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ABSTRACT: Araneoid spiders use specialized abdominal glands to produce up to seven different protein-
based silks/glues that have various mechanical properties. To date, the fibroin sequences encoding egg
case fibers have not been fully determined. To gain further understanding of a recently reported spider
silk protein gene family, several novel strategies were utilized in this study to isolate two full-length
cDNAs of egg case silk proteins, cylindrical silk proteinQySp1 9.1 kb) and cylindrical silk protein 2

(CySp2 9.8 kb), from the wasp spidefrgiope bruennichiNorthern blotting analysis demonstrated that
CySplandCySpZ2are selectively expressed in the cylindrical glands. The amino acid composition of raw
egg case silk was closely consistent with the deduced amino acid composition based on the sequences of
CySplandCySp2 which supports the assertion th@ySpland CySp2represent two major components

of egg case silk. CySp1 and CySp2 are primarily composed of remarkable homogeneous assemble repeats
that are 180 residues in length and consist of several complex subrepeats, and they contain highly
homologous C-termini and markedly different N-termini. Our results suggest a possible link between
CySpland CySp2 In addition, comparisons of stress/strain curves for dragline and egg case silk from
Argiope bruennichshowed obvious differences in ultimate strength and extensibility, and similarities in
toughness.

Silk is a proteinaceous polymer secreted by specialized Spider egg case silk is synthesized by the cylindrical
exocrine glands in several groups of arthropods. Spiders areglands (, 7, 8), which differ from all other silk glands of
unique in their production and use of different silks spiders in that they are not used daily. Egg cocoons are
throughout their lifetime, whereas insects use silk only during produced only once or twice in the lifetime of a typical spider
specific periods. Orb-web spiders are known to be able to (9). The egg case of a spider serves to protect the enclosed
use specialized sets of abdominal silk glands to manufactureoffspring during the early stages of their lives. It must be
up to seven types of silk fibers and glud3.(The different sufficiently robust to resist such threats as predator/parasitoid
and unique mechanical properties of these silks enable theminvasion and temperature fluctuatiod€{12). In addition,
to be used for a variety of purposes, ranging from arresting cylindrical glands are found only in female spiders and are
prey to protecting offspring enclosed in the egg case. very prominent in mature female adults but are hardly
However, all of the silks characterized to date are composeddetectable in juveniles. Cylindrical silk protein synthesis is
almost solely of proteins having a predominance of Ala, Gly, initiated in these glands at sexual maturatiép The ADF-2
and Ser, and undergo essentially irreversible transformationclone obtained by Guerette et a3f from a cylindrical gland
from soluble proteins into insoluble fibers. The exceptional complementary DNA (cDNA) library oAraneus diadematus
mechanical properties2) and the number of potential and ECP-1reported by Hu et al.14) are likely to be two
applications of spider silks have made them the focus of constituents of the egg case, but their predicted amino acid
numerous molecular and structural studigs ). compositions differ markedly from that reported for this silk.
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one end of a linear vector; (2) a process for joining first- library construction are described in detail by Kato et al.
strand cDNA to the other end of the vector primer with T4 (17).

RNA ligase; and (3) a process for replacing mRNA with  ¢DNA Library Screening and DNA Sequenciigectro-
DNA. In addition, the screening of cDNA libraries based MAX DH12S cells (Invitrogen Life Technologies) were
on a statistical approach was found to be feasible for cloning transformed by electroporation, and more than 5000 recom-
new genes with high expression in specific tissues during abinant plasmids were purified by alkaline lysis with SDS
specific period 18). To further elucidate the structure and (19). The novel method used to screen the cDNA library
function of spider egg case silk, we investigated the geneswas based on the hypothesis that the proportion of egg case
of these silk proteins using a novel procedure that combinesfibroin gene mRNA is highest among the mRNAs from the
the above methods. This is the first report of two full-length silk glands of mature spiders. Partial sequences of about 1600
cDNAs and protein sequences of the spider egg case silkrecombinant plasmids witkr2 kb insert fragments were
gene family. Our results provide extensive insight into the sequenced and analyzed using an ABI Prism genetic analyzer

relationship between protein structure and function. 3100. Full sequencing of the insert fragments in the clones
of interest was then performed. The sequence of the
MATERIALS AND METHODS cylindrical silk gene was determined by producing a series
of nested deletions using a deletion kit containing exonu-

