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Spider silk has outstanding mechanical properties despite being spun at close to ambient temperatures and pressures using water
as the solvent. The spider achieves this feat of benign fibre processing by judiciously controlling the folding and crystallization of
the main protein constituents, and by adding auxiliary compounds, to create a composite material of defined hierarchical
structure. Because the ‘spinning dope’ (the material from which silk is spun) is liquid crystalline, spiders can draw it during
extrusion into a hardened fibre using minimal forces. This process involves an unusual internal drawdown within the spider’s
spinneret that is not seen in industrial fibre processing, followed by a conventional external drawdown after the dope has left the
spinneret. Successful copying of the spider’s internal processing and precise control over protein folding, combined with
knowledge of the gene sequences of its spinning dopes, could permit industrial production of silk-based fibres with unique

properties under benign conditions.

abric fashioned of threads reeled from cocoons of the

silkworm have long been one of the mainstays of world

commerce, until the demands and constraints of the

Second World War helped man-made fibres derived

from petrochemical raw materials, or feedstocks, to
supercede silk. Today, millions of tons of nylon are produced each
year, selling for 2—10 US dollars per kilogram', whereas world silk
production reaches only about 70,000 ton per year, with quality
fibres selling for about 40 US dollars per kilogram. The current
production rate and price of silk (http://www.kanex.or.jp/groups/
home/MARKET/XKitChart.htm) are thus similar to that of top
quality man-made fibres such as Kevlar and Twaron. However, silk
polymers are poised for a possible comeback, albeit with a twist:
artificial fibres spun from dope solutions composed of genetically
modified (GM) natural proteins, designer proteins or protein—
plastic blends*™ could be the new ‘techno-silks’

Parent silk gene-motifs to create GM feedstocks for artificial dope
solutions are likely to be taken from the golden silk spider Nephila
clavipes, rather than from the moth Bombyx mori’, which has
classically been the main silk provider. This preference is largely
because spider silk is much tougher than the stiff but brittle cocoon
threads of the moth, reflecting the fact that spider threads have
evolved to arrest ‘aerial missiles’ rather than form a protective
cradle. After all, silk has been an arachnid construction material
for about 400 million years’, of which half has seen web-engineering
responding to the demanding specifications of an aerial arms race
with jumping and flying prey®. Accordingly, advanced web spiders
have evolved an armory of highly specialized silks. (See Box 1b for
an illustration of the range of mechanical properties of silks
produced by different web spiders).

Spider dragline silks, the main structural web silk, which are also
used for the spider’s lifeline, are exceptionally strong and
extensible®, making them very tough fibres. Indeed, their toughness
equals that of commercial polyaramid (aromatic nylon) filaments,
which themselves are benchmarks of modern polymer fibre
technology. Polyaramids are used to make materials ranging from
radial tyres and bulletproof clothing to reinforced composites for
aircraft panels. The exceptional toughness of dragline silk is
achieved under benign conditions: in contrast to current techno-
polymers based on petrochemicals, the spider spins its totally
recyclable fibres at ambient temperatures, low pressures and with
water as solvent™’. There are accordingly many advantages to
copying the spider’s silk and silk production capabilities'': geneti-
cally engineered silk with specially tailored properties and spun
using ‘green’ processes could replace the ubiquitous plastics, which
are often detrimental to the environment in both production and
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disposal’. In fact, spider silk has already been spun artificially: the
most interesting methods until now include conventional solvent
spinning of recombinant spider silk protein analogue by Du Pont
Ltd* and extruding regenerated silk into a coagulation bath using a
nanofabricated silicon spinneret'’. The race is now on to perfect
spinning technology®. Of course, artificial silk could be a potential
economic threat to rural producers of natural silks, but the overall
benefits might still outweigh the costs and disadvantages, especially
if the dope-feedstock used for the production of these techno-silks is
derived from agricultural products, such as goat milk genetically
modified to contain spidroins, the major proteins of spider dragline
silk (see http://www.nexiabiotech.com).

