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Background: Spiders extrude adhesive glues to form connection joints that mediate web construction and prey wrapping.
Results: DNA microarray analysis and mass spectrometry reveal new protein glue constituents that comprise connection
joints.
Conclusion: Spider glue proteins represent a diverse group of polypeptides with distinct molecular architectures.
Significance: Learning how spider glues mediate the fusion of fibers is crucial for understanding adhesion mechanisms in
biology.

Adhesive spider glues are required to perform a variety of
tasks, including web construction, prey capture, and locomo-
tion. To date, little is known regarding the molecular and
structural features of spider glue proteins, in particular bioad-
hesives that interconnect dragline or scaffolding silks during
three-dimensional web construction. Here we use biochemical
and structural approaches to identify and characterize two
aggregate gland specific gene products, AgSF1 and AgSF2, and
demonstrate that these proteins co-localize to the connection
joints of both webs and wrapping silks spun from the black
widow spider, Latrodectus hesperus. Protein architectures are
markedly divergent between AgSF1 and AgSF2, as well as tradi-
tional spider silk fibroin family members, suggesting connec-
tion joints consist of a complex proteinaceous network. AgSF2
represents a nonglycosylated 40-kDa protein that has novel
internal amino acid block repeats with the consensus sequence
NVNVN embedded in a glycine-rich matrix. Analysis of the
amino acid sequence of AgSF1 reveals pentameric QPGSG iter-
ations that are similar to conserved modular elements within
mammalian elastin, a rubber-like elastomeric protein that inter-
faces with collagen. Wet-spinning methodology using purified
recombinant proteins show AgSF1 has the potential to self-as-
semble into fibers. X-ray fiber diffraction studies performed on
these synthetic fibers reveal the presence of noncrystalline
domains that resemble classical rubber networks. Collectively,
these data support that the aggregate gland serves to extrude a
protein mixture that contains substances that allow for the self-

assembly of fiber-like structures that interface with dragline
silks to mediate prey capture.

Spider silk is a lightweightmaterial that has a combination of
high-tensile strength and extensibility. Anatomical studies of
spider abdominal glands have revealed the presence of seven
distinct silk and/or glue-silk producing glands, which include
the major and minor ampullate, tubuliform, flagelliform, acini-
form, pyriform, and aggregate gland (1). The silk producing
glands have been hypothesized to serve as specialized biofacto-
ries that produce proteins spun into different silk types with
distinct mechanical properties (2, 3). These structural proteins
share common protein architectures, including the presence of
internal block repeats, and nonrepetitive conserved N and C
termini (4–6). Six of the seven silk-producing glands have been
shown to produce fibers with the exception of the aggregate
gland (7–13). Due to themorphology of the aggregate gland, its
spinning duct, and the anatomical features of its spigots, it
has been debatedwhether this gland synthesizes structural pro-
teins that self-assemble into fibers or whether it exclusively
secretes nonstructural adhesive proteins.
Chemical analysis of web constituents cast by orb-weavers

has demonstrated that the aggregate gland manufactures a
complex aqueous solution containing water-soluble com-
pounds related to neurotransmitters, inorganic salts, small pep-
tides, and glycoproteins (14, 15). These studies have shown that
ecribellate spider glue consists of microscopic nodules made of
glycoproteins (15). Protein sequences for two of the glycopro-
teins reveal these products are expressed from opposite strands
of an identical DNA sequence (16). Thus, at least for orb-weav-
ers, spider glue glycoproteins have been proposed to function as
adhesive substances that facilitate prey capture; however, they
have not been shown tohave intrinsic properties for self-assem-
bly into structures that resemble fibers. Because spider glues
and cements are used in conjunction with dragline silk (scaf-
folding threads), we hypothesized that the expression of glue
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proteins could be subject to coordinate regulation or energeti-
cally linked to the synthesis of the MaSp1 and MaSp2 dragline
silk proteins via inter-silk-gland communication. To test this
hypothesis, we coupled DNA microarray analysis, mass spec-
trometry, and other biochemical approaches to investigate the
presence of newmaterials that interfacewith dragline silk fibers
to perform essential biological tasks. For this, dragline silk was
collected by allowing the spiders to free fall and changes in
gene expression profiles in the silk-producing glands were
monitored.
In this study, we describe the identification and characteriza-

tion of two gene products aggregate gland silk factors 1 and 2
(AgSF1 and AgSF2).4 AgSF1 and AgSF2 are expressed in high
quantities in the aggregate gland and extruded as adhesive
materials that function to interconnect scaffolding fibers in the
three-dimensional architecture of the web as well as wrapping
silk for prey immobilization. We also provide evidence that
recombinant AgSF1 protein chains can self-assemble into syn-
thetic fibers. Structural studies of these fibers reveal a material
that is predominantly noncrystalline.

EXPERIMENTAL PROCEDURES

DNAMicroarray Analysis—A cDNA library was prepared as
previously described (17). After plating the cDNA library, over
3300 individual plaques were removed and placed into SM (100
mM NaCl, 8 mM MgSO4, 50 mM Tris-Cl) buffer to facilitate
diffusion. The diffused recombinant viruses were used as tem-
plates for PCR. cDNAs were amplified using the universal for-
ward and reverse primers with the sequences 5�-AGG GAT
GTT TAA TAC CAC TAC-3� and 5�-GAT CAG AGG TTA
CAT GGC CAA G-3�, respectively. After confirming amplifi-
cation of cDNAs using agarose gel electrophoresis, the samples
were desalted and then resuspended in 3� SSC (0.9 MNaCl and
0.09 M sodium citrate, pH 7.2) and printed onto Corning
UltraGAPSTM-coated slides using an OmniGrid Accent
microarrayer (GeneMachines). Three different spiders were
silked once every 24 h over a 5-day period. The quantity of
dragline silk collected each day ranged from 150 to 200 cm.
Control spiderswere not silked but housed under identical con-
ditions. Following silking, both groups were dissected and the
tubuliform, aggregate, and major and minor ampullate glands
were removed and used for RNA isolation. Total RNA was iso-
lated using TRIzol� (Invitrogen). mRNAs were labeled using
the CyScribe First-strand cDNALabeling Kit with Cy3 andCy5
dyes and hybridized to the printed spider cDNA chips accord-
ing to the manufacturer’s instructions (GE Healthcare).
Hybridization was performed using a Hyb4 automated system
(Digilab, Inc.). Data were obtained by scanning the slides using
the GenePix� Personal 4100A Microarray scanner (Axon
Instruments, Inc.). Genes that displayed changes in mRNA
expression profiles were further analyzed and subject to
sequencing at the core facility of the University of Florida.
DNA Constructs—For expression studies, the AgSF1 cDNA