Spider Care and Silk Gland PreparatioMature female | "
Argiope bruennichgpiders, in which the cylindrical glands clease 1il. _ )
are very prominent, were collected in Ueda city of Nagano  Northern Blotting.Aliquots of about 5ug of total RNA

prefecture, Japan, during September and October. Some ofVere prepared from the cylindrical glands, major ampullate
the collected spiders were dissected under a dissectiond!2nds, minor ampullate glands, and flagelliform glands of

microscope to harvest the silk glands. The harvested silk fiV€ spiders. Total RNAs togoether with RNA size markers
glands were used for RNA isolation. The remaining spiders Were electrophoresed on a 1% agarose gel (1OPS, 0.66
were housed separately in plastic tanks with a cardboard™ formaldehyde) 19) and then blotted. Using the hybridiza-
frame inserted to aid web construction under ambient fion conditions given in the manual for the DIG nucleic acid
conditions, and they were fed-3 grasshoppers weekly until  detection kit (Boehringer Mannheim), we probed the North-
egg cases were constructed. Egg cases were collected on tH'n Plots with a Digoxygenin-labeled probe. Relative posi-
day after construction, and egg masses were removed. Egdlons Were_evaluated using RNA size markers. One probe
cases were then stored individually in closed beakers at roomWas used in Northern blotting experiment. The probe was
temperature until studied. obtained by digesting pr_r(éySpl with Sad. The resultlng
Scanning Electron Microscopy and Measurement of Mate- 540-bp band was purified from the gel. The obtained

rial Properties.Egg case silk was coated to a thickness of fragment was labeled with DIG-HIGH-Primer reagent.
~3.5-10 nm with platinum-palladium alloy in an E-1010 Comparatve AnalysesComputer analyses of DNA and

ion sputter autocoater (Hitachi, Tokyo). Samples were amino acid sequences were conducted using the Genetyx
observed with an S-2380N scanning electron microscope Package (Windows version, Genetyx, Inc.) and a Sequencer
(SEM: Hitachi, Tokyo) operated with an acceleration voltage 414 (Deémo version), respectively. Comparisons were
of 10 kV. The diameter of egg case silk was measured in performed through the Intgrnet using new cyll_ndrlcgl gland
four different SEM samples. Tests were performed at ambient 98N€ séquences and previously published spider silk genes.
temperature and humidity, which ranged from 23 to°€5
and 30-38%, respectively.

Tensile properties of different spider silks were investi-  Physical Structure and Mechanical Properties of Wasp
gated at room temperature using a tensile tester (TensilonSpider Egg Case Silkn an effort to better understand the
UTM-111-100, Toyo Baldwin Co., Ltd.) with a gauge length  physical structure and mechanical properties of egg case silk,
of 20 mm and a strain rate of 10 mm/min. Average values we combined a mechanical testing system with an SEM to
from four measurements were taken to calculate the tensileexamine the physical structure and mechanical properties of
modulus and tensile strength of the strands of each silk. egg case silk collected from wasp spider (Figure 1). The

Amino Acid Composition AnalyseBercent amino acid  Scanning electron micrograph shows that egg case silk is
composition analysis of the individual egg case outer covers composed of fibers of two different diameters (Figure 1C).
was accomplished in collaboration with the College of The larger diameter fibers, which are produced by the
Science and Technology of Nihon University. Protein cylindrical silk gland, represent the major components of egg
samples were subjected to acid hydrolysis in preparation for case silk. The diameter of the large fibers was87um,
amino acid analysis with an L-8800 amino acid analyzer Whereas the diameters of the smaller fibers were ap-
(Hitachi, Tokyo). proximately 600 nm. The smaller diameter fibers, which are

RNA Isolation and cDNA Library ConstructiorSilk likely secreted by the aciniform glands, are a very minor
glands (50-100 mg) were dissected from euthanizad component. The mechanical properties of dragline and egg
bruennichi and then rapidly homogenized in 1 mL of Case silk fromA. bruennichiwere measured with a mechan-
ISOGEN. Total RNA and mRNA were extracted from the ical testing system (Figure 2). Average data (mean
glands using the protocols described in the manuals for Standard deviation) for the two types of silk from.
ISOGEN and Micro-FastTrack 2.0 (Nippon Gene, and bruennichi are sh_own in Table 1. Comparlsons of mean
Invitrogen, respectively). cDNA synthesis and construction Values for the silks revealed that ultimate strength and
of the cDNA library were accomplished in collaboration with
Hitachi Instrument Service Co., Ltd. Strategies for cDNA 1 Abbreviations: Cy, cylindrical; Sp, silk protein or spidroin.

RESULTS
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different groups varied from 6 to 94. The two largest groups
contained 94 and 72 sequences from different recombinant
clones, respectively. These two groups were analyzed further.
Two recombinant clones from the two groups were com-
pletely sequenced and designategSpland CySp2(con-
traction of cylindrical silk protein or spidroinCySpland
CySpZ2are 9.1 and 9.8 kb in length, respectively. Like other
silk proteins, translation of the two full-length cylindrical
silk protein cDNAs featured iterated repeat units flanked by
nonrepetitive C- and N-termini (Figure 4). Translated Blast
searches identified both repetitive and C-terminal regions
among the sequences most similar to other spider silk
proteins. Sequence data have been deposited with the DDBJ
(accession numbers are AB242144@ySpland AB242145

for CySp2.