To mimic spider dragline silk successfully we must copy the
crucial design features of both the feedstock dope proteins and the
spinning process. Molecular biology provides the potential to
extract, synthesize and assemble artificial genes to supply feedstocks
for the production of silks"'*~', whereas classical morphological
studies provide construction details of the spider’s extrusion
system'”*!. Together, these two biological disciplines can lead to
the design of first prototypes for a highly advanced and benign
fibre extrusion technology, and close collaboration with process
engineering should eventually allow commercialization. Scientifi-
cally as well as technologically, achieving this goal would be an
innovation. It would be the first time that a whole natural produc-
tion system as complex as the spider’s has been copied in totality
from gene to marketable product, though there are many examples
of industry copying an aspect of nature, including Velcro which
mimics the way seed hooks snag in fur.

Spider and insect silks have the same basic building blocks: proteins
made largely from non-essential amino acids**”. Although they
evolved independently in a wide range of invertebrates™, all but the
faecal fibres of beetles are extrusions of specialist silk glands (Box 2).
Insects have found many ways of making a wide range of silk types,
but web spiders are unique in maintaining, in the same individual, a
battery of highly specialized glands producing very different silks,
often simultaneously® (Fig. 1). This diversity is driven by the central
role played by silk in a spider’s life and by the tight co-evolution of
silk and behaviour such as prey capture, shelter construction and
reproduction®. Although the different silk glands in an advanced
web spider like Nephila are likely to have evolved from a single type
of gland, they now differ significantly from one another in mor-
phology, anatomy and composition®’ to allow for the production of
different silks (Fig. 1). Moreover, there seems to be significant
variability in silk properties even for the same silk produced by
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Box 1
Stronger than steel
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Silk, like many man-made fibres, is viscoelastic’®: loading and
unloading paths are not the same as they would be in a perfectly elastic
material. Moreover, a small plastic component is also often observed
(that is, the material does not recover fully to its original length upon
relaxation), but this can be overcome by curing with water™. The
mechanical properties of a fibre are best described by the shape of a
response curve when the material is stretched (a). Such stress—strain
curves may vary greatly between the same type of silk from different
spiders (b) and typically vary between the different silks from the same
spider®. The variability is due to differences in both the chemical
composition of the dope and the conditions under which it is spun,
once again emphasizing the importance of the spinning environment
to control the material properties of the final silk thread (e). The spider
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can easily vary spinning conditions by adjusting running speed, or
changing speed of pulling silk with the legs (if used) and, finally, by
building its webs during different times of the day or night (which
affects temperature) all of which gives the animal some degree of
control over the performance of the thread it produces.

Spider silk is light as well as strong. Its strength of 1.1 GPa
approaches that of typical high tensile engineering steel (1.3 GPa), but
silks have a significantly lower relative density (1.3) than steel (7.8) (ref.
73). Compared on a weight basis, silk is thus by far the stronger
material. To probe the mechanical behaviour of silk (e), we stretch our
silk at a specific rate di/dt and measure the force F required to cause a
given extension di. We generally consider the engineering stress (sg),
which is the force applied to the cross-sectional area (Ag) of the
sample, to be constant during the test, even though Ay will decrease
somewhat during stretching. The normalized engineering strain of
extension (eg) is the ratio of change in length (d)) to the initial gauge
length (lp). The ratio of stress to strain, given as Young’s modulus (E)
and derived from the slope of the curve, is a measure of the fibre’s
stiffness. Typically there is at least one ‘yield point’, that is, a point at
which the curve suddenly changes slope because of major structural
transitions in the material. The area under the curve (if the fibre breaks)
or between hysteresis curves (if the fibre is relaxed before it breaks)
indicates the fibre’s toughness, and thus the energy taken up by the
material (@). @, Typical stress—strain curve for spider dragline silk reeled
from a Nephila edulis female, based on experimental data. The data
are obtained from stretching experiments on dragline silk, giving the
force (stress) required to reach a given strain, with strain indicating the
fibre’s extension under stress relative to its extension in the relaxed
state. Average data (mean = standard deviation, s.d.) for silk collected
at 20mms™" and 25°C from an adult Nephila edulis female are: silk
diameter, 3.35 = 0.63 wm, tensile breaking strain, 0.39 = 0.08;
breaking stress, 1.15 * 0.20 GPa; initial modulus, 7.9 * 1.8 GPa; yield
stress, 0.15 = 0.06 GPa; and breaking energy, 165 = 30kJkg ™"
(after ref. 63). Comparable data for Kevlar 81 high tenacity yarn 98 are:
diameter, 12 um; breaking strain 0.05; breaking stress 3.6 GPa;
modulus 90 GPa; no yield stress as yarn has a single modulus; and
breaking energy around 33kJ kg™ (A. Grandus, personal
communication). Thus Kevlar is 3 times stronger but spider silk is 5
times tougher because it is 8 times more extendible. b, Stress—strain
characteristics of dragline silk reeled from different web building
spiders: Euprosthenops sp (Pisauridae) (1), Cyrtophora citricola
(Araneidae) (2), Latrodectus mactans (Theridiidae) (3), Araneus
diadematus (Araneidae) (4) and Nephila edulis (Tetragnathidae) (5).
The data (modified from ref. 28) were collected under comparable
conditions by artificial reeling. They show that the silk of
Euprosthenops (1) is stiffer and requires more force to break it but is
much less elastic and thus takes up less energy than the comparable
silk of Nephila (8); the characteristics of the other species lie in
between. We note also the differences in the initial moduli and yielding
points. e, The effect of spinning conditions on the breaking stress of
dragline silk spun by Nephila edulis. The black circles give the effects of
modifying reeling speed (in mms™") and the white circles those of
modifying body temperature (in °C) (figure from ref. 63). The average
breaking energy for the sample threads at control conditions was
165 + 30kJ kg ™" (ref. 63). In the graph, breaking stress is used rather
than breaking force because the differences between individual
spiders (as well as silk reeling speed and body temperature) affect the
diameter of the silk thread, which in turn influences the force needed to
break the thread (see ref. 63). The control temperature was 25 °C when
the reeling speed was varied, and the control speed was set to
20mms~' when the body temperature was varied®, with the average
natural spinning conditions for this species taken to match the control
conditions®. (Each data point derives from threads of 4—11 spiders
with four pieces of each thread measured, mean = s.d.; figure
modified from ref. 63.)
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the same spider on different days, or even on the same day under
different environmental conditions®. Most of these differences are
attributable to varying spinning conditions, but they may also
reflect considerable variability in the amino acid composition of
the spinning dope produced by a gland****, some of which might
be affected by diet”.