was amplified by PCR using the forward and reverse primers

5�-GAA TTC GGC TAC AAA AAA ACC GTT GGA AAA
GAT GGA CAA ATT-3� and 5�-GTC GAC CGG TTG ACC
ACT TCC TGG TTG CCC GTT TCC-3�, respectively. EcoRI
and SalI restriction sites were engineered on the 5�-termini of
the forward and reverse primers to facilitate subcloning of the
cDNAs. AgSF1 cDNA fragments were amplified using PCR
with a cDNA library prepared from the silk-producing glands of
the black widow spider, Latrodectus hesperus. Following ampli-
fication, two cDNAs, one �600 bp and another 1000 bp, were
extracted and ligated into the pBADTOPOThioFusion expres-
sion vector (Invitrogen). The 600-bp cDNA fragment coded for
two copies of the 64-amino acid repeat, which was denoted
AgSF1G. The 1000-bp fragment coded for two copies of the
64-amino acid repeat and 3.5 copies of the 36-amino acid
ensemble repeat, which was dubbed AgSF1G�XPGXG. Both
cDNAs were subject to DNA sequencing to confirm the accu-
racy of the sequences (University of Florida). For structural
studies, the cDNAs were excised from the pBAD TOPO Thio-
Fusion vectors using the restriction enzymes EcoRI and SalI
and ligated into pET-19b-Sumo.
The full-length AgSF2 cDNA was amplified using PCR with

the forward and reverse primers: 5�-GAATTCCGACCTGAA
CCT GGT GTC CAT CAT G-3� and 5�-GTC GAC TTA ACC
TTT GAA GAG ACC CTT TTT AAC ATC-3�, respectively.
The forward primer was designed to remove the first 24 amino
acid residues, which corresponded to the predicted cleavage
site for signal peptidase. Following amplification, the cDNA
was inserted into the pBAD-TOPO-TA expression vector
according to the manufacturer’s instructions.
Real-time PCR Analysis—Reverse transcription reactions

were used for real-time PCR analysis using the DyNAmo SYBR
Green qPCR kit as previously described (18). Real-time PCR
fluorescence detection was monitored using an Opticon II
instrument (MJ Research Inc.). Amplification products were
monitored by SYBR Green detection and checked using disso-
ciation curve software and agarose gel electrophoresis. Oligo-
nucleotides used for the agsf1 expression analysis included the
forward and reverse primers: 5�-GGA AGT GGT ACC CAA
ACT TTG CTA GGG-3� and 5�-TTA TGA ACT GTT GCT
ATCTAGCAAACC-3�, respectively. AgSF2 primers were the
forward and reverse primers 5�-GGA GGA GGA CTT CCT
AATGTT-3� and 5�-TAAACCGCCTCCAACTCCTCC-3�,
respectively. Primers used for normalization were the forward
and reverse �-actin oligonucleotides: 5�-CCC TGAGAGGAA
GTA CTC CGT-3� and 5�-ATC CAC ATC TGC TGG AAG
GTG-3�, respectively.
Development of Polyclonal Antibodies—Anti-AgF1 poly-

clonal antibodies were generated using the synthetic peptide
GYKKTVGKDGQIVC (EZBiolab Inc., Carmel, IN). The anti-
AgSF2 polyclonal antiserum was generated against two syn-
thetic peptides with the sequences IQSRDPGVHHVRYC and
SRGDTVYTYRTDYTC (SigmaGenosys CustomPeptideAnti-
sera Services). Both peptides reside in theN terminus of AgSF2.
To facilitate conjugation to the carrier protein keyhole limpet
hemocyanin, cysteine residues were added to theC termini. For
AgSF2 antibody production, both peptides were used for co-
immunizations in the rabbits.

4 The abbreviations used are: AgSF1, aggregate gland silk factor 1; AgSF2,
aggregate gland silk factor 2; MaSp1, major ampullate spidroin 1; TuSp1,
tubuliform spidroin 1; BLAST, basic local alignment search tool; XRFD, x-ray
fiber diffraction; ASG, aggregate spider glue.
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Protein Expression and Purification—Recombinant proteins
were produced using 1 liter of LB. For induction experiments,
each clonewas grown overnight until saturation. Saturated cul-
tures were then combined with 4 liters of fresh LB, supple-
mented with 0.02% arabinose or 1 mM isopropyl 1-thio-�-D-
galactopyranoside for induction purposes, and grown an
additional 4 h. Following induction, the bacterial cells were pel-
leted at 6,000� g and then lysed in 13.3 ml of FastBreakTMCell
Lysis Reagent (Promega) per 1.0 liter of culture. To promote
further lysis, the solutionwas sonicated atmaximum setting for
1 min using a VirSonic 60 instrument (VirTis). After sonica-
tion, samples were clarified by spinning for 5 min at 8,000 � g.
Supernatants were combined with 1 ml of nickel-nitrilotri-
acetic acid-agarose resin (50% slurry; Qiagen) and gently
rocked at room temperature for 1 h to facilitate binding of the
fusion proteins via their His6 tag. The resin was washed using a
buffer (50 mMNaH2PO4, 300 mMNaCl) supplemented with 20
mM imidazole, followed by elution of the fusion proteins with
20 ml of same buffer containing 250 mM imidazole. Protein
samples were dialyzed against water for 2–3 days and then sub-
ject to freeze-drying using a FreeZone12Plus instrument (Lab-
conco). Typical yields for truncated AgSF1 recombinant pro-
teins after purification using 10 liters of culture were �50–100
mg, respectively.
Collection and Solubilization of Silk Fibers—Spiders were