Egg Case Silk Amino Acid Compositiofihe predicted
amino acid compositions dfySpland CySp2were com-
pared with the compositions obtained by direct analysis of

C D egg case silk (Table 2). The egg case silkdofbruennichi
Ficure 1: Physical structure of an egg case collected from a wasp was largely CO'T‘POSGO' of Ala (25.45%) and Ser (22.26%).
spider. (A) photo of a fresh egg case; (B) SEM photo of egg case These compositions closely matched those reported for
silk at 100« magpnification; (C) SEM photo of egg case silk at cylindrical silk glands and egg case silk from other araneoid
1500x magnification showing the presence of fibers of two different spiders, as indicated in Table 2. Moreover, the predicted

diameters; (D) SEM photo of egg case silk at 6R0Bagnification ; ; e
showing the diameter of the large fiber is& um. This structure amino acid compositions oCySpl and CySp2 closely

is similar to the egg case @frgiope aurantia(27). matched the compositions frof bruennichiegg case silk,
which indicate thatCySpl and CySp2 are two major
1400 r dragline of A.b cylindrical fibroin components.
5 12000 CySpl and CySp2 Are Seleelly Expressed in the
S 1000 r Cylindrical Silk Glands.The cylindrical glands are present
g 800 |- only in females, and the development of these glands
B 600 r parallels the maturation of the ovarie$, (15). Thus,
E 400 | egg case silk of A.b morphological and developmental studies suggest the cylin-
2 20| drical silk gland is primarily responsible for egg case silk
0 : : s w w production. We performed Northern blot analysis to examine
0 01 02 03 0.4 05 the mRNA expression profiles @ySplandCySp2 Northern
Normal strain blot analysis indicated th&ySplandCySpZ2are selectively
Ficure 2: Normal stressstrain curves for dragline and egg case expressed in the cylindrical silk glands, with no expression
silk fibers from Argiope bruennichi (A.b)1 GPa= 1000 MPa. in the major ampullate, minor ampullate, and flagelliform
_ _ _ glands (Figure 3). In addition, Northern blot analysis
Table 1. Comparison of Physical Properties of Egg Case and apparently demonstrated that cylindrical silk protein genes
Dragline Silks fromA. bruennichi have two different transcript sizes-® and 10 kb, respec-
_ tensile i _ tively), which is consistent with the sequencing data for
diameter breaking  breaking breaking CySplandCySp2

original (um) strain  stress (GPa)nergy (MJ/rf)

egg case silk 8.04 0.35 0.40+ 0.07 0.39+0.03 128.6+ 26.6
dragline silk 3.47+ 0.14 0.22+0.04 1.32+0.17 134.5-50.0

CySpl and CySp2 Primary Structures. 1. N-Terminal
Region.The identifiedCySpland CySp2sequences encode
putative peptides of 2983 and 3218 amino acids, respectively
(Figure 4). The first 179 residues @ySpland 83 residues
extensibility of egg case silk apparently differed from the of CySp2exhibit no obvious sequence iterations. These two
Va|ueS fOI’ dl’ag"ne Silk, but toughneSS Va|ueS were Similar. expanses represent the N_termina' Sequences Of Spider egg
The mechanical properties of egg case silk are inferior to case silk, which has only been reported for two types of
those of dragline silk, which is one of the strongest spider silk to date {8, 20). These regions have different
biomaterials reported to date, but as with previously reported amino acid compositions and sequences when compared with
silk proteins, the mechanical properties of egg case silk maythe repetitive portions of botBySplandCySp2 Following
be ideal for certain biomaterial applications. these N-terminal regions, the remaining sequenc&y&ip1

Isolating and Sequencing Cylindrical Gland cDNA Clones. and CySp2proceed without interruption to the core repeat
More than 5000 recombinant plasmid DNAs were purified regions. Secretory signals are key elements of silk proteins,
from cultures. The Stermini of insert fragments (of 2 kb) such as spider silks and silkworm silk, which must be
of about 1600 recombinant plasmids were sequenced usingransported across the endoplasmic reticulum and secreted;
a specific-vector primer. Homology analysis of these se- therefore, we analyzed the two N-terminal sequences with
quences was conducted using Sequencing and Genetyx. O$ignalP3.0 software (eukaryotic optior1j to determine
the 1448 sequences, 453 were assigned to 31 groups an@hether a likely signal peptide was present. The analysis
995 could not be grouped. The number of sequences in thesuggested a signal peptide sequence was retained in the
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Table 2: Amino Acid Compositions (mol %) of Luminal Contents or Fiber of Cylindrical Glands, and Predicted Cylindrical Silk Protein
Genesd

A. A. A. predicted
aurantia aurantia N. N. A. bruennichi silk-like
raw egg extracted clavata edulis diadematus raw egg repeats predicted

species case outer egg case luminal luminal luminal case outer predicted predicted from L. hesperus

source coveP outer covet contents contentd  content8 cover CySp1l CySp2 ADF-2 ECP-F

