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1. Introduction compared to that on silkworm silk. Beginning in the 1970s

Spider silk has been noted for its extraordinary properties Work, Gosline, and Tillinghast and their groups revived
since ancient times. In many cultures there are stories basednterest in spider silk with several papers describing the
on the use of spider silk. Over the past 150 years numerousPhysical, mechanical, and chemical properties of spider silks.
scientific and popular articles have been written about spider That information led to the current intense interest in these
silk. However, it is only in the past few years that an Unique biomaterials.
understanding has emerged of the reasons for the unique ) ) . ) )
mechanical properties that spider silk possesses. In particular.1. Biological Aspects of Spider Silk Production
the proteins that comprise the silks and their sequences have
provided key information that relates directly to these
properties. This review is intended to present this informa-

tion, put it into the context of silk fibers, and indicate where and use the web to capture their prey. The web is designed
furthgr studies are needgd. . . . .to both stop the flying prey on the surface of the web and
Spiders have been using protein-based nanomaterials withyyen immobilize it long enough for the spider to reach it.
the ab_|I|_ty to self-ass_emble into f_|bers and sheets for over Tpig design has been shown to be a nearly optimal combina-
450 million years. Spiders are unique because of the use ofijon of design and fiber propertiésThe related cob web
silks throughout their life span and their nearly total \yeavers have a similar lifestyle, but their webs typically trap
dependence on silk for their evolutionary succesSpiders yhe prey inside a maze of fibers instead of on the surface.
also have evolved the ability to produce as many as SiX The various silks produced by the orb-web-weaving spiders,

different silk fibers that have differing tensile strengths and ¢ glands that produce them, and the uses of each silk are
elasticities. There were periods of fairly intense study of ¢pqwn in Figure 1. '

spider silk prior to World War 1l and in the late 1950s.
However, progress was relatively slow, especially when

The typical orb-shaped spider web is constructed from
different silks, each of which is produced in a separate gland
(Figure 1). The orb-web-weaving spiders live off the ground

The non-orb-web-weaving spiders constitute a large
majority of spiders and include those species that do not use
a web to capture prey. Non-orb-web-weaving spiders produce

T Address correspondence to Randolph V. Lewis, Department of Molecular fewer silks and use them differently in many cases. Their
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Figure 1. Spider silk glands and silk uses.
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Figure 2. Major ampullate gland diagram. The various parts of the gland are labeled and their functions noted.

Although each of the silk glands has its own distinctive pairs: anterior, median, and posterior, each specific for a

shape and size, they are functionally organized in a similar silk type.

pattern (Figure 2). The majority of the gland is a reservoir
of soluble silk protein synthesized in specialized cells at the ampu”ate g|ands have received the majority of attention, and
distal end of the gland and secreted into the lumen of the most of what is known about the synthesis of silk proteins
gland. The soluble silk is then pulled down a narrow duct s based on this gland. However, morphological and his-
during which physical and chemical changes occur, produc- tochemical studies of the other glands support the ideas
ing the solid silk fiber. A muscular valve is present at the developed from the major ampullate gland research. Syn-
exit to the spinneret that can control the flow rate of the thesis of the silk protein(s) takes place in specialized
fiber and may control the fiber diameter. The silk exits columnar epithelial cell$.There appear to be at least two

through spigots on the spinnerets, of which there are threedifferent types of cells producing protein in the major

Due to their large size and ease of study, the major
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Table 1. Comparisons of Mechanical Properties of Spider Si#é3 Table 2. Amino Acid Composition of Silks from A. diadematus
- (Based on Andersen, 1976)p
strength ~ elongation energy to
material (Nm=3) (%) break (J kg') amino major minor flagel-  acini-  tubuli-
dragline silk 4x 10° 35 4x 10P acid ampullate  ampullate  liform form form
minor ampullate silk x 10 5 3x 10¢ Asp 1.04 1.91 2.68 8.04 6.26
flagelliform silk 1x 10 >200 4x 10P Thr 0.91 1.35 2.48 8.66 3.44
tubuliform 1x10° 20 1x 10° Ser 7.41 5.08 3.08 15.03 27.61
aciniform 0.7x 1@ 80 6x 10° Glu 11.49 1.59 2.89 7.22 8.22
Kevlar 4x 10 5 3x 10¢ Pro 15.77 tr 20.54 2.99 0.59
rubber 1x 10 600 8x 10 Gly 37.24 42.77 44.16 13.93 8.63
tendon 1x 1C° 5 5x 10° Ala 17.60 36.75 8.29 11.30 24.44
Val 1.15 1.73 6.68 7.37 5.97
aSome data from Gosline, J. M.; Dennv, M. W.; DeMont, M. E. lle 063 067 1.01 4.27 1.69
Nature 1984 309, 551. Leu 1.27 0.96 140 1010 573
Tyr 3.92 4.71 2.56 1.99 0.95
L . . . Phe 0.45 0.41 1.08 2.79 3.22
ampullate glandwhich is consistent with data showing two Lys 0.54 0.39 1.35 1.90 1.76
proteins in the silk fibers from these glands. The newly His tr tr 0.68 0.31 tr
synthesized protein appears as droplets within the cell and Arg 0.57 1.69 1.13 4.09 1.49
are then secreted into the lumen of the gland. a2 The amino acids are abbreviated with the three-letter code and the

The process of spinning the fiber is clearly one of nature’s silks identified by their gland namé Anderson, S. OComp. Biochem.
most amazing feats. The silk protein is spun at ambient Physiol.197Q 35, 705.¢ Trace.
temperature and pressure from an aqueous solution to form
a fiber with the amazing mechanical properties described
below. An excellent review of the entire spinning process
has been publishédso only key factors will be presented

but can outperform them in many applications requiring total
energy absorption. Also of note are the differences between

here. The state of the protein in the lumen of the gland is the four different spider silks. There is a 5-fold range in
beli ‘ o : tensile strength and a nearly 50-fold range in elongation.

