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Silk Properties Determined by Gland-Specific
Expression of a Spider Fibroin Gene Family

Paul A. Guerette, David G. Ginzinger, Bernhard H. F. Weber,*
John M. Goslinet

Spiders produce a variety of silks that range from Lycra-like elastic fibers to Kevlar-like
superfibers. A gene family from the spider Araneus diadematus was found to encode
silk-forming proteins (fibroins) with different proportions of amorphous glycine-rich do-
mains and crystal domains built from poly(alanine) and poly(glycine-alanine) repeat motifs.
Spiders produce silks of different composition by gland-specific expression of this gene
family, which allows for a range of mechanical properties according to the crystal-forming
potential of the constituent fibroins. These principles of fiber property control may be
important in the development of genetically engineered structural proteins.

ILndividual spiders generate up to seven me-
chanically distinct silk fibers by drawing lig-
uid-crystalline proteins (1) from separate
gland-spinneret complexes (2), but it is not
known how spiders modulate the mechani-
cal properties of silks. Silks are macromolec-
ular composites of amorphous protein do-
mains that are cross-linked and reinforced
by B-sheet microcrystals; the degree of crys-
talline cross-linking and reinforcement
largely determines functionally important
mechanical properties (3, 4). For example,
spider dragline silk, which forms the spider’s
safety line and the frame of its web, contains
20 to 30% crystal by volume (4, 5), forming
a fiber that is stiff (initial Young’s modulus,
10 GPa), strong (tensile strength, 1.5 GPa),
and tough (energy to break, 150 MJ m™3)
(4). Spider viscid silk, which forms the spi-
ral, glue-coated, capture portion of the web,
contains =5% crystal by volume (6) and is
mechanically similar to a lightly cross-linked
rubber, with low stiffness (initial Young’s
modulus, 3 MPa) and high extensibility (4).

Factors that influence the formation and
size of the crystals include the primary and
secondary structure of the proteins, control
of the genes that encode these proteins, and
the chemical and mechanical processing of
the proteins during spinning. X-ray diffrac-
tion studies on silks and synthetic polypep-
tides indicate that the amino acid sequence
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motifs that form B-sheet crystal domains are
either poly(alanine) repeats (for example,
spider silk) (4, 5, 7) or repeat motifs where
glycine alternates with either alanine or
serine (for example, the GAGAGS repeat
in Bombyx mori cocoon silk) (8, 9). In ad-
dition, a large fraction of the protein in silk
appears noncrystalline or “amorphous” by
x-ray diffraction (8), and therefore other
sequence motifs may direct the organization
of amorphous domains. In the fibroins of the
spider Nephila clavipes, the crystal-forming
poly(alanine) blocks are separated by gly-
cine-rich domains that are similar to the 8
turn—forming motifs in elastomeric proteins
(10). We will refer to these as amorphous
domains, although they may contain a de-
gree of local order.

To investigate the control of crystallinity
in silks, we examined the amino acid sequenc-
es of the silk proteins from the orb-weaving
spider Araneus diadematus. Complementary
DNA (cDNA) libraries were constructed
from the major ampullate gland (MA; drag-
line silk), the flagelliform gland (FL; viscid
silk), and the cylindrical gland (CY; cocoon
silk) (11). These libraries were screened with
probes that were based on the previously
cloned spidroin-1 and spidroin-2 from the
spider N. clavipes (12), hereafter called
NCEF-1 and NCF-2. Four distinct, partial
silk cDNAs were isolated, each of which
contained silklike protein repeat motifs, 78
to 101 residues of a nonsilk COOH-termi-
nal protein domain, and a unique 3’ un-
translated region (UTR). The silklike pro-
tein repeats of the four cDNAs are shown
in Fig. 1 and are named ADF-1 through
ADF-4 (ADF, A. diadematus fibroin).

Of the silklike protein encoded by the




A [ ADF1
L GGYGQGYGAGAGAGAGAGAGAGGA®*
25GGYGQGYGAGARAAAGAGAGAA®®
* GGYGGGSGAGGA®®
5 GGYGQGYGAGSGAGAGARAAAGASAGAR®®
¢ GGYGGGAGVGAGAGAA™™*
132 GGYGGGYGAGAGAGAGARASAGAS™®®
156 GGYGGGYGAGAGAVAGASY"*

102GGYGQSYGSGAGAGAGAGAAAAAGAGARAA Y

ADF-2
1GGAGQGGYGA---~---- GG-GGAARAARAAVGAGG-GGQGGLGS™®
**GEAGQG------ YGAGLGGQGGASAAAARAGGQGGQGGYGGLGSQGA®
7' GGAGQLGYGAGQE- - - --- -~ SAAAAAAAAGGAGG-GGQGGLGAM™ !