Ala 25.79 27.13 28.28 27.31 24.44 25.45 25.77 25.88 27.04 23.28
Arg 3.14 1.95 3.01 2.18 1.49 2.82 151 143 0.00 6.12
Asp/Asn  6.93 6.96 3.25 3.87 6.26 6.85 6.51 5.15 0.00 6.33
Cys NA NA 0.00 0.09 NA 0.11 0.07 0.16 0.00 1.72
GIn/Glu 7.34 7.67 8.27 8.59 8.22 7.41 7.40 7.48 12.24 7.30
Gly 10.34 8.76 8.74 8.61 8.63 11.72 9.15 8.05 47.45 16.31
His 0.25 0.19 0.00 0.32 trace 0.45 0.00 0.12 0.00 0.32
lle 1.92 1.7 2.14 2.79 1.69 1.63 131 1.03 0.00 1.93
Leu 6.11 6.76 6.65 7.41 5.73 6.53 6.87 6.46 4.08 2.47
Lys 0.64 0.27 0.61 1.64 1.76 0.50 0.00 0.12 0.00 0.54
Met 0.05 0 0.00 1.44 NA 0.08 0.03 0.03 0.00 0.21
Phe 3.72 4.23 3.73 3.85 3.22 3.43 4.12 3.95 0.00 3.86
Pro 1.34 0.6 0.00 NA 0.59 0.89 0.97 0.84 0.51 0.86
Ser 22.37 24.17 23.81 20.18 27.61 22.26 25.67 28.27 4.08 19.31
Thr 4.05 3.64 6.52 5.89 3.44 3.88 4.02 3.95 0.00 3.97
Tyr 1.82 1.25 1.02 2.05 0.95 1.69 1.14 1.18 4.08 2.15
Val 4.20 4.72 3.97 2.75 5.97 431 5.40 5.81 0.51 3.22

aNA, not available A. diadematus= Araneus diadematus; A. aurantia Argiope aurantia; A. bruennichi= Argiope bruennichi; L. hesperus
= Latrodectus hesperus; N. alata = Nephila clavata; N. edulis= Nephila edulis® Data from Foradori et al.27). ¢ Data from Zhao et al.1g).
d Data from Dicko et al. Z9). ¢ Data from Andersenif). f Accession number is AAC47009 Accession number is AAX92677.

MA Ml FL CY they are also considerably homologous (71% homology in
a continuous 83-aa region) to those (115 aa) of the two
flagelliform silks, which are 98% identical each other.
Surprisingly, the N-terminal sequence@ySp2shared little
homology with the other proteins (Figure 5).

2. Core Repetitie RegionThe deduced molecular masses
were 277 kDa folCySpland 298 kDa folCySp2 and about
90% of the two molecules consist of repeats. The two
molecules are comprised of predominantly hydrophobic and
neutral residues, and only about 3% of the residues are
hydrophilic. Comparison of the repetitive sequences of the
two molecules revealed that they were nearly indistinguish-
able. The repetitive regions @@ySp(a generic term for

: CySpland CySp2in this paper) have two characteristics,
which differ from several previously reported spider silk
rRNA proteins R0, 23—25): (1) four short motifs, A, (GA),, GGX,

Ficure 3: Northern blot analysis of silk gland specific distribution . .
of CySpiandCySp2 Total RNA (5:g) from major ampullate glands and GPGGX, are scarcely present in the core repetitive

(MA), minor ampullate glands (MI), flagelliform glands (FL), and ~ "€gions ofCySp and several complex repetitive units are
cylindrical glands (CY) was probed with a 540-bp repetitve Seen (Figure 4B) and (2) unequal allelic recombination,
ieqFl;%nce- P?Tnsll\&sqows gn f_itf'?p"t?]_eg PhOéO of _tge bands indp?nek/vhich has been reported in several spider and silkworm silks,
- ribosomal Stained with ethidium bromide was used 10 are not apparently generated@ySpbecause the assemble
fr?:rfll(rer?SRa'r\‘: S'r?ct,s\?r: 'tgyz':fo\;\?sléwe quantity. The sizes of RNA repeat units irCySplack any variability in length and marked
conservation of the sequences is seen. All of the sequences
CySplsequence, while there were no apparent signaling of the various assemble repeat unitsQyfSpare as long as
sequences iLySp2 The same analysis for the two flagel- 180 aa, excluding Repeat 11 (181 aadySpl and differ
liform sequences (AAC38846 and AAF36091) was per- by only 24 residues from one another (data are shown in
formed, and likeCySp2 the results suggest that the two Supporting Information, Figure 6). In addition, the repetitive
flagelliform sequences do not possess any obvious signalnature ofCySpsequences with alternating hydrophilic and
peptides. hydrophobic blocks can be visualized using hydrophathy
Finally, we aligned the N-terminal sequences freySpl plots (Figure 4A). On the basis of the Kyt®oolittle plots,
andCySpZound in this study with those of only three other the core repetitive regions are composed of four types of
spider sequences, which reflects the challenges posed by theomplex repeat (Figure 4A); Repeats Al and B1 consist of
cloning and sequencing of silk sequences, as truncation 0f139 and 41 residues, respectively. Furthermore, repeats AO
longer cDNA partial clones from the spiddephila clavipes and A2 are also major portions of repeat Al, but only
is routinely observed irEscherichia coli(22). Analysis represent the two ends of the repetitive regions. The
showed the N-terminal sequences G¥Splfrom two proportion of hydrophobic residues in repeat Al is up to
different spiders are highly homologous (65% identity), and 60%, while that of hydrophilic and neutral residues in repeat
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CySp1 primary structure (2983aa)
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B CySp1:
1 MVWLTSIAFLVGFLGAVSSQSVAVTAVPSVFSSPNLASG FLQLTFG IGNSPAFPTQEQQDLDAIAQVILNAVSSNTGATAS