elieved to be a liquid crystéf, a state that prevents fiber . ] e :
formation until passage down the duct. This is probably —Another unique feature of major ampullate silks is their
accomplished by a combination of protein structure and Supercontraction when exposed to water. Depending on the
concentration that prevents aggregation into large protein Splder species and other factors, these silks will contract to
arrays. It has been shown that silk in the lumen is not 50% or less of their original length in wat&This silk fiber
birefringent, whereas silk becomes increasingly birefringent supercontraction is the only known example of supercon-
as it passes down the dicthus, the ordered array of protein traction in water. This supercontraction can occur repeatedly
seen in the final fiber occurs in the duct. This appears to be with virtually identical result3! Suggestions are that it
due to the mechanical and frictional forces aligning the provides an advantage to the spider by tightening the web
protein molecules and altering their secondary structure towhenever the humidity is very high by contraction of the
the final fiber form. lizukd has proposed a similar mecha- attachment lines and the framework of the web.
nism for silkworm silk formation. Experimental evidence for
this has b_een the abil_ity to Qraw silk fibe_rs d.irectly fromthe 2 chemical Data
lumen of isolated major, minor, and cylindrical glands (M.
Hinman, personal communication), implying that the physical  Spider silks have been known to be composed predomi-
force of drawing the solution is sufficient for fiber formation.  nantly of protein since the 1907 studies of Fisckdn fact,

] . except for the sticky material deposited on the catching spiral

1.2. Mechanical Properties thread, no significant amount(Q.1%) of any other com-
pound has been show to be covalently linked to the silk

attracting researchers to spider's silks. Orb-web-weaving proteins, including sugars, minerals, and lipids. In the major

: . : mpullate (Ma) silks the combination of Glu, Pro, Gly, and
spiders appear to use the minimum amount of silk necessarf]l . : .
in their webs to catch prey. The web has to stop a rapidly Ala comprise 80% of the silk from each species (Table 2).

flying insect nearly instantly, so that the prey becomes However, the proportion O.f Pro can differ S|gn|f|cantly
entangled and trapped. To do this, the web must absorb the2MONg sPecies. As will be discussed below these differences
energy of the insect without breaking and yet not act as a ¢! be accounted for by differing ratios of two proteins.
trampoline and bounce the insect away from the web. Gosline Minor ampullate (Mi) silk has an amino acid composition
et al® reviewed several aspects of this property and concludedsimilar to that of major ampullate with two major differences.
that spider silk and the web are nearly optimally designed The first is that there is virtually no Pro present in Mi silk
for each other. and, second, the Glu content is markedly reduced. Flagel-

As with any polymer, especially those composed of liform silk, on the other hand, has a very high Pro content,
protein, there are numerous factors that can affect the tensiled much reduced Ala level, and an elevated level of Val.
strength and elasticity. These can include temperature,Aciniform silk shows several divergent amino acids from
hydration state, and extension réeAnother key factor is  the typical silk; nearly equal levels of Gly, Ala, and Ser,
the diameter of the fiber, which can vary greatly along the which comprise only~40%, high levels (26%) of large
length of a single fiber. Even with these caveats it is clear hydrophobic amino acids, and nearly 5% positively charged
that dragline silk is a unique biomaterial. As seen in Table amino acids. Tubuliform silk shows the greatest divergence,
1, dragline and flagelliform silks will absorb more energy with Ser and Ala dominating and Gly much reduced and
prior to breaking than nearly any commonly used material. the other amino acid levels showing similarities to different
Itis nearly as strong as several of the current synthetic fiberssilks.

The unusual mechanical properties are the key features
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MaSp1
Nep.c. GGA GGYGGL GGLGGQ AAAAA
Nep.m. GGA GGYGGL GGYGGO AAAAA
Nep.s. GGA GGYGGLGGQ AAAAA
Tet.k. GGLGGGQ GGQ GGY GGA AAAAAAAA
Tet.v. GGLGGGQGGY GGAGOGGQ AAAAASAAA
Lat.g. GGA GGY GGOGGA AAAAAAAA
Arg.a. GGO-GGXGGYGGL GGOGGA AAAAAAAAA
Arg.t. GGO-GGOGGYGGL GGOGGX AAAAAAA
Ara.d.(ADF-2) GGQ-GGOGGOGGL GGY AAAAAAA
MaSp 2
Nep.c. GPG--00QGPGGYGPG---00GPGGYGPGOOGPSGPGSAAAAAAAA
Nep.m.1 GPG--QQGPGGYGPG---0Q0GPGGYGPGQQGPSGPGSAAAAAAA
Nep.s. GPG--00GPGXY GPSGPGSAAAAA
Latg. GPGGYGPGPGXQ0GY GPGGSGAAAAAAAA
Arg.a. GGYGPGAGQQGPGSQGPGSGGQOGPGGX GPYGPSAAAAAAAA
Arg.t1 GGYGPGAGOQGPGSQGPGSGGOOGPGGO GPYGPSAAAAAAAA
Gas.m. GGYGPGSGQQGPGQQOGPGSGGQQOGPGGQ GPYGPGAAAAAAAA
Ara.b. GGYGPGSGQQOGPGQQ GPGQOQ GPYGPGASAAAAAA
Ara.d.1 GGYGPGSGQQGPGQQ GPGGQ GPYGPGASAAAAAA
Nep.m.2 GPGGY--GPGQQ GPGGPGAAAAAA
Arg.t2 GPGGQ--GPGQQ GPGGYGPS--GPGGASAAAAAAAA
Ara.d.2 GPGGY--GPGSQGP GPGAYGPG--GP-GSSAAAAAAAA

Figure 3. Amino acid sequences of the consensus repetitive sequence of the major ampullate silk proteins in various orb-weaving species.
Amino acids are denoted in one-letter code) (ndicates an amino acid not present when compared to the other sequences. Spiders:
Nep.c, Nephila claipes Nep.m, Nephila madagascariensislep.s, Nephila senegalensikat.g, Lactrodectus geometricuérg.t, Argiope

trifasciata Arg.a, Argiope aurantia Gas.m, Gasteracantha mammasara.b, Araneus bicentenarigug\ra.d, Araneus diadematudet.k,
Tetragnatha kanaiensiSety., Tetragnathaversicolor.