housed and silk-producing glands were removed as previously
described (19). ForWestern blot studies, silk samples were dis-
solved in 8 M urea, incubated at 55 °C for 2 h, and then heated at
95 °C for 5 min before SDS-PAGE analysis. Whole cell lysates
were generated by solubilizing the silk-producing glands in 8 M

urea and treated in a similar fashion as the fibers, with the
exception that the samples were briefly sonicated prior to
electrophoresis.
Mass Spectrometric Analysis—In-solution tryptic digests of

the solubilized wrapping silk as well as other fiber types were
performed as previously described (9, 10). The MS map and
peptide MS/MS spectra were acquired with a MALDI/TOF/
TOF mass spectrometer (4700 Proteomics Analyzer, Applied
Biosystems, Foster City, CA) operated in reflector mode or
MS/MS mode, respectively. De novo peptide sequences were
obtained by manual interpretation of the high energy CAD
spectra.
Scanning Electron Microscopy—Connecting junctions and

wrapping silk fibers were imaged using a Hitachi S-2600 SE
instrument operatedwith an accelerator voltage of 3 kV.Wrap-
ping silk was collected as previously described (10). Prior to
imaging, the samples were coated to a thickness of�14–20 nm
with gold alloy using a Pelco SC-7 autosputter coater with an
FTM-2 film thickness.
Atomic Force Microscopy—Spider silk junctions were dis-

sected and mounted on a custom frame that stabilized the pri-
mary dragline fiberswhile preserving the junctions intact and in
the view of interest. An atomic force microscope was used for
examining the surface topography (Asylum Research Cypher
AFM).We used silicon cantilevers with force constants of 1.9–
2.3 newton/m. Images were recorded with typical scan rates of
1.0–2.0 Hz. An optical view was first used to localize the junc-
tion, and the scanning probe was operated in AC mode, ena-

bling us to obtain both morphological data from the z-deflec-
tion, as well as time-dependent material behavior from the
phase-contrast data.
X-ray Fiber Diffraction (XRFD)—X-ray fiber diffraction was

performed on the BioCARS 14BM-C beamline at theAdvanced
Photon Source at Argonne National Laboratory, Argonne, IL.
The wavelength of the x-ray beam was 0.9857 Å with a flux of
6 � 1011 photons/s and the beam size on the sample was 150 �
200 �m. Data were recorded using an ADSC Quantum-315
detector. Single fibers spun from AgSF1G�XPGXG (as spun and
3.5x post-spun fibers with average thickness �100 m and �40
�m, respectively) were held taut in ametal frame, with the fiber
axis normal to the x-ray beam. The sample to detector distance
was 300 mm. Data collection times were 120 s for one image.
Background measurements were performed with the sample
displaced from the beam and the images were recorded under
the same conditions as with the samples in the beam. Multiple
images were taken to get better statistics and improve on the
signal/background ratio. CeO2 powderwas used for instrument
calibration. The two-dimensional XRFD patterns were ana-
lyzed using the software package FIT2D.5 Radial and azimuthal
one-dimensional profiles were obtained from the deconvolu-
tion of two-dimensional XRFD images using FIT2D. Radial
profiles are intensity as a function of radius integrated azimuth-
ally for the whole two-dimensional pattern, whereas azimuthal
profiles are integrated intensity as a function of all azimuthal
angles over a thin annular ring centered at the peak maximum
of the desired diffraction ring (21–23). Microcal Origin was
used for the analysis of the deconvoluted one-dimensional
x-ray data.

RESULTS

DNAMicroarray Analysis Reveals Novel Gene Products That
Are Linked to Dragline Silk Production—To identify genes that
encode proteins that have functional ties with dragline silk con-
stituents, we generated spider DNA chips for microarray anal-
ysis. Using a cDNA library prepared from the silk-producing
glands of the black widow spider, along with a universal set of
primers that flanked the region of cDNA insertion, we ampli-
fied over 3,300 cDNAs from individual plaques carrying recom-
binant viral chromosomes. Spider cDNAs were printed onto
glass slides as unknown features for DNA microarray analysis.
Two distinct treatments were used to collect total RNA from
spiders for the DNAmicroarray analysis. One group of spiders,
the “free fall-silked group,” was used to collect dragline silk. The
other group, which represented the nonsilked or control group,
was maintained under identical conditions except no dragline
silk was removed from these individuals. Because the major
ampullate gland is known to produce MaSp1 and MaSp2, we
hypothesized that dragline silking would influence the expres-
sion pattern of fibroins and other silk components in different
silk-producing glands because coordinate regulation between
the glands has been proposed (1). This strategy proved success-
ful, as �44 of the printed genes were observed to be down-
regulated by as much as 5-fold following the silking procedure
(Table 1). These cDNAs were selected for sequencing and their

5 A. Hammersley and S. Sampath, unpublished observation.
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identities determined using the computer algorithm BLASTn
to search the sequences against the NCBInr database (Table 1).
Several gene products that have been demonstrated byMS/MS
studies to be constituents of silks, which include the tubuliform
fibroins TuSp1 (7), ECP-1 (18), and ECP-2 (24), as well as gene
products previously implicated in the silk production pathway
or spiral glue droplets, such as a peroxidase, arginine kinase
(25), and aggregate spider glue factor (16), respectively, were
identified during our DNA microarray analysis.
Two cDNAs were found multiple times on the DNA

microarray; these corresponded to clones 549, 2078, 2548,
2860, and 3019 as well as clones 98, 947, 958, 2525, 2691, and
3009. Because these clones were identified five independent
times and their sequences showed no significant similarities to
sequences deposited in the nrNCBI protein database, we
decided to further characterize their molecular properties and
function. To obtain full-length cDNAs, we screened a cDNA
library prepared fromsilk-producing glands using conventional
nucleic acid-nucleic acid hybridization assays (data not shown).
From this screen, we isolated longer cDNAs that contained
regions identical to clones 549, 2078, 2548, 2860, and 3019. The
longest cDNA thatwas retrieved represented a partial sequence
that was �4 kb (GenBank accession JX262195); it contained a
long opening reading frame encoding a putative protein that
contained 1213 amino acids with a predictedmolecularmass of
�112 kDa and pI � 6.89. Protein-protein BLAST searches of
the NCBInr database with the translated cDNA sequence
revealed the strongest similarity to a predicted protein from the
monoarch butterfly (GenBank accession EHJ72326.1), with
44% identities over 475 residues. Inspection of the spider pro-
tein C terminus revealed the presence of a glycine- and histi-