83 ARAQALSTALASSLTDLLIAESAESNYSNQLSELTGILSD@FIQTTGSDNPAFVSRIQSLISVLSQNADTNIISSAGIPSVSGR

SNUIWId)-N

166 RGAGGLGFDNTAR -

905 SS FAQASSASLAASSAFSSAFSSANSLSALGNVGYQLGFNVANTLGIGNAPGLGNALSQAASSVGVGASSSA

983 YANAVSNAVGQFLAGQGVLNAGNAGSLASSFANALSASAASVASSAAAQSAFQSQAAASAFSRAASQSASRGAARSGA

01 Jeaday

1060 QSSSTTTTTSTSGSQAASQSASS.
2821 NSALSVGSRVSSPSYGALSPIAAGPNFISTGLNVGGASVGGPFDSLSQSLPTSLQTALAPIVSSSGLGSSAATARVSSLAN

2901 SFASAISSSGGSLSVPTFLNLLSSVGAQVSSSSSLSSLEVTNEVLLEAIAALLQVINGGSITSVDLRYVPNAQQDLVNALSG*

sSnUIWLIg}-)

CySp2:
1 MPFRSSVVTISESYRRSLSLQQSKFGQRFPSVSHIWNRKFSRISYSRTTRLGEOHEPGDTQERFKQHWRHSIGQSSGFKY
80 SAl®I
1136 [AASQASAISSFAQASSASLAASSSFSSAFSSANSLSALGNVAYQLGFNVANTLGIGNAPGLGAALSQAVSSVGVGASSSTY
1215 ANVVSNAVGQFLAGQGVLNAANAGSLASSFASALSASAASVASSAAAQSASQSQAAASAFSRAASQSASQSAARSGAQ

1292 SSSTTTTTSASGSQAASQSASS

3052 NSALSIGSRVSSPSYGVFSPIAAGPNSISTGLNVGGASIGGPFATLSQSLPTSLQTALAPIVSSSGLGSSAATARVSSLANSI

3134 ASAISSSGGSLSVPTFLNLLSSIGAQVSSSSSLSSSSEVTTQVLLEAIAALLQVINGAQITSVNFSNVSNVNRALVDSLVGSF

snuiwg)-y 0 1eaday snujws)-N

A*
Ficure 4: Molecular structures a€ySplandCySp2 (A) Schematic diagrams and the corresponding KyReolittle hydropathy plots of
CySpprimary structures. The numbers on the plots indicate the positions of amino acid residues dedudegSpmmimary sequences.

Repeat AO, A2, Al, and the N-termini are represented with white tetragonal blocks, while Repeat B1 and the C-termini are represented
with black ones. Full individual assemble repeat units starting from the C-termini are numbered between schematic diagrams and the
corresponding Kyte Doolittle hydropathy plots. (B) The primary sequences of the N-termini, a full assemble repeat unit, and the C-termini

of CySp The sequences of the N-termini, a full assemble repeat unit, and the C-tern@yiSpivere divided by continual dashes. The
presumed signal peptide is shown as bold italics. Cys residues represented in the primary sequences are highlighted in black block. In full
assemble repeat units, the sequences of Repeat B1 are underlined; the remainder is the sequences of Repeat Al. The motifs, which could
contribute toS-sheet secondary structures of egg case silk, are indicated in tetragon. The * is a stop codon.