2.1. Protein Sequences include the polyAla regions as in MaSp1 alternating with
) ) sequences of GPGQQGPGGY. As with MaSp1, virtually no
2.1.1. Major Ampullate Silk amino acid substitutions occur in the repetitive regions. The

When detailed studies of spider silk protein were started, 'éPeats shown in Figure 3 are the consensus of the hundreds
the amino acid compositions for a number of spider silks Of repeats in the protein, and most repeats have minor
and mechanical test data were the only information available. differences from the consensus either in the number of three
The first cDNA sequence for a spider silk protein from the Of five amino acid _motlfs or the number of alanine residues
major ampullate silk oNephila claipes termed MaSp1,  in the polyAla motif.
was published in 1990 (Figure ®.That partial sequence Using Northern blotting, restriction enzyme digestion, and
contained similar but nonidentical repeats with sequence Southern blotting of genomic DNA, the sizes of the mRNA
motifs including stretches of polyAla of up to seven residues and genes for all of the above proteins were determined. The
alternating with (GGX) sequences, where the X residues MRNA sizes for MaSpl and MaSp2 were shown to be about
are Y, L, and Q in that sequence order. There are differences12.5 and 10.5 kb, respectively, generating proteins 850
in the number of GGX units in each repeat, but there are kDa. Analyses of genomic DNA indicated the absence of
virtually no substitutions for the three X amino acids. large introns in the coding regions and the lack of any
Searches of protein sequence databases found no matchedgtectable introns in the main repetitive portions of the genes.
greater than five amino acids, indicating that they represent Figure 3 shows published sequences for these two major
novel structures. ampullate silk proteins from other orb-weaving or derived

The second major ampullate silk protein was found on orb-weaving spiderS '’ The data clearly show that high
the basis of the identification of a proline-containing peptide sequence conservation has been maintained over the 125
in the silk, which was absent from protein encoded by the million years since these various species diverged from each
cDNA for MaSp1l. This led to the cDNA for the second other. In particular, the sequence motifs described above
major ampullate silk protein, MaSp2. The repetitive show almost no alterations in that period of time.
sequence and predicted structure of this protein forced a When the major ampullate silk cDNAs from more primi-
rethinking of the mechanism for elasticity and tensile strength tive spiders were examined, the results were very different
and led to the models described below. The novel sequencegFigure 4)17:18n fact, except foDolomedesthere is little
features in the consensus repeats of this protein (Figure 3)similarity among the various species or to the orb weavers.
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Dolomedes cDNA1

GGA GGY GGLGGY AAAAAA

Zorocrates cDNA
AAAAASAAAAGGRGSQOGGYGDDGGAAAAAAAAAAAAAAGSGGTGGGOGGRGDGGAAAAAAARAEAAAGG
KGROGSYGDDGGAAVAAAAAAAAAAGRGGSGRGOGLRRDKGSYGVDGG

Phidippus cDNA
Plectreurys cDNA1
GGA
AQAQAQAQAAAQAQAQAQAQAYAAAQAQAQAQAQAQAAAAAAAAAAA
Plectreurys cDNA3
repeat type 1:
AASSAAA AA AA

AASTAA AAA

repeat type 2:
AAAAAA AAAAA
Kukulcania cDNA1
Kukulcania cDNA2
GPGGA GGY GGEGGF
GGRGRGGRGGE
Kukulcania cDNA3
AAGAGAAA

Euagrus cDNA

AA AAAAAASSSAAAA AA AAAAAAAAAAA

AAASASAAA AA AAAQAA AS
AVASAVA YAYAYATIANAFA AA VASAIAT AAAAASASA
AAAASASASAA AAAAAGASAAA ASASAAA

AA AAASAAASAVANA YAYATAIASA

Figure 4. Major ampullate silk protein consensus sequences from non-orb-weaving spiders. The amino acids are listed by one letter code,
and () indicates missing amino acids in comparison to other sequences. The spider family but not species name is given.

The only motifs that are conserved are polyAla and polyGA. protein divergence in the orb weavers, whereas silks with
However, several similar motifs are found such as polyGS less specific requirements have diverged enormously.

and polyGV. Other sequences that may be similar but involve ] . ]

a very different structural amino acid include polyAQ, 2.1.2. Minor Ampullate Silk Proteins

polyAY, polyS, and polyT. Particularly noticeable is the lack

.Of proIine-contgining_motifs th.at are so highlly represent_ed silk proteins were published, cDNAs representing minor
in the orb-weaving spiders’ major ampullate silks. The amino gy jjate silk (Mi) protein transcripts froi. clavipeswere
acid compositions of the protein sequences of the repetitive soqence#® The sequence obtained (Figure 5) shows
regions correlate very well with the amino acid composition gimjarity to the major ampullate silk proteins but conspicu-
of the silks determined from proteins isolated from the same ;s gifferences as well. GGX and short polyAla sequences
glands as the cDNA. Thus, itis unlikely that proteins similar 5, present, but the longer polyA motifs in the MaSps are
to those of the orb-weaving spiders can represent a significant.epjaced by (GA)repeats. The consensus repeats show very
fraction of the fiber. similar organizations, but the number of GGX and GA
An interesting question that remains to be answered aboutrepeats varies greatly.
these sequences is whether they are truly major ampullate A second cDNA from the same library shows considerable
silk proteins or whether the glands producing them are not similarity to the first minor ampullate silk protein but clearly
directly related to the major ampullate glands of the orb encodes a different protein (MiSp2). Multiple copies of a
weavers. The glands and species were all chosen becausenique conserved 130 amino acid nonrepetitive sequence
morphological data indicated the glands were major ampul- were found in both proteins; these were termed “spacer”
late, but the incredible diversity of sequences indicates this regions as they break up the repetitive regions (Figure 5).
may not be the case. If they are major ampullate glands, These serine-rich spacer regions are reminiscent of the 30
then a tremendous diversification in sequence must haveamino acid nonrepetitive amorphous domains of silkworm
occurred during the same time frame as high conservationsilk, which also interrupt repetitive regiof&Interestingly,
was occurring during the species diversification of the orb the MiSp spacer regions are highly conserved in sequence
weavers. In either case, it is clear that the constraints of weband thus differ from the repetitive regions, which show
capture have substantially suppressed major ampullate silkvariation like the MaSp proteins. The function of this spacer

Shortly after the initial sequences of the major ampullate
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MiSp
Nep.c. GGAGGY AA GGYGGOGGY AARA
Arg.t.
Ara.d. GGY G GAGGY AAAA

Figure 5. Consensus amino acid sequences of minor ampullate silk proteins from orb-weaving spiders. Abbreviations are the same as in
Figure 3.