dine-rich region (Fig. 1A). Two different internal block repeats
were present within the translated cDNA. These blocks con-
sisted of 36- or 64-amino acid segments (Fig. 1, A and B). The
36-amino acid segment was iterated 11 times. Manual inspec-
tion of each 36-amino acid block repeat revealed 5 tandem cop-
ies of X1PGX2G (X1 � Gln, Glu, or Arg; X2 � Ser or Asn),
coupled to single copies of the QPGYY and RPGGKG submo-
tifs. A striking feature was the regular spacing profile on the
proline residues, which showed a conserved spacing pattern of
one in every 5 residues (Fig. 1B). The X1PGX2G tandem repeats
resemble pentameric modules reported in elastin (26). The res-
idues found in the highest level included glycine, serine, proline,
and glutamine at 38.5, 11.8, 11.5, and 7.2%, respectively. The
second block repeat, which comprised 64 amino acids, was iter-
ated 3 times with a fourth segment being truncated on the N
terminus; this most likely reflects the partial nature of our
AgSF1 cDNA on the 5� end of the clone. This block repeat did
not have sequence similarities to other repeats or submotifs in
other spider silk familymembers. Analysis of the 64-amino acid
residues revealed 32.4% glycine, 11.8% serine, and 7.4% aspara-
gine (Fig. 1).
Full-length cDNAs that corresponded to clones 98, 947,

2525, 2691, and 3009 were also obtained via the library screen
(GenBank accession JX262192). Analysis of the translated
cDNA revealed a longORF encoding a predicted protein with a
molecular mass of �40.7 kDa and pI 6.61. Theoretical amino
acid composition profiling demonstrated glycine (Gly) and
asparagine (Asn) were the most abundant amino acids, com-
prising 28.4 and 14.5%, respectively. Using the program
REPRO, we identified a 33-amino acid block repeat that was
repeated 4 times within the internal region of the translated
sequence (Fig. 1, A and C) (27). Within each block repeat two
copies of the sequence NXNXN (X � Val, Asp, Leu, Phe, or
Met) were found interrupted by GGX iterations, where X rep-
resents a small subset of amino acids (X�Ala, Gly, Leu, or Ser).
Occasional histidine residues were embedded within the GGX
iterations (Fig. 1C). GGX motifs have been reported in major
ampullate fibroin sequences to adopt helical structures (28). In
addition, 2 cysteine residues were present within the C termi-
nus of translated cDNA. Protein BLAST searches against the
nrNCBIdatabasewith the predicted full-length sequence revealed
nosignificantmatches tootherproteins.However, consistentwith
proteins that are secreted, the algorithm SignalP predicted the
presence of an N-terminal secretion signal.
AgSF1 and AgSF2 Display Aggregate-Gland Restricted Pat-

terns of Expression—Expression patterns for these two genes
were determined using quantitative real-time PCR and West-
ern blot analyses. For quantitative RT-PCR, total RNA was iso-
lated from the seven different silk-producing glands. Quantita-
tive RT-PCR studies demonstrated that the aggregate gland
expressed the highest quantities of mRNAs for both genes (Fig.
2, A and B). Very low levels of AgSF1 mRNA were detected in
the pyriform gland; however, these levels are likely insignificant
given that the aggregate gland expresses �19-fold more
mRNA. Based upon their restricted patterns of expression, we
named the two gene products AgSF1 and AgSF2. To correlate
mRNA levels with endogenous protein amounts, peptides cor-
responding to translated regions of the AgSFs were synthesized

TABLE 1
Genes that decrease after dragline silking spiders for 5 days
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and used to generate anti-AgSF1 and anti-AgSF2 polyclonal
antibodies forWestern blot analysis using lysates from the silk-
producing glands. For expression studies, bacterially produced
AgSF1 His-Thio-tagged or His-Sumo-tagged proteins engi-
neeredwith either two copies of the 64-amino acid repeat alone
(AgSF1G), or two copies of the 64-amino acid module plus 3.5
copies of the 36-amino acid repeat (AgSF1G�XPGXG)were read-
ily detected byWestern blot analysis using the anti-AgSF1 anti-
bodies (Fig. 3A, lanes 3, 5, 9, and 10). The same recombinant
proteins were detected using a monoclonal anti-His antibody
(Fig. 3A, lanes 1–2 and 7–8). Bacterially expressed His-Thio-
tagged full-length AgSF2 was also detected using an anti-His
monoclonal antibody and anti-AgSF2 polyclonal antiserum from
arabinose-induced culture extracts (Fig. 3A, lanes 11 and 13). No
immunoreactive bands were detected from lysates under nonara-
binose conditions (Fig. 3A, lanes 4, 6, 12, and 14). In total, these
studies demonstrate that theAgSF1 andAgSF2 antisera recognize
the recombinant proteins in a highly specific manner.

To examine the expression pattern of AgSF1 and AgSF2 in
tissues, we tested whole cell lysates collected from the seven
different silk-producing glands. Western blot analysis using an
anti-AgSF1 antibody revealed dominant immunoreactive spe-
cies in the aggregate, aciniform, and flagelliformglands (Fig. 3B,
lanes 6, 10, and 11). Themolecularmasses of these species were
�245 kDa or larger. Using the anti-AgSF2 antibody, a single
immunoreactive band was detected in the aggregate gland
extract (Fig. 3C, lane 7). The experimental molecular mass of
AgSF2 closely correlated to the predictedmass, which was�40
kDa. No other immunoreactive species were detected in the
major and minor ampullate glands, tubuliform, aciniform, or
flagelliform glands (Fig. 3C, lanes 8–12). A minor immunore-
active, slower migrating species was detected in the pyriform
glandular extract (Fig. 3C, lane 13).
AgSF1 and AgSF2 Are Constituents of Spider Glues—To

investigate whether AgSF1 and AgSF2 were spun or deposited
on fibers, we collected different fiber types from black widow