B1 is more than 70%. In the two KyteDoolittle plots, the CySpgroups together, while MiSp1 clusters with MiSp2,
spikes of repeat B1 are largely below the abscissa axis, whileMaSp1 forms a clade with MaSp2, and Flag also forms a

those of repeat Al are largely above (Figure 4A). clade with AcSpl. This suggests th@ySp or TuSpl
3. C-Terminal RegionThe carboxy-terminal sequences represents a new member of the spider silk gene family or
from several orb-web spider silk proteins a@¢Spwere an orthologous gene group. In addition, systematic analysis

used for multialignment and systematic analysis (see Sup-of C-terminal sequences indicates thatoruennichiandA.
porting Information, Figure 7). On alignment, these se- aurantiagroup tightly and then form a clade witkephila
quences fall into separate groups, depending on the type ofclavata, which is consistent with previous results that
silk. The termini of cylindrical silk of different spiders are bruennichiand Argiope aurantiaare more closely related
well conserved. Systematic analysis shows that TuSpl orthan either is taNephila(26).
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N.c CySpl MVWLTSIAFVVALLGAQYDIVTAQAISVATPVPSVFSSPSLASGFLGELTTGIGLSPAFP
A.b CySpl MVWLTSIAFLVGFLGAVS----- SQSVAVTAVPSVFSSPNLASGFLQELTFGIGNSPAFP
N.c Flag @  -------------c-crmrcccmcccccccmmmcmmcmccmmcmmmmm—mmmmmmm e
N.m Flag =  =----c--cccmmmmmme e e e e e e e e e e e e e ———— - -
A.D CYSP2 mmm e e e e e e e e e e
N.c CySpl FOQEQQODLDDLAKVILSAVTSNTDTSKSARAQALSTALASSLADLLISESSGSSYQTQISA
A.b CySpl TQEQODLDAIAQVILNAVSSNTGATASARAQALSTALASSLTDLLIAESAESNYSNQLSE
N.c Flag = = =-==---------------- MGKGRHDTKAKAKAMQVALASSIAELVIAESSGGDVQRKTNV
N.m Flag = = -=-=-=-=-=-=-=--=-------- MGKGRHDTKAKAKAMQVALASSIAELVIAESSGGDVQRKTNV
A.b CySp2 =  —-mmmmmmmmmmmmmmm————— oo MPFRSSVVTIS[@SYRRSLSLQQSKFG---QRFPSV
N.c CySpl LTNILSD@FVTTTGSNNPAFVSRVQTLIGVLSQSSSNAISGATGGSA-----~-~-~-~-~---~-
A.b CySpl LTGILSDE®FIQTTGSDNPAFVSRIQSLISVLSQNADTNIISSAGIPSVSGRRGAGGLGFD
N.c Flag ISNALRNALMSTTGSPNEEFVHEVQDLIQMLSQEQINEVDTSGPGQYYRSSSSGGGGGGQ
N.m Flag ISNALRNALMSTTGSPNEEF VODLIOMLSQEQINEVDTSGPGQYYRSSSSGGGGGGG
A.b CySp2 SHIWNRKFSRISYSRTTRLGH;IFEPGDTQ%\;\FKQHWRHSIGQSSGFKYS I---------
. . * . .

N.c CySpl -=----=--------

A.b CySpl NTAR---------

N.c Flag GGPVVTETLTVTV

N.m Flag GGPVITETLTVTV

A.b CySp2 —------------

Ficure 5: CLUSTAL W alignment of the N-terminal sequences of several spider silk proteins. At the bottom of the alignment, asterisks
represent identical residues, one dot (.) represents conserved substitutions, and two dots (;) represent semiconserved shbatitlitions.
A. in this figure are the abbreviations dfephilaand Argiope respectively. The accession numbers are AB21897N&phila claata

(N.c) CySplAAC38846 forNephila clavipes (N.c) Flagand AAF36091 folNephila madagascariensis (N.m) Fla§.bis an abbreviation

of Argiope bruennichi.

DISCUSSION those reported for this silk, but their high Gly and low Ser
o ) contents are clear (Table 2). It has also been reported that
Our full-length cDNA clones of the two cylindrical silk MaSp1 and MaSp2 are expressed in cylindrical gladé (
proteins were obtained by sequencing randomly selecteda of these proteins are characterized by higher Gly and
clones after confirming the inserts using a statistical ap- lower Ser levels18). It is also possible that the outer cover
proach. The cylindrical glands are much more prominept than of the egg case contains other types of silk from different
other glands in mature fe”_‘a“* bruennlcmsplders, which silk glands. We found that slightly lower Gly levels and
suggests that the cylindrical silk protein genes are Very piner ser levels are observed in luminal amino acids or

strongly expressed in the cylindrical glands during this among amino acids from the extracted outer egg case when
period. Based on this characteristic of cylindrical glands, we compared with the corresponding raw egg case outer cover
supposed that cylindrical silk protein mMRNA would account (Table 2). Small diameter fibers, which are likely from
for the largest portion of transcripts in the silk glands of g0, glands, were found on ’structural observation of
mature female splders, which was confirmed by the researchthe egg case. It has also been reported that fibers from
of Garb and Hayashilg). Our rgsearch_ has .sh_own t.hat the piriform glands certainly occur in the egg cagg)( Finally,
present procedures are feasible in identifying silk gene complete acid hydrolysis of egg case silk protein may

garqsfnrii)r:s fror:rc]iit(i:aNAr\ “bri?ndeilr@. Becal:sle the n:lar?:] qgPartially destroy Ser, which would lead to the decreased
enaturing conditions required for successiul second-strand., , , .o -ation of this amino acid.