Gene sequences are being mapped for rapidly increasing numbers
of silks'>'*'=** and first-generation models are beginning to relate
protein structure to the mechanical properties of the thread® (see
Box 3). But although gene sequences can predict average domain
sizes along the protein backbone, any deeper understanding of the
mechanical properties of spider silk requires additional information
on the interaction between the different proteins in a thread and the
full structure at all hierarchical levels. And even though spider silk
seems a poor cousin in terms of diversity, with only two or three
spider silk protein gene families identified so far'>'” (a large
number of different proteins, corresponding to many genes, have
been identified in the silks of some chironomid midges”), shunting
and splicing would allow a spider to create a wealth of spider silk
proteins from quite a parsimonious genetic blueprint®~*'. More-

Box 2
Other spinning arthropods

Bombyx mori is a domesticated moth with a larva that feeds on
mulberry leaves. Its pupation cocoon is unravelled to give the classic
commercial silk; other commercial silks come from other moths, such
as Antheraea. Our knowledge of the spinning processes in these
insects is extensive but incomplete*®™. The paired silk glands are long
and heavily tracheated ectodermal ducts that open on the lips of the
mouth. Silk fibroin and droplets, which later form canaliculi, are
secreted at the posterior end of the gland and move along in laminar
flow while being coated by three layers of sericin, the silk’s second
protein constituent®””. The first, thin coating contains one polypeptide
(s-4), the second, thicker granular layer contains two (s-1 and s-3) and
the thin, third layer contains a further two polypeptides (s-2 and s-
5)%77, All these polypeptides are rich in glycine, serine and aspartic
acid, and s-1 and s-2 also contain sugars’’. Thus coated, the silk
filament is drawn (the larva pulls by moving its head) through a cuticle-
lined duct to join its companion filament made in the other branch of
the bilaterally symmetrical silk organ. Both filaments are then glued
together by secretions from Filippi’s gland, with the still pliable sericin
being moulded by the silk press (a muscular valve) and the labial
opening”™7”. A silkworm silk gland thus consists of a posterior part
producing silk-dope, three distinct middle parts producing sericin-
coat, a tapering duct, a Y-junction joining the two glands, followed by a
single press and opening. In a cocooning Bombyx larva, this organ
constitutes about 20% of the animal’s body weight, and a single
cocoon will yield about 800 m of silk filbore composed of two filaments,
each with an average diameter of about 10 um (ref. 75). The heavily
coated fibres are stiff and strong, but not very tough because they lack
extendibility. Silk production is not confined to moths and spiders®:
bees and wasps (Hymenoptera) embed simple silk fibres into the wax
of their combs to provide strength™®, fleas (Siphonaptera) use silk in
their nests and cocoons™, lacewings (Neuroptera) employ it to cement
eggs onto stalks®, caddisfly larvae (Trichoptera) use it to bind debris
into houses or make underwater webs®', aquatic midge larvae
(Diptera) use it to construct feeding nets and tubes for housing and
pupation®” and glow worms (Coleoptera) and fungus gnats
(Nematocera) make sticky silk lines to catch flies®. Among the
arachnids, silk is used for nest building in the pseudoscorpions and
mites®, and in all aspects of life in the true spiders (Araneids)'.
Diversity in taxonomy, modes of deployment and evolutionary
pathways resulted in a wide range of molecular chemistries, material
properties and spinning technologies® associated with silk
production, thus providing ample scope for biomimetic material design
and processing.
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over, expression differences in each of the spider’s seven different
gland types allow transcriptional regulation to produce a wide
variety of gland-specific silks with different compositions and
material properties'.