FIGURE 1. Schematic of the AgSF1 and AgSF2 protein architectures and their internal block repeat modules. A, protein constructs used for heterologous
protein expression. For AgSF1, the red denotes a 64-residue block repeat that is glycine-rich. Blue represents 36-amino acid block repeats that contain the
X1PGX2G iterations. The green segment has been defined as a spacer region that separates the two distinct block repeats. AgSF1G or AgSF1G�XPGXG contain the
glycine-rich alone or glycine-rich and XPGXG-containing block repeats, respectively. For AgSF2, the purple represents a GGX-rich and NVNXN region, whereas
yellow denotes glycine-rich segments. B, representative sequence for the two different internal block repeat modules within the translated AgSF1 cDNA.
Underlined proline (P) residues indicate the 5-residue spacing pattern and the GYKKTVGKDGQIV sequence shows the region used for the anti-AgSF1 polyclonal
antibody production. C, representative AgSF2 internal block repeat module.
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spiders for biochemical studies. Dragline silk, egg sacs, wrap-
ping silk, gumfooted lines, scaffolding fibers, and connection
joints were obtained and solubilized in urea or guanidinium
hydrochloride. Dissolved proteinmixtures were analyzed using
Western blot analysis for the presence of AgSFs using the anti-
AgSF1 and anti-AgSF2 antisera. Because connection joints are
difficult to individually remove from theweb, we collected scaf-
folding fibers containing connection joints (scaffolding fibers
plus connection joints) and scaffolding fibers alone. Immuno-
reactiveAgSF1 proteinswere detected in scaffolding fibers con-
taining connection joints and gumfooted lines, but were absent
in dragline, egg sacs, and scaffolding fibers without connection
joints (Fig. 3B, lanes 1–5). The immunoreactive protein
detected in the scaffolding fibers plus connection joints dis-
played a migration profile similar to the species detected in the

aggregate gland lysate (Fig. 3B, compare lanes 2 and 6).
The molecular mass of the immunoreactive species detected in
the gumfooted lines was considerably larger, exceeding 300-
kDa (Fig. 3B, lane 4). Similar fiber localization profiles were
observed for AgSF2, which revealed the presence of an immu-
noreactive species in scaffolding fibers with connection joints,
but not in the scaffolding fibers alone (Fig. 3C, lanes 2 and 3).
AgSF2was also detected inwrapping silk (Fig. 3C, lane 6). How-
ever, it was not detected in dragline silk, gumfooted lines, or egg
sacs (Fig. 3C, lanes 1, 4, and 5). Taken together, the mRNA
expression results and Western blot data support that AgSF1
and AgSF2 are expressed in the aggregate gland and extruded
into the connection joint structures.
In addition to using Western blot analyses to investigate the

presence of AgSF1 and AgSF2 in the different fiber types, we

FIGURE 2. AgSF1 and AgSF2 mRNA are expressed in elevated amounts in the aggregate gland. Real time quantitative PCR was used to determine the
expression pattern of AgSF1 and AgSF2 in a variety of different silk producing glands: A, AgSF1; B, AgSF2. Total RNA was isolated from the major ampullate
gland (MA), minor ampullate gland (MI), tubuliform (TB), flagelliform (FL), aciniform (AC), and the aggregate gland (AG). For AgSF1 studies, the pyriform (PY) and
fat (FT) were also included. Equivalent amounts of total RNA were reverse-transcribed using SuperScript� III and aliquots used for real time quantitative PCR.
Samples were analyzed in triplicates and normalized internally using the black widow actin mRNA. Data are representative of experimental results obtained
from at least two independent trials.
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solubilized dragline, egg case, wrapping, gumfooted, and pyri-
form silks with LiBr and digested the samples with trypsin, fol-
lowed by MS and MS/MS analyses. Peptide ion masses corre-
sponding to theoretical tryptic digest products fromAgSF1 and
AgSF2 were not detected in dragline, egg case, gumfooted, or
pyriform silks (data not shown).However, solubilizedwrapping
silk digested with trypsin contained two peptides that matched
peptide masses located within the translated AgSF2 sequence
after theoretical digestion with trypsin (Fig. 4A). These experi-
mental precursor peptide ions displayed masses of m/z 1144.5
and 1574.8. Further analysis of these peptide ions by MS/MS
revealed sequences HFLGGLGNMAK and GGHLLGPLG-
GLLNTAGK for ionsm/z 1144.5 and 1574.8, respectively (Fig.
4A). These peptides displayed 100%matches to translated regions
of theAgSF2 cDNA,with the exception that, in some cases, the de
novo sequences showed Leu instead of Ile. It is sometimes difficult
to distinguish these two isobaric amino acid residues by MS/MS.
Two-dimensional gel electrophoresis using crude aggregate gland
lysate, followed by MS/MS analysis of in-gel tryptic digestion
products, did not corroborate the presence of post-translational
modifications to AgSF2 (data not shown).
In addition, after enzymatic digestion of solubilized wrap-

ping silk, we discovered two precursor ion masses that were
identical to products from the translated AgSF1 cDNA
sequence following theoretical tryptic cleavage. These peptide
ion masses corresponded to m/z 813.4 and 1580.7. After
MS/MS analysis, these peptides were shown to be identical to
regions found in the predicted sequence of AgSF1 (Fig. 4, B and
C).One of the peptides,GGHPGFGGK, resulted from two tryp-
tic cleavage events, whereas the other peptide, GGHPGFG-
GTGGHPGFGGK, likely resulted from a combination of acid
hydrolysis (nonenzymatic) and tryptic cleavage (Fig. 4, B and
C). Both aspartic acid and asparagine have been reported to
represent hot spots for nonenzymatic degradation of proteins
(29). Therefore, ourMS/MS analyses reveal that these peptides
are unique to AgSF1 and AgSF2 and are not found in the amino
acid sequences of previously reported spider silk family mem-
bers. Overall, these data support the assertion that the AgSF1
and AgSF2 are also extruded into wrapping silk constituents.
Connection Joints Are a Viscous FibrousMaterial That Inter-

connects Dragline Silk Fibers—Connection joints are important
structures that facilitate prey capture for orb-weavers. These
structures serve to link scaffolding fibers together during the
construction of three-dimensional webs (Fig. 5A). To examine
the ultrastructure of connection joints, we removed web seg-
ments and analyzed these regions using microscopy. Light
microscopy revealed large numbers of connection joints within
the architecture of the web (Fig. 5B). These structures allow
scaffolding threads to interconnect, forming a complex matrix
that enhances capture of aerial insects (Fig. 5C). Scanning elec-
tronmicroscopy demonstrated that connection joints are com-

posed of a fibrous material (Fig. 5D). Within this glue-like sub-
stance, small diameter fibers were observed emerging from a
centralized core material; these emerging fibers contained
smaller diameters relative to scaffolding threads (Fig. 5D). Con-
nection jointswere also observed inwrapping silk thatwas spun
by spiders during immobilization of crickets (Fig. 5E).