cDNA synthesis of lengthy silk gene transcripts severely limit ) ) i )
full-length cDNA products 20), most silk protein genes Spider silks reported previously are renowned for their
reported to date are partial sequences that only include par@Pility to absorb energy without failing (toughness). Our
of the repetitive region and nonrepetitive C-terminus, and characterization of the modulus, strength, extensibility, and
lack the N-terminal region. In this study, we obtained two toughness of dragline silk from. bruennichiwas similar
full-length cylindrical silk protein cDNA clones using a novel to the average values obtained in previous studies of major
procedure. In addition, sequencing results showed that the@mpullate silks from closely related orb weavers, such as
two cylindrical silk genes are 9.1 and 9.8 kb in length, which Argiope trifasciataandAraneus diadematuable 3). The
is consistent with the results of Northern blot analysis (Figure Ultimate strength ofA. bruennichicylindrical silk is about
3). 1/3 that of its dragline silk, but the extensibility of cylindrical
The amino acid compositions deduced from BgSpl siIk_ is _about_ twice that of dragline silk. The togghness _of
andCySp2sequences were compared with the data 0btamedcyllnqucal_5|Ik was also remarkable and was similar to its
from direct measurements of egg case silk protein flam  dragline silk.
bruennichi (Table 2). Generally, the data are consistent, Few structural analyses have been performed on cylindrical
which indicates thatCySpland CySp2are two major silk primarily due to the lack of full sequence information.
components of cylindrical silk protein. However, slightly The secondary structures of egg case silk, which were
lower Gly levels and higher Ser levels are observed in the detected by fiber X-ray diffraction, contafirsheets with a
deduced amino acid compositions when compared with thelarger b dimension of X-ray diffraction unit cell and lack of
silk from A. bruennichi(Table 2). These slight differences orientation parallel to the fiber axi®®). Furthermore, side
may have been due to the presence of other proteins in thegroup spacing was defined for major ampullate (polyAla,
glands. ADF-2 {3) and ECP-114) were reported to be two ~ 10.77 A), minor ampullate ((GA)10.45 A), and egg cocoon
likely constituents of the cylindrical silk protein. Their silks (16.2 A) £8). Recently, the results from Fourier self-
predicted amino acid compositions differ markedly from deconvolution (FSD) of Fourier transform infrared (FTIR)
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other hand, GIn and Ser have poor hydrophobicity, while

Table 3: Comparisons of Mechanical Properties of SpiderSilk AR ’ h
Ala has good hydrophobicity, and this may result in

Young's . . . .
modulus strength toughness nonorientation of t_hgﬁ—sheet in egg cocoon silks due to a
material (GPa) (MPa) extensibility (MJ/m?) I(_ack of _hydrophoblc force to hold the sheet parallel to the
A. bruennichi 118 1320 0.22 1345 fiber axis 80, 31). , _ ,
dragline silk Furthermore, the function of the small peptide motifs
A. bruennichi 9.1 390 0.40 128.6 (GGX, AJ/(GA),, or GPGXX) have been widely studied, as
cylindrical silk they are present in the primary sequences of most of silk
A :Tr]';?grcf;,]apu”ate silk 93 1290 0.22 145 proteins characterized to date. On the basis of previous
A. trifasciata 8.5 342 0.54 148 physical studies, the peptide motifs have been assigned
minor ampullate silk different structural roles20, 28, 32). The GGX motif
A t“f_a_SfC'ata o 9.6 687 0.86 367 probably forms a helix with three amino acids per turn, called
acinirorm si . .
A diadematus 10 1100 0.27 160 a 3o helix (33). The (GA)NA, motifs hav_e been fou_nd to
major ampullate silk form af-sheet 80, 33). The GPGXX motif repeat unit has
A. diadematus 0.003 500 2.7 150 been suggested to be involveddrturn spirals 80). Recent
flagelliform silk® results have shown that (G#\, motifs may form a very

aA. bruennichi= Argiope bruennichi A. trifasciata = Argiope short crystal-forming domain, and the remainder of repeat
trifasciata A. diadematus= Araneus diadematu$ Data from Hayashi  motifs (GGX, GPGXX, and spacer) may direct the formation
et al. @7). “ Data from Gosline et al.3). of amorphous domains within the core repetitive regions of
different silk proteins §4). The crystal-forming domain

spectra suggested thadsheets exist in the cylindrical gland ~ would mainly contribute to the strength of silk protein, while
and thais-sheets account for 5% of the secondary structure the amorphous domains would mainly contribute to the
(29). More recently, NMR spectroscopy showed that ap- extensibility of silk proteins34). As a result of the inability
proximately 70% of Ala present in tHeatrodectus hesperus  to detect any protein secondary structure other fhaheet,
TuSp1 sequences are presentisheet secondary structures several groups have suggested that other motifs excluding
(15). The complex repetitive architecture @ySpland (GA)W/An form random coils 5). When combined with
CySp2 which contain more amino acids with large side B-sheetregions as anchors, the random-coil segments would
chains than other silk proteins, could better explain the larger provide elasticity.