12GGAGQ-GYGGAAGLGGQGGAGQGGSGARAAG -QGGQGGYGGLGPQGAS®
17 GGAGQGGYGGSLQYGGQGQA- QAAASAAAS ®®

ADF-3

*°GPGGQGPYGPGASAAARARGGYGPGSGQQ®®

%9 GPGGQGPYGPGAASAAVSVGGYGPQS®®

' GPGQQGPYGPGASAAAAAAGGYGPGSGQOGPSQOGPGQQ*Y

%% GPGGQGPYGPGSSAAAAAAGGNG PGSGQQGAGQQ
------ 193G PGASAAAAAAGGYGPGSGQOGPGQQ?®

12°GPGGQGPYGPGASARAAAAGGYGPGSGQ-GPGQQ !
162G PGGQGPYGPGASAAAARAGGYGPGSGOQGPGQOGRGQQ2Y°
291G pGGQGPYGPGASAAAARAGGYGPGYGOQGPGQQGRGQQ???
249G PGGQGPYGPGASAASAASGGYGPGSGOQGPGQQ? "
274G PGGQGPYGPGASAARARAGGYGPGSGQQGPEOQGPGQRGPGQQ*Y
186 PGGQGPYGPGASARARAAGGYGPGSGQRGPGRQGPGOOGPGOOG PGOOG PGOQGPEQQGPGQRGPGQQ ¢
%G PGGQGAYGPGASARAGAAGGYG PGSGQQGPGQQGPGRQGPGOQG PGOOG PGOQGPGOQ
*46Gp----- YGPGASAAAARAGGYGPGSGQQGPGQQGPGOQ* "’

445

ADF-4

1GSSAAAAARAA- - SGSGGYGPENQGPSGPVAYGPGGP?®

*6VSSAAAAAAA- -GSGPGGYGPENQGPSGPGGYGP®”

*®GSSAAAAAAAA- - SGPGGYGPGSQGPSGPGGSGGYGPGSQGASGPGGP ™ ?
1 GASAAAARAAAAASGPGGYGPGSQGPSGPGAYGPGGR®®
151 GSSARARAAAA- - SGPGGYGPGSQGPSGPGVYGPGGR!®
%S GSSARAAAAA- -GSGPGGYGPENQGPSGPGGYGPGGS
221GSSAAARAAAA- - SGPGGYGPGSQGPSGPGGSGGYGPGSQGGSGPe?
264GASAAAAAAAL - - SGPGGYGPGSQGPSGPGYQGPSGP*"®

B [ NCF-
NCF-2

B. Mori heavy chain
GAGAGSGAAG [ (SG (AG) ,] Y

‘AGRGGLGGQGAGAAAAAAAGGAGQGGYGGLGSQG

GPGQQGPGGYGPGQQGP - -SGPGSAAAAAAAARA- - - -GPGGYGPGQQGPGGY

Fig. 1. (A) Predicted amino acid sequence in silklike regions encoded by four A. diadematus fibroin genes
(9). The full, silklike sequence from partial cDNAs is arranged to align crystal and amorphous regions and
to reveal the characteristic repeat motif of each protein. These repeat motifs are reiterated consecutively
throughout the known predicted protein sequence up to 78 to 101 residues before the stop codon. (B)
Consensus sequences from NCF-1, NCF-2, and B. mori heavy chain fibroin. Nucleotide and protein
sequence data have been deposited in GenBank (accession numbers U47853 to U47856).

ADF-1 clone, 68% is present as poly(alanine)
blocks five residues long, or as (GA), blocks
(n = 2 to 7); these motifs are known to form
B-sheet crystals (8). The remaining 32% is
occupied by GGYGQGY repeats (9), and
predictors of secondary structure suggest that
these are noncrystalline (13). ADF-2 encodes
crystal-forming poly(alanine) blocks ~8 res-

formed from GGAGQGGY and GGQGGQ-
GGYGGLGSQGA repeats, which are sim-
ilar to sequences in elastin and lamprin
(10, 14). Repeats of this type likely con-
tribute to the noncrystalline scattering seen
in x-ray diffraction patterns of elastic pro-
teins and silks. ADF-3 and ADF-4 proteins

are distinct because they are rich in pro-

ASAAAAAA blocks (21%) and amor-
phous repeat blocks (79%) of GPGGQG-
PYGPG, GGYGPGS, and (GPGQQ),, (n =
1 to 8). ADF-4 contains crystal-forming
SSAAAAAAAA blocks (27%) and amor-
phous repeat blocks of GPGSQGPS and
GPGGY (73%).