To study the biochemical properties of the connection joints,
we analyzed these structures using atomic force microscopy.
Within a region of the junctionwhere a thin layer of jointmate-
rial was topographically observed, we detected differences in
the phase contrast at the interface between dragline and the
glue (Fig. 6, A and B). Although the phase characteristics of the
dragline remained fairly low, confirming the highly elastic
nature of the dragline, the high values of phase shift demon-
strate the highly viscous behavior of the connection joint mate-
rials, and the viscous behavior may be advantageous for damp-
ening dynamic events (Fig. 6, A and B).
Structural Analysis of Synthetic Fibers Spun from Recombi-

nant AgSF1G�XPGXG Proteins Reveals Threads withNoncrystal-
lineMorphology—Because the primary sequence ofAgSF1 con-
tains internal block repeats that resemble elastin, we
investigated whether synthetic fibers could be spun from puri-
fied recombinant AgSF1G and AgSF1G�XPGXG. Using a wet-
spinning methodology (30), both recombinant proteins were
capable of self-assembly into fibers. AgSF1G spun fibers were
observed to be brittle andwere not suited for further character-
ization. However, both “as-spun” and post-spun fibers were
collected for AgSF1G�XPGXG spun fibers. For post-spin drawn
AgSF1G�XPGXG threads, fibers were elongated to 3.5 times
their original length; these were referred to as �3.5 fibers (Fig.
5F). The XRFD two-dimensional patterns of as-spun and post-
spin drawn fibers are shown in Fig. 7, A and B, respectively.
Broad diffuse diffraction rings at d spacings�4.5 and 10Åwere
observed in the two-dimensional patterns of both samples. The
absence of sharp reflections indicates that the synthetic fibers
were predominantly noncrystalline. The diffracted intensity in
the as-spun fiber was stronger than the post-drawn fiber,
mainly due to the higher thickness of the as-spun fiber. Fig. 7,C
and D, show the one-dimensional radial intensity profile inte-
grated azimuthally for the whole diffraction pattern for the as-
spun and 3.5� samples, respectively. Although the width of the
broad peak at d� 4.5 Å is comparable in both as spun and 3.5�
fibers, the smaller peak at d � 10 Å becomes more defined in
the 3.5� fiber. Fig. 7E shows the one-dimensional azimuthal
profile of intensity as a function of angle measured from the
radial position of the diffraction ring at d� 4.5 and 10 Å for the
as-spun fiber and Fig. 7F is the corresponding plot for the 3.5�
fiber. Although there is no axial orientation of the protein
chains at d� 4.5 Å in the as-spun fiber (flat profile), it is evident
that the post-spin drawing aligns the protein chains with
respect to the fiber axis (Fig. 7F). The azimuthal width of the

FIGURE 3. AgSF1 and AgSF2 proteins are expressed in the aggregate gland and localize to the connection joints of fibers. Western blot analysis of
recombinant proteins expressed in Escherichia coli, extracts generated from silk-producing glands, or spun fibers. Plus or minus designations represent induced
or noninduced conditions, respectively. Fat tissue was also included as a negative control. Denatured proteins were size fractionated using a 4 –20% Tris-HCl
precast polyacrylamide gel. A, bacterially expressed AgSF1 or AgSF2 recombinant proteins were detected using an anti-His6 antibody (�6xHis), anti-AgSF1
(�AgSF1), or anti-AgSF2 (�AgSF2) polyclonal antisera. B, solubilized proteins from different fiber types and silk-producing glands were probed with the
anti-AgSF1 polyclonal antiserum. C, solubilized proteins from different fiber types and silk-producing glands were probed with the anti-AgSF2 polyclonal
antiserum. Molecular masses for the protein ladder are shown on the left in kDa.
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FIGURE 4. MALDI-TOF or MALDI-tandem TOF analysis of precursor peptide ions from in-solution tryptic digestion of solubilized wrapping silk. A, MS
analysis reveals the presence of precursor ion masses that are identical to products from the theoretical tryptic digestion of the translated AgSF2 cDNA.
Subsequently, MS/MS analyses confirmed precursor ions with m/z 1144.5 and 1574.8 have the sequences HFLGGLGNMAK and GGHLLGPLGGLLNTAGK,
respectively (boxed region). In these peptides sequences, the underlined Leu residues were determined to be the amino acid Ile (an isobaric residue) in the
translated AgSF2 sequence. B, high energy collision-activated dissociation spectrum of precursor ion with m/z 813.4 (MH�, monoisotopic). The sequence of
this peptide was found to be GGHPGFGGK. C, high energy collision-activated dissociation spectrum of precursor ion with m/z 1580.7 (MH�, monoisotopic). The
sequence of this peptide was found to be GGHPGFGGTGGHPGFGGK. Both precursor ions with m/z 813.4 and 1580.7 after de novo sequencing were found to
be present within the translated AgSF1 cDNA sequence.
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peak at d � 10 Å decreases from the as-spun (FWHM 74.9°) to
the 3.5� fiber (FWHM 56.7°), which also suggests a higher
degree of orientation of the protein chains in the 3.5� fiber (21,
31). Taken together, the decrease in thewidths of the azimuthal
peaks combined with the shift of radial peaks to lower Q values
in the 3.5� fiber confirm that the post-spin draw has increased

local structural order and a greater axial alignment of the pro-
tein chains. However, the post-spin draw did not result in the
formation of nano-crystallites in these fibers.We also observed
a strong diffraction intensity in the small angle x-ray scattering
region of �28–34 Å in the XRFD pattern (Fig. 7, C and D),
which is shadowed by the beam stop in the XRFD experiment.