Flag
Nep.c. [GPGGX],, [GGX], GGS [GPGGX,],
Nep.m. [GPGGX],, [GGX], GGS [GPGGX,],,
Arg.t. [GPGGX,], GGA [GPGGX,]; [GGX], [GPGGX,],

Figure 6. Flagelliform silk protein consensus sequences. Abbreviations are the same as in Figure 3.
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Figure 7. Schematic diagram of the flagelliform silk gene structure. The organization flows from the sequence of the individual protein
modules (A) to the protein repeat unit (B) to the intron and exon units of the gene (C) to the complete gene structure (D), which is nearly
30 kb.

A

B |

region is currently unknown, but it may serve to separate analysis indicated an mRNA transcriptefl5 kb, generating
crystalline regions as well as participate in interchain protein a protein of nearly 500 kDa. The amino acid sequence
associations through charged residues. predicted from the gene sequence suggests a model of protein

Northern blotting confirmed that minor ampullate silk is  structure that explains the physical basis for the elasticity of
composed of at least these two repetitive proteins. The MiSplspider silk and which is similar to that for MaSp2 (described
and MiSp2 transcripts are 9.5 and 7.5 kb, respectively, below).

generating proteins ot 250 kDa in size. Genomic DNA In comparison to the other known silk genes, the flagel-
analysis by Southern blotting using probes to both the 3 jiform protein has four very distinctive features: (1) It has
end of the clone and the repetitive region demonstrated thethe simplest repeat unit, a pentapeptide (GPGGX), that also
presence of only two MiSp genes. Restriction enzyme gppears as a motif within the MaSp2 repeat unit and the GGX
digestion and Southern blotting of the genomic DNA  motif found in MaSp1. (2) The pentapeptide repeat units have
established that the entire genomic fragment, which corre- sequence variations not seen in the other silk proteins. When
sponds closely in size to the transcript, is composed of thethe repeats are aligned with each other, the fifth codon
same sequences as found in the partial cDNA. This indicatesfrequently results in an amino acid substitution. Although
the lack of any large introns or differing coding regions  thjs variability suggests that the fifth amino acid is not critical
within this gene'? to the protein structure, only a very limited set of amino
. , . acids (A, V, S, Y) are found in this position. Curiously, there
2.1.3. Flageliform Silk Proteins are three predominant patterns to the strings of repeats:
The next silk protein cDNAs to be cloned were from the strings of As, alternating (V, S), and alternating (Y, S). (3)
N. clavipes flagelliform gland encoding a protein for the A highly conserved 34 amino acid spacer unit (sequence:
catching spiral silk (Figure & The cDNA clones were  TITEDLDITIDGADGPITISEELTISGA) occurs among the
found to contain sequences encoding arranslated region  basic repeat units, which is reminiscent of MiSp1 and MiSp2.
and a secretory signal peptide, numerous iterations of a five This region is also non-silk-like, with many charged and
amino acid motif, and the C-terminal end. Northern blotting hydrophilic amino acids. This region has no similarity with
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Acinform

Gly Ser Ala Gly Pro Gln Gly Gly Phe Gly Ala Thr Gly Gly Ala Ser Ala
GGA TCT GCT GGC CCT CAA GGT GGA TTC GGT GCC ACA GGT GGA GCG TCT GCT
Gly Leu Ile Ser Arg Val Ala Asn Ala Leu Ala Asn Thr Ser Thr Leu Arg
GGC CTT ATC TCC AGA GTA GCA AAC GCA CTT GCC AAT ACA TCA ACA TTG AGA
Thr VvVal Leu Arg Thr Gly Val Ser Gln Gln Ile Ala Ser Ser Val Val Gln
ACT GTC CTC AGA ACT GGT GTA TCC CAA CAG ATT GCC TCC AGC GTG GTA CAG
Arg Ala Ala Gln Ser Leu Ala Ser Thr Leu Gly Val Asp Gly Asn Asn Leu
AGA GCC GCT CAG TCG TTG GCC AGT ACT CTC GGA GTC GAC GGA AAT AAC TTG
Ala Arg Phe Ala Val Gln Ala Val Ser Arg Leu Pro Ala Gly Ser Asp Thr
GCC AGA TTC GCG GTA CAG GCC GTC TCT CGA CTG CCC GCC GGA TCA GAC ACT
Ser Ala Tyr Ala Gln Ala Phe Ser Ser Ala Leu Phe Asn Ala Gly Val Leu
TCT GCT TAC GCT CAA GCA TTC TCT AGT GCG CTC TTC AAT GCC GGA GTT CTC
Asn Ala Ser Asn Ile Asp Thr Leu Gly Ser Arg Val Leu Ser Ala Leu Leu
AAT GCA AGC AAC ATT GAC ACA TTG GGA TCC CGA GTT CTC TCA GCA CTT TTG
Asn Gly Val Ser Ser Ala Ala Gln Gly Leu Gly Ile Asn Val Asp Ser Gly
AAC GGA GTA TCA AGT GCG GCG CAA GGT CTT GGC ATC AAT GTA GAT AGC GGC
Ser Val Gln Ser Asp Ile Ser Ser Ser Ser Ser Phe Leu Ser Thr Ser Ser
AGT GTA CAA AGT GAC ATT AGT TCC AGT AGC AGC TTIC CTC TCA ACA AGC TCG
Ser Ser Ala Ser Tyr Ser Gln Ala Ser Ala Ser Ser Thr Ser Gly Ala Gly
TCT TCG GCC AGT TAC TCT CAG GCA TCA GCT TCT TCG ACC AGC GGT GCC GGA
Tyr Thr Gly Pro Ser Gly Pro Ser Thr Gly Pro Ser Gly Tyr Pro Gly Pro
TAC ACA GGA CCT TCT GGA CCT TCC ACT GGA CCT TCT GGC TAC CCT GGG CCT
Leu Gly Gly Gly Ala Pro Phe Gly Gln Ser Gly Phe Gly