There are strong similarities between the
four genes cloned in this study and the
genes that encode NCF-1 and NCF-2, and
we suggest that they are part of the same
gene family. All of these genes encode pro-
teins that exhibit the pattern of alternating
alanine-rich, crystal-forming blocks and
glycine-rich amorphous blocks that are sim-
ilar in size. In addition, the COOH-termi-
nal domains of all spider fibroins show
strong identity, and they contain a highly
conserved cysteine residue (Fig. 2A, bold)
that may participate in interfibroin disul-
fide cross-linking (15). This domain shows
40 to 91% strict identity and 63 to 95%
functional identity (Fig. 2B). The very high
identity (95%) between the ADF-3 and A.
bicentenareus fibroin (ABF-1) suggests that
these two are species-specific variants of a
single gene. ADF-1 is the most distinct of
all the spider fibroins in both crystal and
amorphous repeat motifs, and it shows low-
est identity to other Araneus and Nephila
fibroins. It is not clear whether the proteins
from Nephila are species-specific variants of
Araneus fibroins or are additional members
of the gene family, and it will not be possi-
ble to resolve this issue without COOH-
terminal sequence data from related spiders.

Although the proteins encoded by this
gene family are similar, the variation in the
silklike domains is sufficient for differential
gene expression to provide the potential for
modulating the crystallinity, and hence the
mechanical properties, of a specific silk
type. Northern (RNA) blots containing to-
tal RNA from all seven silk glands from A.
diadematus were probed with 3’ restriction
fragments from each of the four ADF cDNAs
(16), and they showed gland-specific ex-
pression of all four silk genes. The ADEF-1
transcript (8.5 to 9.5 kb) is expressed in
very large amounts in the minor ampullate

idues long (19%); the remainder (81%) is  line. ADF-3 encodes crystal-forming  (MI) gland (Fig. 3A), and the predicted
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ADF-4 GAYGPSPSASVAASVYLRLQPRL EVSSAVSSLV SSGPTNGAAV SGALNSLVSQ ISASNPGLSG CDALVOALLE LVSALVAILS SASIGQVNVS SVSQSTQMIS QALSY®®

NCF-1 RVSSAVSNLV ASGPTNSAAL SSTISNVVSQ IGASNPGLSG CDVLIQALLE IVSALIQILG SSSIGQUNYG SAGQATQI

NCF-2 RVASAVSNLV SSGPTSSAAL SSVISNAVSQ IGASNPGLSG CDVLIQALLE IVSACVTILS SSSIGQVNYG AASQFAQV

ABF-1 RVSSAVSSLV SSGPTTPAAL SNTISSAVSQ ISASNPGLSG CDVLVQALLE VVSALVHILG SSSVGQINYG ASAQYAQM
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Fig. 2.‘COO!.-|—term|naI domain identity for spider fibroins. (A) The COOH-termi- B ADF-1_ADF-2 ADF-3 ADE-4 NCF-1 NCF-2 ABF-1
nal amino acid sequences of ADF-1 through ADF-4, NCF-1, NCF-2, and ABF-1 ADF-1 - 69 63 65 63 65 65
(78) are aligned and compared. Asterisks denote amino acids that are conserved ADF-2 47 - 81 83 85 79 86
in at least six of the seven sequences (9). The conserved cysteines are shown in ﬁg:z'i Zg 6: 7‘ 62 & 8 95
bold type. (B) Percent identity matrix for the first 78 residues of the COOH- NCF-1 44 ‘; y 72 7_0 8_2 gi g
terminal domains. The values in italics denote strict identity; the remainder show NCE-2 42 69 73 67 81 _ 86

functional identity with conservative amino acid substitutions. ABF-1___ 44 71 91 71 74 76 -
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amino acid composition of the encoded
silklike repeat is virtually identical to that
of the accessory fiber (MI, Table 1). Thus,
ADEF-1 is a major constituent of the MI silk,
and it is likely that the sequence motif in
the partial cDNA is representative of the
entire gene. Bands at ~8.5 and ~9.5 kb
(Fig. 3F) represent possible splicing variants
of ADF-1 or cross-hybridization to closely
related family members.