At least one spider silk protein family (found, for example, in the
golden silk spider Nephila clavipes and the garden cross-spider
Araneus diadematus) encodes for polypeptides that contain a vari-
able number of both crystalline poly-alanine domains as well as less-
crystalline glycine-rich domains'>'%*>”. Although there is consen-
sus that silk contains crystalline and non-crystalline regions, the
structure of the glycine-rich regions is imperfectly understood.
Indeed, the classic concept of dragline silk being comprised of B-
sheet crystals packed in a rubbery matrix of random-coiled
springs**® has been challenged”*’ following the observation
that silk may contain a range of conformations such as ‘random
coil’, B-turns and parallel and/or antiparallel B-pleated sheet crys-
tals, o-helices or the more compact and left-handed 3(1)-
helices™?**" (see Box 3 for further details). Clearly, before we
can copy silk to full effect we must determine the secondary
structure of polypeptide chain folding as well as higher-order
structures of the protein constituents. For example, recent studies
have shown that a single spider silk filament can have a complex
‘coat-skin-core’ organization*"** with micro-fibrils** enclosing
fine channels that might impart energy-dispersive properties*
by deflecting the tips of cracks forcing their way across the thread.
Because this structural complexity is likely to contribute signifi-
cantly to the toughness of spider silk, it must be taken into account
when attempting to design and spin biomimetic silks.

Let us take the production of dragline silk by Nephila as an example
of a spider’s advanced spinning technology, given that the process is
best understood in this species and probably representative for
dragline spinning by all orb-spiders. Figure 2 gives a schematic
illustration of the different components of the spinning duct, the
structure through which the spider extrudes its silk and which is
analogous to the ‘die’ used in artificial fibre spinning technology.
The major ampullate gland making this silk consists of a long tail
and a wider sac. The tail secretes the major part of the so-called
‘spinning dope’, a solution containing the protein molecules used to
make the silk fibre dissolved in water, while the sac constitutes the
main storage repository that leads, through a ‘funnel; to a tapering
duct. Much of the fibre formation occurs in this duct, which has
three loops inside a sheath and terminates in a structure known as
the valve. After the valve, further processing proceeds in a narrow
tubular region specialized for rapid water recovery, and the silk
thread then exits at the spigot whose flexible lips fit tightly round the
silk thread, a feature assumed to assist in water retention*'. Tail and
sac of the gland are about 60 mm in length and, when full, weigh in
at about 10 mg the pair, about 1% of the total bodyweight of a lean
adult female (D.PK. and EV., unpublished work).