TTG GGT GGC GGA GCG CCG TTC GGT CAA TCA GGC TTT GGC

Figure 8. Consensus repeat sequenceAod. trifasciataaciniform silk protein and cDNA. The protein sequence for the 14 repeats is
shown above in the three-letter code, and the codon for that amino acid is shown below. The extremely limited number of bases that are
not identical in the entire 14 repeats are underlined in the figure.

any known protein, and its significance to the structure of each gene. The reason for this intreexon structure as well
the protein is unknown. (4) The C-terminal nonrepetitive as the high sequence conservation of the introns is unknown.
region of flagelliform silk also shows no homology to that It is likely necessary for either gene or initial transcript
of the MaSp and MiSp proteins. Because it appears thatstability.
flagelliform silk arose near the time of the divergence of - . .
the orb-weaving spiders from the others, it is interesting that 2-1-4. Aciniform Silk Proteins
it shows such differences from the silks it presumably arose There are numerous aciniform glands found below two
from. different spinnerets (see Figure 1). The two separate sets of
The first genomic sequence data for any spider silk were glands were isolated to make cDNA libraries fréwrgiope
from the flagelliform silk?? This gene with a size of nearly trifasciata?® From the two libraries 59 silk clones were
30 kb was of particular interest as it showed a pattern of isolated, which all contained similar sequences. The longest
repeating introns and exons, with the introns more highly cDNA clone was 8618 bp in length and was completely
conserved than the exons (Figure 7). When two related sequenced. The transcript could be translated in just one
species N. clavipes and Nephila madagascariengisvere reading frame and was named AcSpl, an abbreviation of
compared, the introns were more similar within each species“aciniform spidroin 1.”
than the correspondingly located introns in the other species. The predicted amino acid composition of AcSp1l generally
Thus, a significant homogenization must be occurring in agreed with the composition of the protein from the aciniform
these genes, leading to the intron sequence conservation irsilk glands fromArgiope This correspondence was consistent
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Ar.g 1 KTTSTSTSGSQADSRSASSSASQASASAFAQQSSASLSSSSSFESS
Ar.g 2 KTTSTSTSGSQADSRSASSSASQASASAFAQQSSASLSSSSSFSS
Ar.g 3 KTTSTSTSGSQADSRSASSSASQASASAFAQQOSSASLSSSSSFSS

Ar.g 1 AFSSATSISAVGNVGYQLGLKVANSLGLGNAQALASSLSQAVSAVG
Ar.g 2 AFSSATSISAVGNVGYQLGLKVANSLGLGNAQALASSLSQAVSAVG
Ar.g 3 AFSSATSISAVGNVGYQLGLKVANSLGLGNAQALASSLSQAVSAVG

Figure 9. Amino acid sequence alignment among the three repeat unssgofgemmoidegAr.g) TuSpl. The alignments were created
using Mac vector default settings. Darkly shaded regions indicate identical amino acids. Lightly shaded region with bold letters indicate
similar amino acids.

with AcSpl being a major constituent of the protein stored S, (SA),, (SQ), and GX (X represents Q, N, I, L, A, V, Y,
in the aciniform silk glands. AcSpl consists of a series of F, or D). In addition, some of these motifs are also found in
200 amino acid long repeats ending with a 99 amino acid silk proteins of the basal taxa spiders suchPdectreurys
long, nonrepetitive C terminus. In BLAST searches with the tristis and the mygalomorpEuagrus chisoseuis

AcSpl C terminus, the top matches were to published The rejatively high levels of the large amino acids are
spidroins. This similarity with other spidroins and the (gnsjstent with the results of fiber X-ray diffracti8hThese
repetitive genetic architecture of the AcSpl cDNA clearly §ata indicate that eggcase silk has a ladyetimensional
show AcSpl as one of the spider silk fibroin gene family. \,51ue in the B-sheet region than either major or minor
The individual repeat units within the protein are remark- ampullate silk, an indication of the presence of large side-
ably conserved at both the DNA and amino acid sequencecnain amino acid® Secondary structure predictions of
levels (Figure 8). Several of the repeats show an amazingTysp1 sequence are consistent with this as large stretches
100% identity to each other. Although the repeat unit is 600 of g-sheet are likely to occur with this protein. Furthermore,
bp long, there were only 12 variable sites in the alignment {he presence of large side-chain amino acids in tubuliform
of 14 repeats, with most of the variation in the terminal gk proteins also agrees with the results of transmission
repeat. Homogeneity of repeat units W|Fh|n.a gene has bee”electron microscopy (TEM), which show the presence of
seen in all of the characterized spider fibroins (summarized streaks in tubuliform silk indicating variations jf-sheet
in Gatesy et at’) and in fibroins from lepidopterarf$?*2> g7 0ing1 Mechanical testing has shown tubuliform silk to
but this low level of variation among AcSpl intragenic have a relatively high tensile strength with a fairly low
repeats is exceptional. On average, the 600 bp long unitse|asticity, properties that are similar to the mechanical
were~99.9% similar at the DNA level. __ properties of minor ampullate siik However, its low ability
Whereas the repeat units are highly conserved within tg withstand bending before breaking, a glasslike or crystal-
AcSpl, sequence searches with the repetitive region foundjine hehavior, makes it different from all of the other sifRs.
no matches in the nucleotide and protein databases. InThjs glasslike or crystalline feature of tubuliform silk can
contrast to the C-terminal region, the AcSp1 repetitive region pe explained by the large side-chain amino acids forming
has no real similarity to previously characterized genes andine highly frustrateds-sheet crystalline structure, which
proteins. Aciniform fibroin has few of the subrepeats that \yquid not allow sufficient protein movement upon bending.