Moderately large amounts of ADF-2 tran-
script are found in the CY gland, with three
doublets at ~8, ~12, and ~14 kb (Fig. 3B).
Thus, ADF-2 is likely a constituent of cocoon
silk, but because its predicted amino acid
composition is quite different from that re-
ported for this silk (CY, Table 1), we believe
that other unidentified proteins must also be
present. The multiplicity of bands likely indi-
cates cross-hybridization to closely related, as
yet unidentified, CY-specific fibroin genes.

A va mracevaceye B mamiFLaccracey

95- 95| =
75-| 75

44-| 44— i

| |
kb kb
ADF-1 ADF-2
c MA MI FLAG CYAC PYC D MA MI FLAG CY AC FYC,‘
95— 9.5—
75— W~ 75— #an
a4-| M i 44—
kb 2 ki S e
ADF-3 ADF-4

E MAM FLAGCYACPY C

24- ”--m | 95-| = '
kb L .' kbl |
B-Actin ADF-1
(short exposure)

Fig. 3. Northern blot analysis of silk gland distribu-
tion of (A) ADF-1, (B) ADF-2, (C) ADF-3, (D) ADF-4,
(E) B-actin control, and (F) ADF-1 (short exposure).
Lanes: MA, major ampullate gland (dragline silk);
M, minor ampullate gland (accessory fiber); FL,
flagelliform gland (viscid silk); AG, aggregate gland
(viscid glue); CY, cylindrical gland (cocoon silk);
AC, aciniform gland (swathing silk); PY, pyriform
gland (attachment silk); and C, control spider vis-
ceral tissue. All lanes contained similar amounts of
RNA, as verified with the B-actin control.

F ma M FLAG cYacPY C

ADEF-3 shows very large transcript
amounts (Fig. 3C) in the MA gland (~9.0
and ~4.4 kb; arrows) and modest amounts
in the FL gland (~9.0 kb; arrow) and ag-
gregate (AG) gland (~4.4 kb; arrow). A
unique 21-base oligonucleotide from ADF-3
was used as a probe to confirm that the bands
at ~9.0 and ~4.4 kb were specific to ADF-3
alone. This finding suggests either the pres-
ence of a splicing variant of ADF-3 or very
similar heavy and light chain fibroin forms.
ADF-4 is expressed in large amounts only in
the MA gland (~7.5 kb; Fig. 3D, arrow).
The bands at ~9.0 and ~4.4 kb are believed
to represent cross-hybridization to the relat-
ed ADF-3 transcript.

Our results indicate that MA silk (drag-
line) has at least two major protein constit-
uents, both of which are rich in proline.
These two proteins have similar glycine,
alanine, and proline contents, but they dif-
fer in serine and glutamine content (Table
1). Interestingly, a 3:2 ratio of these two
proteins would have an amino acid compo-
sition that is virtually identical to that of A.
diadematus dragline (MA, Table 1). The
amino acid composition of ADF-3 fails to
account for the composition of the viscid
silk (FL, Table 1), and therefore other vis-
cid silk proteins remain to be cloned.

If spider fibroins, like virtually all other
fibrous proteins, contain structural motifs
that are repeated along the full length of the
protein, then our analysis provides complete
information on the major protein constitu-
ents of the MA and MI silks and partial
information on the FL, CY, and AG silks.
The four ADF probes hybridized weakly in
several glands, and ADF-2, -3, and -4 were
isolated from all three cDNA libraries; this
finding indicates that in addition to the ma-
jor patterns described above, small amounts
of expression can occur. Finally, the lack of
information on pyriform and aciniform silks
indicates that the fibroin gene family con-
tains other members and that much remains
to be learned about spider silk genetics.

The properties of spider silks are deter-
mined in part by protein composition and in
part during fiber spinning. Our results indi-

Table 1. Percent amino acid composition of silklike repeats from ADF-1 through ADF-4 and four