The secretory part of the gland has two distinct transverse zones,
the A-zone occupying the tail and first part of the sac, and the B-
zone running from the widest part of the sac to the funnel. The
epithelium of the A-zone is composed of tall columnar secretory
cells of a single type, packed with secretory granules (see Fig. 2, inset
A). The output of these cells is an aqueous and highly viscous, often
yellow solution of about 50% protein’, which will be mostly
spidroin I and II, the main proteins making up spider dragline
silk®. The solution secreted by the A-zone is not a homogeneous
liquid, but contains many small spherical droplets comparable to
those found in silkworm silk dope*. These droplets flow along the
tail and sac* in the spidroin matrix, and are thought to first grow by
coalescence before being drawn out into long thin structures, the
canaliculi**. As the A-zone secretion flows towards the funnel it is
coated by a colourless homogeneous viscous liquid secreted in the
B-zone. Although the cells of the B-zone superficially resemble
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those of the A-zone (see Fig. 2, inset B), they contain different
secretory granules, many of them filled with a hexagonal columnar
liquid crystalline material. Given the relative size and locations of
these zones, we may assume that the more extensive A-zone (about
75% of the epithelium) secretes the spidroin(s), whereas the smaller
B-zone in orb-web spiders secretes coat protein(s), possibly the
glycoprotein identified histochemically in the gland” and bio-
chemically in the thread™. The glycoprotein may help to plasticize
the thread by maintaining a high water content™.

Within the major ampullate gland and the first and second loop,
or limb, of the spinning duct, the spider’s dope*>>”, like the
silkworm’s®*”, is liquid crystalline, with the main silk protein
constituent likely to be in a compact conformation that allows it
to be processed at high concentrations”. Liquid crystallinity offers
desirable properties, which make it possible to efficiently spin a
thread from molecules as large as silk proteins (see Box 4).
Specifically, in the spider’s gland and duct the molecules seem to
form a nematic phase®, that is, they form a substance that flows as a
liquid but maintains some of the orientational order characteristic
of a crystal, with the long axes of neighbouring molecules aligned
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approximately parallel to one another. Liquid crystallinity would
thus allow the viscous silk protein solution to flow slowly through
the storage sac and duct while the molecules form complex align-
ment patterns. In the spider’s gland, the long axes of the rod-shaped
silk protein molecules or molecular aggregates appear” to be
oriented perpendicular to the secreting epithelium walls when
close to them, but gradually bend over with increasing distance
until—along the midline of the glandular sac—they lie parallel to
the long axis. This arrangement (called a simple escaped nematic
texture) persists from the gland into the first limb of the duct, but
changes into a more complex escaped nematic texture in the second
limb of the duct, where the narrower lumen forces the molecules to
bend forwards and backwards in an alternating pattern known as
the cellular optical texture*>*. This arrangement is commonly seen
when ‘nematic discotic’ liquid crystals are confined in narrow
tubes®. This type of liquid crystal forms bilayered disks in which
the rod-shaped molecules are arranged perpendicular to the plane
of the disk®. It seems likely that the perpendicular arrangement of
the silk protein molecules at the secreting epithelium walls and the
subsequent nematic escape into an arrangement that is parallel to
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Figure 1 The seven specialized glands and their different amino acid compositions of a typical Araneid orb weaver. Silk glands are paired, reflecting their evolution from limb

glands®

. The aciniform glands make the silk for wrapping prey, the cylindriform glands make the cover silk for the egg sac and the pyriform glands make the silk for attachments

and for joining threads®®%’. The major and minor ampullate glands are of similar shape; the major glands provide the silk for the spider’s dragline and the frame threads of its web
while the minor ones provide threads that can be added to any structural thread and may be used for the radial (spoke) threads of the web?? The flagelliform glands provide the

core of the threads of the capture spiral, while the threads’ coating is supplied by the aggregate glands. This coating contains glycoproteins for stickiness®®,

salts to act as

bactericides®® and hygroscopic organic compounds®” that, in addition to being bactericidal, also attract atmospheric water® to plasticize the core of the thread®®. (Glands after ref.
70 and amino acid compositions after ref. 22; we note there can be variability in composition within each gland, which may be adaptive®).
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the long axis of the silk gland and spinning duct prevent the liquid
crystalline dope from breaking up into numerous small domains.
This in turn would suppress the formation of disclinations, a form
of defect somewhat analogous to dislocations in solid crystals and
which are likely to diminish the tensile strength of the spun
thread*>”’.