characterize fibroins from the major ampullate, minor Repeat unit comparison within species as well as amon

ampullate, flagelliform, and tubuliform glands of araneoid threeps iders exhib[i)ts hiah se uenge conservation. The on?
spiders:>*4°7*PolyAla, a motif that has been hypothesized divergeplflce among repea% unitg1 within species is dué to single)—/
to account for the high tensile strength of major ampullate base substitutions. The high homogeneity among TuSpl

silk,26728 js notably lacking in AcSpl. Recently, a cDNA SO e : : ;7P
for AcSp1 fromNephilahas been partially sequenced (David repeat units within species in all three spiders is an indication
of within-gene concerted evolution, probably through gene

Perry and Randy Lewis, unpublished data) which shows a X . .
conversion and unequal crossing-over events. Similar results

sequence similar to but distinct from that Afgiope : ! . :
have been reported in other spider silk gene family members
2.1.5. Tubuliform (Eggcase) Silk (as described above). Parsimony analysis based on C-terminal
) o ) ) ) sequence shows thAtgiopeandAraneusare more closely
Tubuliform silk is unique among the orb-weaving spider rg|ated than either is tdlephila which is consistent with

silks due to its distinct amino acid composition, specific time phylogenetic analysis based on morphological evidence.
of production, and atypical mechanical properties. A recent

publicatior® showed the tubuliform gland cDNA and protein - 2.1.6. C-Terminal Region

sequences from three orb-weaving spidArgjope aurantia

Araneus gemmoideandN. clavipes Amino acid composi- Interestingly, the only sequence that appears to be highly
tion comparison between the predicted tubuliform silk protein conserved among the spider silk proteins is the nonrepetitive
sequence (TuSpl) and the corresponding gland proteinsequence located at the C terminus. There is at least 45%
confirmed that TuSp1 is the major component in tubuliform amino acid identity between the most divergent pair in this
gland in the three spiders. The majority of previously studied group (Figure 10). This conservation in the C-terminal region
spider silk proteins can be explained by different combina- of major and minor ampullate silks was noted previously
tions and arrangements of four amino acid motifg, (GA)n, for the orb weaverfd and was used by others as part of their
(GGX)n, and (GPGXX) (as described above). However, cloning strategy® It remains surprising in view of the major
these amino acid motifs are rarely represented in tubuliform sequence changes occurring in these species that this
silk proteins (Figure 9). Instead, TuSp1 has a more complex sequence was conserved, but it confirms the identity of these
molecular architecture with new amino acid motifs such as proteins as silk proteins.
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Figure 10. Spider silk protein C-terminal amino acid alignment [ranging from 71 (Dt. cDNAl) to 104 (Ec.cDNA)]. Shaded regions indicate

identical amino acids: bold, similar; gray, mismatck.”in the sequence represents missing amino acid, ahdepresents a stop codon.

Consensus sequence shows identities in upper case, similarities are marked as “.”, and mismatches are blank. Abbreviations of spider

species used in this figure (from top to bottom): Aagiope aurantia At, Argiope trifasciata Gm, Gasteracantha mammasab, Araneus

bicentenariusAd, Araneus diadematyu$c, Nephila claipes Nm, Nephila madagascariensils, Nephila senegalensigk, Tetragnatha

kauaiensisTv, Tetragnathaversicolor, Lg, Latrodectus geometricu®t, Dolomedes tenebrosusap, Agelenopsis apertat, Plectreurys

tristis; Ec, Euagrus chisoseudbbreviations used for the silk fibroins: MaSpl, major ampullate spidroin 1; MaSp2, major ampullate

spidroin 2; MiSp1, minor ampullate spidroin 1; MiSp2, minor ampullate spidroin 2; Flag, flagelliform silk protein; cDNA, fibroins from

unspecified glands.

Com o
o

w
S

L
1
I
I
¥
I
¥
L
v
I
Vv
|
Vv
1
A
v
L
L
¥
I
1
A
A
A
v
1
Vv
1
I
v
A
L

- I 4]
w02 Z
WwE L wmEm
“O0mme 3w

-
rA e

A
A
A
L
v
I

It is of particular interest that the conservation of sequence been preserved for nearly 250 million years. It has now been
is focused on certain stretches of amino acids, suggestingshown that this region of the protein is present in the fier.
strongly that these regions have important functions that haveThis may be a result of design and a role the sequence plays
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A

At.MaSp2
Nim.MaSp2

Lg.MaSpl
At .MaSp2
Nim.MaSp2

Lg.MaSpl
At.MaSp2
Nim.MaSp2

Lg.MaSpl
At .MaSp2
Nim.MaSp2

B

Nc.Flag.cDNA
Nim.Flag
Lg.MaSpl
At.MaSp2
Nim.MaSpZ2

Nc.Flag.cDNA
Nim.Flag
Lg.MaSpl
At .MaSp2
Nim.MaSpZ2

Figure 11. N-Terminal sequence alignments: (A) long isoform; (B) short isoform. Protein sequences start with the first Met in frame.
Protein sequences in (A) reported in this study are derived from genomic DNA and correspond to the following GenBank accession
numbers: Lg.MaSpl (DQ059133), At.MaSp2 (DQ059136), and Nim.MaSp2 (DQ059135). Met downstream of the first, which is the first
amino acid of the short isoform, is bold. Short isoform alignment (B) represents the five known N-terminal sequences. Two additional
sequences were used here: Nc.Flag, flagelliform silk fidmclavipes cDNA (AF027972), and Nim.Flag, flagelliform silk fror.
madagascariensigenomic DNA (AF218623). Identical amino acids have black background, similarities are gray, and mismatches are not
shaded.