FIGURE 5. Black widow spider connection joints hold web- and prey-wrapping fibers together. A, digital photograph of connection joints in a web spun by a
caged spider. B and C, dissection scope images of a web segment and single connecting joint at�10 and�115, respectively. D, S.E. of a web connecting joint at�1500.
E, dissecting scope image of a cricket immobilized with wrapping silk at �115. F, S.E. of a synthetic fiber spun from purified recombinant AgSF1G�XPGXG protein.
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Diffracted intensity in the small angle x-ray scattering region in
fibers generally indicate the presence of structures larger in size
than unit-cell of crystallites, viz. fibrils, their size and shape, or
voids between them (32).

DISCUSSION

After dragline silking female black widow spiders for 5 days,
the DNAmicroarray analysis revealed gene expression profiles
that could be separated into 2 categories. One class comprised
genes that showed no significant alterations in their mRNA
levels, which included masp1 and masp2, whereas the second
class involved genes that displayed decreased mRNA quanti-
ties. The largest changes in gene activity ranged from 3.5 to
5-fold repression. Genes that were down-regulated the most
included agsf1, agsf2, tusp1, ecp-1, and ecp-2. These levels were
all �5-fold lower relative to nonsilked spiders. The presence of
a collection of genes that can be down-regulated after silking
implies that the different silk-producing glands are capable of
shunting resources to the major ampullate gland to maintain
the synthesis of dragline silk proteins,MaSp1 andMaSp2. Con-
sistent with this assertion is that following 1 day of dragline

silking, we observed elevated levels of MaSp1 and MaSp2
mRNA (data not shown); however, after 5 days of silking,
whereas some gene expression profiles for other genes were
declining in different silk-producing glands,MaSp1 andMaSp2
transcripts were maintained at similar levels relative to non-
silked spiders. The reshuffling of resources to themajor ampul-
late gland is also supported by the decreased expression of
tusp1, as well as the ecps, which are all genes highly expressed in
females during egg case laying season and whose resources for
synthesis are logically interconnected and balanced with dra-
gline silk production. Thus, the down-regulation of egg case silk
components after dragline silk removal demonstrates that our
approach can be applied to identify genes that are actively
expressed at high levels in other silk-producing glands, but are
sensitive to the energetic costs of dragline silk synthesis.
In orb-weavers, the aggregate gland has been shown to

extrude adhesive substances that include small molecular
weight glycoproteins aggregate spider glue 1 and 2 (ASG1 and
ASG2) (16). These glycoproteins have been reported to func-
tion as central constituents of spider viscid glue; however,
whether these proteins have fiber forming properties has not
been established. Sequence analysis of the ASG1 and ASG2
protein sequences showed no similarities to the connection
joint proteins AgSF1 orAgSF2. Intriguingly, ourDNAmicroar-
ray studies did uncover one cDNA (clone 44) that contained a
65-amino acid region that showed 54% identities to a portion of
the ASG2 sequence. Thus, the translated clone 44 was ASG2-
like. This segment, somewhat surprisingly, did not correspond
to the repetitive domain within ASG2, a region reported to
share similarities with elastin and flagelliform spider silk pro-
tein repetitive sequence domains (16). Presently, it is unclear
whether the product of clone 44 localizes to a specific fiber type
or which silk gland expresses this gene. Attempts to use either
MS or MS/MS analyses of tryptic peptides obtained from dis-
solved attachment discs, wrapping silk, egg case fibers, gum-
footed lines, and dragline silk did not reveal peptide masses or
amino acid sequences that matched theoretical digestion of the
translated cDNA from clone 44. Further biochemical analysis
will be required to determine the expression pattern of this
gene and whether its product is extruded to coat fibers.
For the production of the anti-AgSF1 polyclonal antiserum,

we used a synthetic peptide that was located within the N-ter-
minal 64-amino block repeat. Based upon protein-protein
BLAST searches of theNCBInr database, this region showed no
similarities to other spidroin family members. Western blot
analyses performed with this antibody revealed immunoreac-
tive species in the aggregate, aciniform, and flagelliform glands
despite the aggregate gland restricted pattern of expression of
AgSF1. The molecular mass of the immunoreactive species
detected in the aggregate gland co-migrated with the protein
detected in the connecting joints. However, the immunoreac-
tive species detected in the aciniform and flagelliformwere sub-
stantially larger molecular weight proteins that did not co-mi-
grate with the immunoreactive species in the aggregate gland.
Taken together, these data support that the aciniform and
flagelliform glands produce higher molecular weight proteins
that share sequence similarity to the 64-amino acid block
repeat of AgSF1. In addition, we detected one immunoreactive

FIGURE 6. Atomic force microscopy demonstrates connection joints con-
sist of viscous biomaterials. A, the amplitude image confirms the presence
of connection joint material as a thin film over the dragline fiber at the junc-
tion point. B, the phase-contrast image reveals the highly viscous nature of
the biomaterial as indicated by the dramatic increase of the phase angles on
the thin film.
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species within the gumfooted lines. Based upon our MS studies
of solubilized gumfooted silk, however, it suggests this immunore-
active species is also distinct from AgSF1. In the future, it will be
interesting to determine the identity of these other immunoreac-
tive species and their sequence relationships to AgSF1.
The AgSF2 protein sequence has a single internal block repeat

that is present in 4 copies. This block repeat is also distinct from
other reportedspider silk fibroinmodules.Further structural stud-
ies will need to be performed to determine how this primary
sequence folds into a secondary structure. Based upon ourWest-
ern blot data, AgSF2 was shown to have a substantially smaller
molecular mass relative to traditional fibroin family members,
which have masses in the range of 250 to 350 kDa. Thus, despite
the presence of internal blocks repeats, whether AgSF2 can self-
assemble into fiberswill require further investigation.Wehavenot
yet attempted to spin recombinant AgSF2 proteins into synthetic
fibers. The observation that AgSF2 is extruded into a fast drying