The duct’s convergent, or hyperbolic, geometry forces the dope
flowing along it to elongate at a practically constant rate®. As a
result, the spherical droplets in the dope extend to form the long,
thin and axially orientated canaliculi®*’, which are thought to
contribute to the thread’s toughness®. The slow, constant nature
of the elongation also ensures that only low and uniform stresses are
generated. This prevents localized coagulation centres from forming
prematurely®’, that is before the silk protein molecules in the dope
have reached their optimal orientation. As in any other spinning,
good molecular alignment contributes significantly to the thread’s
toughness™>>",

A much higher stress is likely to be generated during rapid
extension in what we have called the “internal drawdown taper”'
(see Fig. 2, panel X). This starts where the forming thread suddenly
stretches, narrows and pulls away from the walls of the third limb of
the duct (in the fully grown spider approximately 4 mm before the
exit spigot)*"* (see below). The high stress forces generated during
this stage of processing probably bring the dope molecules into
alignment and into a more extended conformation, so that they are
able to join together with hydrogen bonds like zip fasteners to give
the anti-parallel beta conformation of the final thread. As the silk
protein molecules aggregate and crystallize, they will become more
hydrophobic, which should induce phase separation and hence the
loss of water from the surface of the solidifying thread. Recent
studies of the flow behaviour of dope solutions in vitro (Chen, X.,

Box 3
Silk proteins and genes
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D.PX and EV,, unpublished work) and the observation that the
force needed to reel silk in vivo increases with reeling speed® (except
at very high reeling speeds) provides direct evidence that such a
stress-induced phase separation does indeed occur. The secretion of
hydrogen ions, by proton pumps located in the epithelial cells of the
third limb of the duct, renders the dope solution more acidic, which
should assist phase separation®*”. The concluding drawdown of the
silk, to produce the final fibre, occurs in the air after the thread has
left the spigot’™® and is probably accompanied by further loss of
water by evaporation®™®. However, as some natural silks are
successfully spun underwater”’, water loss by evaporation is not
always necessary.

The spider’s simultaneous and internal drawdown and material
processing which exploits phase-separation differs dramatically
from that used in industrial spinning, where the solvent escapes
in a gradient or to the surface, typically at the die’s external
opening”. Although the latter type of processing, with external
drawdown into air, may occur in the spinning glands of other
spiders®, keeping the drawing process inside the animal appears to
offer conspicuous advantages: most of the water from the dope can
be recycled by absorption from the distal part of the duct®, and the
duct acts as a combined internal die and a treatment and coating
bath®.

As the fibre forms from the dope, it pulls away from the
surrounding walls of the spinneret. This initial phase of the draw-
down should start at that location in the duct where the force
required for drawing out a thread by extensional flow balances or
just falls beneath the force required for moving along the liquid
dope in contact with the walls. As it moves through the spinneret,
the forming thread is probably mostly lubricated by water formed in
the phase separation. A surfactant secreted into the third limb of the

Spider silk proteins are only partially characterized, even for Nephila
clavipes®, the spider species that has been most studied and which is
thus our benchmark. Separating the proteins by sodium dodecyl
sulphate—polyacrylamide gel electrophoresis suggests that the major
ampullate gland in this species secretes a single major protein
component, whose apparent molecular weight has been determined
as 275 kDa (ref. 85) and 320 kDa (ref. 86). The parent protein is about
5% glycosylated® and seems to contain sequences derived from
Spidroin | and one or more additional domains not seen in either
Spidroin | or Il (ref. 85). Initial characterizations suggest that the protein
is constructed from two peptide chains held together by 3-5
disulphide bonds®®, which may aggregate under native conditions to
give an oligomer with a molecular weight of about 725 kDa (ref. 2).
Another component, with an estimated molecular weight of 180 kDa,
has been identified in mercaptoethanol-reduced silk®. Until now, only
a few silk genes have been partially sequenced, and most of these are
from orb spiders®. Spidroin | and Spidroin Il are two subunits of
dragline silk found in the major ampullate glands®. A very different
protein, containing only three motifs repeated many times in the same
order, is secreted by the flagelliform glands®'; it forms a major
component of the elastic support fibre of the capture spiral of the
spider’s web. The largest of the protein’s three matifs, (Gly-Pro-Gly-
Gly-X),,, may form a B-spiral or helix composed of a large number of -
turns arranged end-to-end; these can then act as springs, which bond
together via water bridges at the X-residues to form a highly elastic
network®'. In contrast, the sequence data for Spidroin | and Il show an
alternation of hydrophobic polyalanine domains and less hydrophobic
glycine-rich domains. If we are to understand the way in which the
protein refolds during spinning, we need to clarify its structure during
production and storage in the gland cells and sac. Spidroin may form
rod-shaped molecular or supramolecular units, which can be stored
as a highly concentrated liquid crystalline solution to form a fibre when