in fiber formation. It may also be the result of the lack of acterized the composition and orientation of ribbonlike
need to remove this protein segment for fiber formation, and 5-sheet structures in silk fibers. Silk samples labeled at both
its function could be preventing premature fiber formation Ala and Gly residues lead tgp and ¢ dihedral angles that
while the protein is in the gland. indicatef-strand conformations in silk fibroins (Figure 12).
. . This was confirmed by (i) DOQSY spectroscofyji) two-
2.1.7. N-Terminal Region dimensional exchange spectroscdpand (iii) **C CSA and
Little is known about the N-terminal region of these spider ?H quadrupolar NMR experiment8.In addition to the
silk proteins as only two sequences are known from S-sheet motif, solid-state NMR has produced preliminary
flagelliform silk. The sequences appear typical of secreted evidence forg-turns’® and 3-helice$® in silk materials.
proteins (Figure 11) with the usual amino acid composition Several early studies of silk fibers using X-ray diffraction
and a likely enzymatic cleavage site. Three additional provided some information, much of which was interpreted
N-terminal sequences have recently been deterrffirfiean on the basis of the structure of silkworm silk. These studies
MaSp protein genomic clones, which show distinct homology led to the classification of dragline silk @gssheet proteins

to the published sequences. Additional studies are neededut also showed that much of the structure wasfsheet,
to determine how well conserved this part of the protein is appearing to be unordered.

during evolution of different silks and different species. Two recent papef&47 provide an interesting perspective

. . . on these spider silk sequences. The first shows that polyAla
3. Biophysical Studies in the unfolded state tends to form a polyproline I helix,

The majority of biophysical data on spider silk have been wh!ch wou[d explai.n 'ghg lack of intermolecular interactions
obtained from major ampullate (dragline) silk. There are two While the silk protein is in the gland. In contrast, the second
reasons for this: (1) it is easy to obtain, and (2) it exhibits Paper shows that polyAla forms aggregates from inter-
a unique combination of elasticity and high tensile strength. molecularj-sheets using molecular dynamics simulations.
X-ray fiber diffraction measuremerts® and NMR stud- Although this paper focused on the prion proteins, it is
ies”30.373ave established that spider silks contain extended, believed the same sequences found in the insect and spider
ribbonlike S-sheets, oriented such that tifiesheets run  silk proteins will behave exactly as predicted by their
approximately parallel to the fiber axis. Solid-state NMR simulations. Thus, the protein prior to fiber formation could
experiments on spiders’ silk&* and silkwormé&®-4? char- be in the proline helix, and during the spinning process the
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Poly ala Poly gly-ala

Figure 12. Computer models of the polyAla and polyGly-Ala
segment shown with two chains oriented in the vertical direction.

conversion tg3-sheet drives the aggregation that forms the
fiber.

The GGX-rich regions of MaSp1 were originally thought
to be responsible for elasticity. However, later studies with
molecular modeling suggested that the GPGXX structures
in MaSp2 were more likely candidates, and the larger number
of these sequences in flagelliform silk further confirmed this
hypothesis. The GGX structure was proposed by us to be
poly-glycine Il helix on the basis of molecular modeliffy.
Recent NMR data from Kummerlen et al. have supported
the helical structure with a glycine Il helix best fitting their
data?* Figure 13 is a computer model showing the inter-
digitation possible with the GGYGGLGGQGGA repeat
sequence in antiparallel strands. The Tyr and GIn residues
form hydrogen bonds with the opposing main chain, and the
methylene groups of all three large side chains form a
hydrophobic core. Thus, these residues can provide a
stabilizing energy to the fiber formation as well. This same

type O.f effect may be th‘.‘-‘ major driving force for the is a space-filling energy-minimized antiparallel two-strand GGS
formation of flagelliform silk, which lacks the polyAla  region. The starting configuration was a Gly Il helix for both
regions and has extended GGX regions instead. strands.

The Pro-rich regions of MaSp2 have been proposed from
computer modeling studies to generate silk elasticity, with  |n natural spider silks, proteins with no elastic segments
the GPGXX pentapeptide segments thought to f@rtarns show <5% elasticity, whereas proteins with 9 motifs have
that form gg-spiral® The properties of flagelliform silk are  20-30% elasticity and those containing up to 60 elastic
consistent with this model as it is highly elastic. These protein motifs have>200% elasticity. Thus, there appears to be a
structures would be similar to those thought to exist in other relationship of increasing motif number to increased elastic-
proteins with extensive turn structures (review by Tatham ity, as we predicted. The length and number of the crystalline
and Shewr$p). The linkeds-turns can easily forns-spirals, strength motifs are less variable in the spider silk proteins,
as has been suggested for elastin, and provide elasticity bybut polyAla-containing proteins show tensile strengths 4-fold
simple extension and contraction of that sptfah computer higher than those with polyGly-Ala motifs.
model for theS-spiral is shown below (Figure 14). As described previously, the other extraordinary property

The biophysical studies further demonstrate the importanceof the dragline silks from most orb weavers is supercon-
of conserved protein sequence motifs found from sequencetraction. This results in more rubberlike mechanical proper-
studies. These also provide the structural basis for the uniqueties with increased elasticity and decreased tensile strength
materials properties of the different silks. The model shows and stiffness. The structural changes in the proteins within
four GPGXX motifs forming thes-spiral. The long axis of  the fiber that allow this to occur are still not fully understood.
the fiber would be at 45from left to right. The dashed lines Raman spectra of supercontracted silk suggest an increase
show some of the likely hydrogen bonds, both across thein random coil structure with a decrease fhsheets.
turns and between layers of the spiral. However, NMR studies by Jelinski et &land van Beek et

Figure 13. Computer model of the GGX repeat region. The model
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with the WAXD measurements on dry silk, which shows
that the crystallites remain intact when the silk is in contact
with water. The small crystallites measured indicate that the
water enters the larger domains observed by TEM, proving
that these domains are in fact polycrystalline.

4. Synthetic Gene and Bacterial Expression
Studies

Several groups have used synthetic genes based on spider
silkk to produce proteins in bacteria. Kaplan's greup
expressed several different gene constructs based on our
major ampullate silk protein sequences. The DuPont group
has also published a method for the production of synthetic
spider silk proteins similar to ouP4.Other groups have
shown that the spider silk protein can be produced in plants,
although the protein levels are not very high.