glue-like interface material that serves to fuse individual scaffold-
ing fibers could imply that it functions as a novel bioadhesive dur-
ingwebconstructiontohelpenhance thestructural integrityof the
web. Although we made numerous attempts to determine
whether AgSF2 is N- or O-glycosylated in vivo, our MS and
MS/MS studies did not support the presence of glycans covalently
attached to AgSF2 (data not shown). Because highly glycosylated
proteins, such as mucins are known to have bioadhesive proper-
ties, the lack of detectable glycans on AgSF2 tryptic peptides
implies it has evolved a differentmolecularmechanism to interact
with theproteinchainsofmajorampullate silk fibroins.AgSF2was
observed to contain glycine and asparagine content that
approaches 43%. One possibility could involve the side chain
atoms of asparagine, which could lend themselves to hydrogen
bondwith other protein chains. In addition, two cysteine residues
were present within the C-terminal region of AgSF2, but whether
these residues participate in interdisulfide bond formation with

FIGURE 7. Synthetic fibers spun from purified recombinant AgSF1 contain amorphous domains. A, XRFD two-dimensional pattern of a single as-spun
AgSF1 fiber. B, XRFD two-dimensional pattern of the AgSF1 synthetic fiber after 3.5 � post-spin draw treatment. C and D, one-dimensional radial intensity
profile of the azimuthally integrated, whole two-dimensional pattern from the as-spun and 3.5 � post-spun fibers, respectively. E and F, one-dimensional
azimuthal intensity profile of the radially integrated diffraction rings at d � 4.5 Å and 10 Å for the as-spun and 3.5 � post-spun fibers, respectively.
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the conserved cysteine residue in the C terminus of MaSp1 or
MaSp2 remains to be determined.
AlthoughAgSF1 andAgSF2 are co-extruded into connection

joints, their protein chain lengths and internal block repeat
sequences, in addition to their N and C termini, were substan-
tially divergent from each other and spidroin family members.
For example, spidroin family members, such as PySp1 and
PySp2, which are known as glue silk fibroins, contain signifi-
cantly distinct repeat modules (9, 33, 34). Based upon these
differences, it implies distinct roles for the AgSFs and the pres-
ence of at least two distinct glue protein families in the connec-
tion joints. Furthermore, the presence of two distinct block
repeats in the AgSF1 protein chain also implies these regions
perform distinct biological functions. One of the internal block
repeats, the 36-amino acid segment, could be divided into the
following submotifs: 1) five tandem copies of the pentameric
sequenceX1PGGX2; 2) one hexameric sequence RPGGKG; and
3) one pentameric sequence QPGYY. These 36-amino acid
block repeats were iterated 11 times, comprising over 55 copies
of the X1PGGX2 subrepeats; these pentameric sequences
resemble VPGXG repeats found within elastin (35). Structur-
ally, VPGXG iterations have been proposed to adopt a long-
range �-spiral conformation with spring-like structures (36,
37).Whether iterations of X1PGGX2 sequences fold into a sim-
ilar secondary structure is unclear, but the PG residues and
their presence in the pentameric modules strikingly resemble
the VPGXG and GPGQQ modules of elastin and the flagelli-
form fibroin in spiral capture silk, respectively (13, 35). Despite
these similarities, there are some differences between the
VPGXG and X1PGGX2 modules. One difference is the hydro-
phobic nature of the valine elastin relative to the hydrophilic
properties of X1 (X1 � Gln, Glu, or Arg) in AgSF1. Differences
in chemical properties are also present within the last residue of
the pentameric sequence, where elastin contains the hydropho-
bic glycine residue and X2 was polar (X2 � Asn or Ser). Elastin
also has been established to form intermolecular cross-linking
via conserved lysine residues within its amino acid sequence.
The conservation and spacing of the lysine residues within the
RPGGKG motifs of AgSF1 could point to a similar function,
providing an intermolecular cross-linking hub to enhance
molecular alignments. However, based upon our biochemical
studies, we have not been able to provide direct evidence that
these residues are oxidized via chemical or enzymatic pro-
cesses. The third submodule QPGYY, which contains dityrosine
residues in tandem, was highly conserved throughout the 36-a-
mino acid block repeats. Aromatic residues have been reported to
be importantmediators of protein assembly, and specifically tyro-
sine residues, have been reported to participate in intermolecular
cross-linking (38–41). Thus, it raises the question whether these
residues have an important role in controlling the nucleation,
aggregation, polymerization, and/or intermolecular cross-linking
of AgSF1monomers during the extrusion process.
Theexactmechanismthat spidersuse toassembleglueproteins

into fibrous-like materials is highly debatable. Previous morpho-
logical studies of the spinneret silk spigots from black widow spi-
ders show the posterior lateral spinneret contains two aggregate
gland spigotswith large flap-likeopenings, suggesting theglue-like
proteinaceous material exits via a spraying process (20). Our

microdissections of the aggregate glands support this report,
revealing a large duct that exits the spinneret through a large flap-
like spigot structure (19). Thus, unlike traditional spigots, which
extrude threads, the proteins released from the aggregate gland
appear to experience a differentmechanism of self-assembly rela-
tive to fibroins spun by the major ampullate gland. Spraying the
liquid substance through the large flap-like structure implies the
secreted protein mixture is capable of undergoing assembly after
extrusion. Preliminary data that removes the Sumo-tag from the
recombinant AgSF1G�XPGXG, followed by gentle agitation,
resulted in protein aggregation in vitro.6 Thus, the observation
that AgSF1G�XPGXG monomers can spontaneously assemble is
consistentwith the assertion that extrusion, followedby extension
of the liquid via the movement of the abdomen, can lead to fiber
formation. In agreement with this proposal is the ability of
AgSF1G�XPGXG recombinant proteins to spontaneously form
aggregates without shear as well as form synthetic fibers with
shear, and the presence of small diameter fibers emerging from
centralized regions of the connection jointmaterial. In light of our
findings, these studies provide the first insight into the diverse
architectures of spider glue protein sequences that function to fas-
ten web and wrapping fibers, uncovering a rich source of new
structural biomaterials.
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