of g-hairpins are perpendicular
to the plane of the figure. Methyl groups of alanines are dotted.
Theleft part of the figure represents a fragment of the glycine
bilayer. The alanine surface of the upper layer and a small
region of the glycine surface (crosses} of the lower layer are
towards the reader. The length of irrcgular regions connecting
the ends of a g-hairpin with the glycine bilayer is equal, in
this case, to the length of one residue.

(b) View along the ridges of the glycine bilayer. Glycine
residues located on the internal surfaces of the glycine bilayer
are marked with crosses. g-Hairpins are in the plane of the
figure.

interpeptide hydrogen bonds. As a result, a new wide
oy ag structure consisting of the oy ag-structures of
Cp-fragments is formed on one side of the flat helix
and a new wide o op-structure consisting of the

o a-structures of C-fragments on the other. Both
new wide o aep-structures interact by their glycine
surfaces according to the ‘ridges into grooves’ principle
forming an angle 2¢o (see fig.3). This central part of
the flat helix will be called a glycine bilayer.

Regions of the tape-structure connecting neigh-
bouring a; ap-structures of C,- and Cfragments (see
fig.2) are located in the flat helix at the borders of
the glycine bilayer. The -structural hairpin is the op-
timal structure for the polypeptide chain fragments
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of these regions. Therefore the flat helix in fig.3 was
called an oy ap B-structure. In such a structure, the
planes of S-structural hairpins are perpendicular to
ridges and grooves of the o} o -structures.

Hairpins can be sterically joined to the borders of
the glycine bilayer provided that the distances ‘h’ (see
fig.3) between neighbouring f-hairpins do not exceed
the distance (4.8 A) between neighbouring residues in
a ridge (see ‘" in fig.1a). This condition is satisfied in
the case of polyalanine §-hairpins having normal [8,9]
van der Waals’ radii of atoms (see fig.4a). Such a small
distance between $-hairpins is possible because the
Co—(B-bond of methyl groups is perpendicular to the
plane of a neighbouring g-hairpin (see fig.4b). In the
Ce—(Ch-bond direction, the van der Waals™ radius of a
methyl group is 1.5—1.7 A. This range corresponds to
the hydrogen radius equal to 1—-1.2 A. When alanine
is replaced by a larger residue, the value *h’ can be
kept unchanged by removing C¥, C% . . . atoms of a
side chain from the interhairpin space. Two bulky
side chains of residues occupying neighbouring posi-
tions along the chain cannot be simultaneously
removed. Therefore dipeptides and longer fragments
having only residues with bulky side chains can form
only a bend of a 8-hairpin and irregirlar regions joining
the ends of a §-hairpin with the glycine bilayer. Thus,
in the oy ap S-structure there are definite constraints on
the primary structure of the regions forming the glycine
bilayer and §-hairpins. The glycine bilayer is formed
by fragments in which each second position is occupied
by a glycine residue; in 8-hairpins, dipeptides with
two bulky side chains are forbidden. There are no
constraints on §-bends and irregular regions joining
the ends of a f-hairpin with the glycine bilayer.

3. Quaternary structure

The best way for the interaction between o ag 8-
structures is the packing of their glycine bilayers
according to the ‘ridges into grooves’ principle and
formation of inter-o g B-structural hydrogen bonds
by peptide groups of $-hairpins. Such hydrogen bonds
are possible when bulky side chains are absent at the
borders of f-hairpins. A ‘ridges into grooves’ interac-
tion between glycine bilayers is possible when side
chains situated on their surfaces do not differ markedly
in size, It seems that, in case of silk fibroin, only one
side of the glycine bilayer and one border of f-hair-
pins can participate in such interactions as C-frag-
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Fig.5. Hydrogen bonds formed by two serine ridges. Dotted
scrine side chains pertain to one glycine bilayer, those with-
out dots, to the other. Each OH-group of one ridge forms
two hydrogen bonds with OH-groups of the other one.

ments of silk fibroin contain, along with a large
amount of glycine, alanine and serine residues, a small
amount of residues with bulky side chains [5,7]. It
should be noted that the interaction between alanine
surfaces of o ag-structures can be considerably
strengthened by replacing each third alanine ridge by
a serine one. Namely, such alanine and serine ridges
can be formed on one side of the glycine bilayer from
the section [Ser—Gly—(Ala—Gly), ] of a C -fragment.
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In this case serine ridges are sterically able to form
intermolecular hydrogen bends (see fig.5) without
any changes in the packing of alanine ridges. It is
interesting to note that hydrogen bonding between
serine ridges is sterically imnpossible on the surface of
either the parallel or antiparalle] f-structure.

The above-mentioned features of an o apf-struc-
turc and of the primary structure of silk fibroin allow
us to suggest the layer structure for the silk fibroin
fiber (see fig.6a). In each layer of this structure,

o agfi-structures interact with cach ather only by
bend regions of J-hairpins. In turn, each layer along
the fiber axis is located antiparallel to the two neigh-
bouring layers. With one neighbouring layer it forms
intermolecular hydrogen bonds by peptide groups of
B-hairping, while with the other neighbour it interacts
by alanine--serine surfaces of glycine bilayers accord-
ingto the principle ‘ridges into grooves’ forming scrine
hydrogen bonds. Serine hydrogen bonds together with
inter-g-hairpin hydrogen bonds hold together all the
layers. Cach layer also forms with bath neighbouring
layers zones S|, §, which are loosely packed. This
loose packingis due Lo the presence of a small amount
of bulky side chains on the alanine—serine surfuces.
Fig.6b presents the layer structure which should result,
according to our model, from stretching of silk fibroin
aleng the fiber axis. The fiber is elongated due to elas-
tic stretching of irregular regions joining the ends of
S-hairpins with the glycine bilayer and elastic com-
pression of loose regions §; and S,.

Iig.6. Layer packing of ap ag-structures for silk fibroin. (1) Unstretched form: A4 is a single a1 apg-stricture, Oblique shadowing
denotes a glycine bilayer. View along ridges and grooves of glycine bilayers. Identical end faces of flat-helical structures are towards
the reader: 1, 8-hairpins; 2, irregular regions connecting g-hairpins with the glycme bilayer; 3, bulky side chains; 4, side chains of
alanine and serine residues. The dotted region is a single layer. Dashed lines represent inter- and intra-hairpin hydrogen bonds
formed by peptide groups. 8, and S, are zones of loose packing. Bold arrow indicates the direction of the fiber axis which is
parallel to g-hairpins. (b) Stretched form: 5, schematically represented overlapping of van der Waals’ radii and deformation of

bulky side chains standard geometry.
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4. Conclusion

The spacings observed in our structure do not ¢on-
tradict with those obtained from X-ray patterns of
the silk fibroin of Bombyx mori {2,10]. The results
of infrared dichroism measurements [10] suggest that
hydrogen bonds in silk fibroin are oriented approxi-
mately perpendicular to the fiber axis. In our fiber
structure the main bulk of hydrogen bonds are thus
oriented. It is known [11] that the degree of exten-
sion of fibers of different silk fibroins is proportional
10 the content of residues with bulky side chains,
This regularity is easily explained within the frame-
work of our model. Extension of a fiber is largely
determined by the length of fragments ‘2° (see fig.6).
In turn, the length of these fragments is proportional
to the content of bulky side chains in a silk fibroin.
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