The sequences above are the basis for designing elastic
proteins and biomaterials from them. We have constructed
i . ) synthetic genes encoding 4, 8, 16, and 32 units of the
Figure 14. Computer model of #-spiral. The model is an energy-  consensus repeat sequence of MaSpthis method starts
g't?c')rrrl"\fv(;i ?)?ggeug?ﬁjrorrs((;tpgir?S:n?ghgrhgeﬁﬁétm:% configu-  \ith a synthetic DNA representing the consensus sequence

' for the silk protein. This DNA sequence is then repeatedly
al5t showed little change in thé-sheet regions as did fiber doubled using comp_atlble but nonregenerable restriction
X-.ray diffraction data from Parkhe et enzymes until the desired number of repeats is reached. I_Each

. " . of these constructs has been shown to produce a protein of

A recent NMR stud¥ provides more information con- e expected size ilscherichia coliWe have overexpressed
cerning the molecular details of the effects of water on the {0 16 repeat protein iB. colito a level that has allowed us
fiber proteins. The broad 1H Ii_ne Width_s obs_erved in the g generate-25 g of purified protein from a series of 10 L
NMR spectrum of the driN. clavipesdragline silk showed  ¢jiyres. We have also constructed synthetic genes encoding
that the protein chain is completely rigid prior to hydration. he MaSp1 protein consensus repeats and have expressed
In wet dragline thes-sheets remain rigid, but significant 4t protein.
chain motion occurs in the glycine-rich region and a newly  1he recent paper from Nexia Biotechnologies in col-

observed alanine helical environment. The mobile alanine laboration with the Natick Army LaboratoFydemonstrates

region is assigned to a loose helical environment that 4t genes were expressed at high levels in their mammalian
probably links the crystalline and amorphous domains and .o culture system. In addition, they have developed

could facilitate the crystallite reorientation observed by fiber methodologies to make the fibers. This system is water-

X-ray diffraction. The appearance of this mobile alanine e gives the best materials properties available, and can
region in the NMR spectrum of the wet silk could explain e ysed on small quantities of silk. They were able to achieve
the increased elasticity and decreased stiffness observed fofs550naple tensile strengths that, combined with the higher
wet, supercontracted dragline silk. It was shown that this 1, native silk elongation, gave breaking properties similar

process is reversible as the new resonance disappears whe, hose of the natural dragline silk. However, these fibers
the silk is allowed to dry and all of the 1H line widths \\are composed only of MaSp2.

broaden. This changeable alanine environment is likely the
GAG repeat that terminates the polyAla runs. The reversible . . .
conversion of this protein segment betwegisheet and 5. Biological Testing
helical conforr_nation could provide the driving force forthe  Very few studies of biological testing of spider silk have
supercontraction process. been done in a rigorous manner. There is a large body of
The morphology and size of thg-sheet crystallites  folklore concerning the antibiotic, wound-healing, and clot-
presumably influence the mechanical properties of the silk. inducing activity of spider webs. However, much of that lore
There is a large discrepancy in the literature regarding the has not been seriously tested. There are two recent publica-
actual crystallite domain size in both the native and super- tions that deal with the response of animals to implantation
contracted states. Transmission electron microscopy (TEM) of natural spider silk85° Both of these publications show
methods measure crystalline domain sizes on the order ofthat the natural spider silks do not induce an immune
70—-500 nm, whereas wide-angle X-ray diffraction (WAXD) response whether implanted subcutaneously or intramuscu-
techniques estimate significantly smaller crystallites, having larly in rats, mice, or pigs. In addition, the Vadlamudi paper
dimensions that are 5 x 7 nm. This discrepancy between shows that the spider silks tested show no antibiotic activity
WAXD and TEM results has been explained as due to a toward several bacteria and that the tensile strength shows
nonperiodic lattice (NPL) where the larger domains observed no changes after 90 days of incubation in rat plasma.
with TEM are not completely ordered but are made up of In unpublished studies of ours conducted with U.S.
the smaller, well-ordered polyAla crystallites that are preva- Surgical the findings of these two papers were reinforced.
lent from WAXD. Molecular models favor the smaller Their studies showed no tissue reaction greater than the bare
crystallites. Spir-diffusion NMR experiments done as part polyethylene rod control that the silk was wrapped around
of the supercontraction study above estimate average polyAlafor implantation. In a curious finding, with the 10 male rats
crystalline domains that are$62 nm, in excellent agreement there was a lower tissue response to the wrapped rod than
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the control rod that was not seen in the female rats. This is (25) Fedic, R.; Zurovec, M.; Sehnal, Bericology2002 71, 1.
likely a statistical fluke but further emphasizes the benign (26) Hayashi, C. v.; Shipley, N. H.; Lewis, R. VAt J. Biol. Macromol.

: : . 1999 24, 271.
nature of the implanted spider silks. (27) Simmons, A.; Michal, C. A.; Jelinski, L. WSciencel996 271, 84.

(28) Gosline, J. M.; Guerrette, P. A.; Ortlepp, C. S.; Savage, KJ.N.
Exp. Biol.1999 203 3295.
6. Summary (29) Tian, M.-Z.; Lewis, R. VBiochemistry2005 44, 8006.
: :(30) Parkhe, A. D.; Seeley, S. K.; Gardner, K.; Thompson, L.; Lewis, R.
The past 15 years has seen a tremendous increase in*™ |,“y" o/ Recognit1997, 10, 1.

information about many aspects of spider silk. This includes (31) Barghout, J. Y. J.; Thiel, B. L.; Viney, Gnt. J. Biol. Macromol.

protein sequences, biophysical studies of the proteins in the 1999 24, 211. _ o
fiber, the fiber-spinning process, and evolutionary studies. (32 fégliﬁze; g L.; Coguill, S. L.; Lewis, R. \dournal of Arachnology

Despite this progress there are still several key connections (33 sponner, A.; Unger, E.; Grosse, F.; WeissharBismacromolecules
needed for a full understanding of spider silk. These include 2004 5, 840. _ _ _
(1) the relationships between protein structure and fiber (34) Motriuk-Smith, D.; Smith, A, Hayashi, C. Y.; Lewis, R. V.

mechanical properties, (2) the role that the fiber spinning
plays in determining the mechanical properties of the fiber,
(3) the ability of biotechnology approaches to protein
production and fiber spinning to mimic the properties of the
natural fibers, and (4) whether commercial applications of
these unique fibers will occur.
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