NATURE |VOL 410|29 MARCH 2001 | www.nature.com

%4 © 2001 Macmillan Magazines Ltd

strained in the spinning duct®. It seems that unspun spidroin differs in
conformation from the silk thread, but resembles silk-1 of silkworm
dope*”. NMR and ultraviolet circular dichroism*’ measurements on
unspun spider dope indicate that it lacks the B-pleat seen in the final
silk and instead contains up to about 30% «-helices, 40% of a ‘random
coil’ conformation, and 30% B-turns that might exist in a loose and
dynamic, partially extended configuration analogous to that of the
molten globule state. Taken together, the observational evidence
suggests a multiple B-turn structure for the unspun dope; this might
contain triple®” or double®® B-turns stabilized by interstrand hydrogen
bonds, or a B-turn/‘random coil’/a-helical structure*’. The location of
the B-turns and a-helix motifs is not known with certainty, but in
aqueous solution, the glycine-rich regions and the polyalanine
sequence are likely to form the B-turns and a-helices, respectively®.
Advanced imaging techniques such as NMR, micro-Raman
spectroscopy and micro-X-ray diffraction are crucial for analysing the
structure of the secondary and tertiary conformations of the silk dope
and thread. For example, proton-driven '°C two-dimensional NMR
spin-diffusion experiments on Nephila dragline silk thread suggest that
the poly-Ala segments adopt a highly ordered B-sheet structure®#’
and the glycine-rich segments 3(1) helical structures*®, both oriented
in line with the thread. Raman spectroscopy on single Bombyx and
Nephila threads during progressive stressing shows that the silk
microstructure experiences uniform stress during deformation in both
spider and silkworm silk®-°", suggesting the presence of microfibrillar
structures inside the thread that would evenly distribute any applied
stress. X-ray diffraction patterns obtained from single threads being
spun® also reveal that the thread consists of small crystalline blocks
in a matrix containing both oriented and disoriented amorphous
material, with the crystalline fraction having a B-poly (L-alanine)
structure®.
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duct may also help to reduce the force required for drawdown. The
tapered nature of the duct may allow the point of drawdown to
move along the duct according to the rate of spinning, thus resulting
in thread diameters adjusted to the speed of spinning®.

In summary, spiders make exquisite use of internal spinning of
liquid crystalline dope in an acid bath, followed by further draw-
down in the external air gap, to produce silk threads of high
toughness and elasticity. Spinning of liquid crystalline material, as

done by spiders, has several advantages: (1) it is virtually free of the
uncontrolled reorientation of molecules after emergence from the
die; (2) the force required to spin a thread is small; and (3) pre-
alignment of the molecules in the unspun dope may reduce the
formation of defects”. It seems that much stands to be gained by
trying to understand and copy the spinning technology, which the
spider has evolved over millions of years to regulate the folding and
refolding of macromolecules under highly controlled conditions to