A. diadematus silks (79).

Amino

acid ADF-1 ADF-2 ADF-3 ADF-4 MA Ml FL cY
Glycine 46 a7 38 34 37 43 44 9
Alanine 37 27 17 22 18 37 8 24
Serine 5 4 6 17 7 5 3 28
Proline 0 1 15 16 16 0 21 1
Glutamine 2 11 18 3 11 2 3 8
Tyrosine 9 4 5 5 4 5 3 1
Arginine 1 0 0 0 1 2 1 1
Valine 1 1 1 1 1 2 7 6
Leucine 0 4 0 0 1 1 1 6
Aspartate 0 0 0 1 1 2 3 6
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cate that gene transcriptional control plays a
major role in determining mechanical prop-
erties by controlling the potential for crystal
formation. Thus, it should be possible to
express and spin a battery of silk-based
block copolymers with specifically tailored
material properties by varying the propor-
tion of crystal and amorphous coding do-
mains in chimeric gene constructs.
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Replication of HIV-1 in Dendritic Cell-Derived
Syncytia at the Mucosal Surface of the Adenoid

Sarah S. Frankel,* Bruce M. Wenig,* Allen P. Burke,
Poonam Mannan, Lester D. R. Thompson,
Susan L. Abbondanzo, Ann M. Nelson, Melissa Pope,
Ralph M. Steinmant

Human immunodeficiency virus-type 1 (HIV-1) replicates actively in infected individuals,
yet cells with intracellular depots of viral protein are observed only infrequently. Many cells
expressing the HIV-1 Gag protein were detected at the surface of the nasopharyngeal
tonsil or adenoid. This infected mucosal surface contained T cells and dendritic cells, two
cell types that together support HIV-1 replication in culture. The infected cells were
multinucleated syncytia and expressed the S100 and p55 dendritic cell markers. Eleven
of the 13 specimens analyzed were from donors who did not have symptoms of acquired
immunodeficiency syndrome (AIDS). The interaction of dendritic cells and T cells in
mucosa may support HIV-1 replication, even in subclinical stages of infection.

Hiv.1 undergoes active replication in in-
fected individuals even during periods of
clinical well-being (1, 2). It is important to
identify sites of viral replication during the
period of subclinical infection to under-
stand pathogenesis and identify better ther-
apies. Although lymph nodes are major res-
ervoirs for extracellular virions, actively in-
fected cells containing HIV-1 transcripts
are infrequent and cells with intracellular
viral protein are rare (3-9). Macrophages
containing intracellular HIV-1 transcripts
and Gag (p24) protein have been detected
in the brains of infected individuals (10),
but the specimens were from patients with
terminal AIDS and the infected macro-
phages were present only in association
with neurodegenerative changes that occur
in some patients. The paucity of produc-
tively infected cells may mean that very few
cells are responsible for viral replication in
vivo or that active sites for HIV-1 replica-

tion have yet to be identified.

To investigate possible additional sites
of virus replication, we examined specimens
of adenoidal lymphoid tissue from 13 indi-
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viduals, aged 20 to 42 years, two of whom
were female. A detailed list of the patients
is available on request. Each had undergone
surgery between 1989 and 1995 to remove
an enlarged adenoid, but the initial patho-
logical analysis did not show changes asso-
ciated with standard adenotonsillar infec-
tions or neoplasms. Further microscopic
analysis at the Armed Forces Institute of
Pathology revealed marked enlargement of
the lymphoid follicles (B cell areas) and
multinucleated giant cells. The latter are
characteristic of chronic infections, but rel-
evant organisms (tuberculous, fungal, para-
sitic, or viral) were not detected (11).
Within and just beneath the mucosa of
the 13 specimens, cells were present that
stained markedly for intracellular HIV-1
p24 antigen (12) (Fig. 1, B through E). The
p24-positive cells either were large and ir-
regularly shaped with a few nuclei or were
“giant cells” with large numbers of nuclei
and fewer dendrites. Weaker and diffuse
staining for p24 was also observed in the
underlying lymphoid follicles or germinal
centers (Fig. 1B). The latter deposits likely
represent extracellular antigen that was re-
tained as antibody-coated virions on the
surface of follicular dendritic cells (3, 6, 8,
13). Infected cells were not detected in the
adenoids of two HIV-1-negative controls
(Fig. 1A). In situ hybridization with radio-
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Fig. 1. Immunostaining of adenoidal lymphoid tissue for HIV-1 p24 protein. (A) Positive cells were not
detected in the adenoid of uninfected individuals. Brackets indicate the mucosal epithelium that lines
invaginations or plications of the surface (*). (B through E) Infected cells (brown) were present in and just
beneath the mucosa (M) of all the HIV-1-positive specimens studied. Weak p24 staining in the germinal
centers (GC) of the underlying lymphoid tissue is apparent in (B). HIV-1-infected syncytia, or multinucle-
ated giant cells, are evident at higher magnification in (D) and (E).

SCIENCE

VOL. 272 + 5 APRIL 1996 115