b dimensional value and lack of orientation parallel to the  The repetitive sequences of cylindrical silk proteins are
fiber axis inf3-sheets when compared with major and minor different from most sequences previously characterized in
ampullate silks. On the basis of these results, short polyAla araneoid silk proteins (Table 4). However, on the basis of
blocks and neighboring scattered Ala residues, such asthe analysis above, we speculate that the considerable
AAAQASA and AAASA motifs (Figure 4B), within the  strength of egg case silks could result from the presence of
primary sequences @ySplandCySp2could contribute to  -sheets, and that the excellent extensibility of egg case silks
[-sheet secondary structures in egg case silk. In comparisorcould partially be due to large-scale complex repetitive blocks
to GA repeats and polyAla regions in minor ampullate, major with anomalous amino acid sequences, such as the amor-
ampullate, and silkworm silks, the AAAQASA and AAASA  phous regions and spacers with more complex amino acid
motifs contain larger side chains and more hydrophilic GIn compositions seen in silkworm and spider silks, respectively
and Ser residues, which is consistent with much larger side(20, 36). When compared with dragline silk proteins
chain spacing and a lack of orientation in fhisheets. Gin expressed by the major ampullate silk glands, cylindrical silk
and Ser have larger side chains than Ala, and thus, the sidgoroteins contain lower proportions of crystal-forming se-
chain spacing of thgg-sheet formed by AAAQASA and  quence elements, which is consistent with the cylindrical silk
AAASA motifs must be larger than that of polyAla; on the having lower strength when compared with the corresponding

Table 4: Comparison of the Core Repeat Sequences of Spider Silks and Silkworm Silk

length of an
original primary repetitive organization of core assemble repeat
(access no.) motifs repeat sequences unit (aa)

A. bruennichiCySpl devoid AOB1(A1BL}A2 180
A. bruennichiCySp2 devoid AOB1(A1BL}A2 180
A. trifasciataAcSpl devoid tandem of high conservation 200
(AAR83925) 200aa-long repeat units
N. clavipesMaSp1 GGX, (GA), A, GAG(A)s-7/GGA, GQ 19-46
(AAA29380) GX (GGX),
N. clavipesMaSp2 GPGXX, (GA), An (GPGXX)-7, 31-49
(AAA29381) GGX,(GPGXX), As-10
N. clavipesMiSpl GGX, (GA), Ay, minor spacer, (GGX%)3, not available
(AAC14589) minor spacer (GA)4, As,
N. clavipesMiSp2 GGX, (GA), An, minor spacer, (GA) not available
(AAC14591) minor spacer (GGX)An
N. madagascariensiBlag GPGXX, GGX, Flag (GP(GGX)4Y)n, GRGGA, GGX,, 368-411
(AAF36091 and AAF36092) spacer Flag, spacer
Bombyx morH-fibroin (GAGAGS), (GX)n, (GAGAGS)-15 (GX)s5-15, 194-641

(AAF76983) amorphous regions GAAS, amorphous regions
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dragline silk. On the other hand, cylindrical silk proteins are particularly interesting. Third, a novel procedure was used
containing higher proportions of amorphous sequence ele-to successfully obtain full-length cDNA products of highly
ments possess greater elasticity arising from the large-scalaepetitive and lengthy spider silk genes. This technique
extension of these coiled amorphous chains. facilitates the full characterization of other spider silks of
Recent investigations have discovered a spider silk proteininterest. Finally, egg case silk protein may provide a new
composed of highly homogeneous ensemble repeats largelybiomaterial source for medical applications and scaffolds for
lacking the amino acid motifs seen in other silk proteBid.( tissue engineering, as it is characterized by its hydrophobic
CySpland CySp2appear to be similar to this recently nature CySpcontains about 3% hydrophilic residues), good
discovered spider silk protein, being composed of complex, air permeability, heat preservation, and moisture retention.
nearly identical ensembles that are devoid of GGX, A
(GA),, and GPGXX motifs (Table 4). Unequal allelic ACKNOWLEDGMENT
recombination in spider silk geneg88) and the length
variation of Bombyx moriH-fibroin (39) demonstrate the
importance of this mechanism in silk genes with short
repetitive motifs, but larger DNA blocks without intrinsic
repeats are less likely to be internally misaligned during
replicating and crossing ovet§). This conclusion is further  SUPPORTING INFORMATION AVAILABLE
supported by the primary structures 6§Spand AcSpl
which have nearly identical ensemble repeats. The comparative and systematic analyses of repeat unit
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