Figure 2 A spider’s dragline spinneret. The top part shows original drawings of the histology of the spinneret (lumen, L); the bottom part outlines its spinning function, which entails
drawing the liquid crystalline dope solution produced in the gland through a tapering s-shaped duct, thereby converting it into an elastic thread. Dope production occurs in two
zones: the A-zone of the gland (see panel A) secretes spidroin, the protein forming the core of the thread, while the B-zone (see panel B) secretes the thread’s thin coat. The
secretory vesicles of the A-zone contain short, narrow filaments; most of those of the B-zone contain hexagonal columnar liquid crystals. The greatly thickened cuticle of the funnel
(clearly visible in panel V) anchors the extensible duct to the less mobile sac, perhaps to prevent shearing of the dope when the spider wiggles. The duct itself has a thin cuticle,
which acts as a dialysis membrane and may allow water® and sodium ions out of the lumen, and potassium ions’', surfactants and lubricants into the lumen to facilitate thread
formation (see panel X). The epithelium of the s-shaped duct progressively increases in height from the funnel to the valve, suggesting increased pumping of water and ions as the
dope is drawn through the duct (panels C and D show the histology of epithelium in the first and second limbs, respectively). The drawdown process is mainly internal and starts in
the third limb of the duct (see panel X), approximately 4 mm from the exit spigot. Just before and after the start of the drawdown taper, single flask-shaped gland cells, such as seen
in inset E, may contribute an extra coating to the thread®'. The ‘valve’, shown in panel Y in the bottom of the figure, is not a restriction nozzle, but a clamp for gripping the thread?'.
It may also act as a ‘ratchet’ or ‘pump’, to restart spinning after internal rupture of a filament?'. The section of duct (see inset F) after the valve appears to be highly specialized for
water pumping, having tall cells with numerous mitochondria and apical microvilli and a large surface area provided by apical infoldings of the plasma membrane. Finally, the
thread is gripped by the flexible and elastic lips of the spigot (inset G), through which it passes to the outside world (see panel Z). The spigot strips off the last of the aqueous phase
surrounding the thread, thus helping to retain water in the spider, and also places the thread under tension for the final air-drawing step®"®°. The diameters of the round panels are
A: 93 um, B93 wm, C12 uwm, D 12 wm, E 70 um, F 288 m, G 60 wm (drawings based on light microscopy, SEM, CryoSEM energy dispersive X-ray analysis and TEM studies of
the major ampullate gland of three species of Nephila); the heights at midpoint of the frame panels are V (funnel) 350 wm, X (drawdown) 40 wm, Y (valve) 300 wm, Z (spigot)
190 pm.
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The rheology of liquid crystalline solutions is non-newtonian and differs
from that of isotropic solutions, a feature that can be exploited by a
biological system under intense pressure to adapt and optimize. In
particular, while liquid crystalline viscosity depends on the shear rate,
stress forces along and across the flow lines of the liquid are highly
dependent on the concentration of the solution and can be very small
indeed®”%8, By controlling the solvent saturation (that is, the water
content) of the liquid crystalline spinning solution, the spider can thus
vastly reduce its metabolic cost of silk production and use narrow
extrusion ducts —which would otherwise require high energy input to
operate —to produce very fine fibres ranging from a few nanometres to
a few micrometres in diameter®”®*. Newtonian laminar flow (where the
shear rate determines the stress forces but not the viscosity), in
contrast, is characterized by a nonlinear relationship between the
coefficient of flow viscosity, hy, and the tube radius, R, (that is,

h; = pR*/8Q*dp/dI*h,), as well as the speed of spinning (through Q,
the volume rate of flow, and dp/d/, the gradient of the pressure p along
the tube length /)**. Clearly, making fibres under newtonian conditions
would require very high pulling forces that could not be generated by a
spider walking® either at normal speed (20mms™) or rushing at
800mms™". Moreover, in newtonian flow, viscosity increases with
decreasing temperature: h, = h,exp(E,/RT), where hg is the basic
viscosity and Ep, the activation energy, which depends on the molecular
structure of the polymer®. The relative temperature independence of
non-newtonian flow, in contrast, would benefit a spider by allowing it to
spin webs in the cold early hours of the morning as easily as in the heat
of noon. Both spider and moth have found ways to employ non-
newtonian fluid dynamics in order to make thin silk filaments at ambient
temperatures and low energy costs, by using liquid crystallinity, well
adjusted protein concentrations and reasonably low spinning speeds
(and hence shear rates). Shear thinning, a decrease in viscosity
resulting from moderate increases in shear rate has been observed in
nematic liquid polymers and also in spider silk dope solutions (Chen,
X., D.P.K.and F.V., unpublished work); it will further help to reduce the
energy required to flow the dope through the spider’s spinning duct.
Although liquid crystalline polymers behave as newtonian fluids at high
dilutions, at high concentrations their flow is non-newtonian (that is,
viscosity depends on strain rate and strain history) and the apparent
viscosity at first increases with concentration but then actually
decreases to initially low levels®®. This is because the molecules tend to
align at high concentrations, enabling them to slide or roll past each
other more easily*”. Rod-like liquid crystalline molecules with length L
in solutions (of concentrations ¢) diluted to ¢ < 1/L° have a viscosity

allow their efficient extrusion into a thread. An important lesson to
learn from the spider is how it stores protein dope molecules in a
highly concentrated liquid crystalline state and then extends these
in the spinning duct to form a supremely tough thread. Learning
this lesson may also help us to gain insight, through lateral
thinking, into the sudden but unwanted assembly of other fibrous
proteins, such as amyloids (the protein associated with Alzhei-
mer’s disease) that refold and form filaments where we had rather
they did not. O
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