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ABSTRACT: Spider silk proteins have mainly been investigated with regard to their contribution to mechanical
properties of the silk thread. However, little is known about the molecular mechanisms of silk assembly.
As a first step toward characterizing this process, we aimed to identify primary structure elements of the
garden spider’s (Araneus diadematus) major dragline silk proteins ADF-3 and ADF-4 that determine
protein solubility. In addition, we investigated the influence of conditions involved in mediating natural
thread assembly on protein aggregation. Genes encoding spider silk-like proteins were generated using a
cloning strategy, which is based on a combination of synthetic DNA modules and PCR-amplified authentic
gene sequences. Comparing secondary structure, solubility, and aggregation properties of the synthesized
proteins revealed that single primary structure elements have diverse influences on protein characteristics.
Repetitive regions representing the largest part of dragline silk proteins determined the solubility of the
synthetic proteins, which differed greatly between constructs derived from ADF-3 and ADF-4. Factors,
such as acidification and increases in phosphate concentration, which promote silk assemblyin ViVo
generally decreased silk protein solubilityin Vitro. Strikingly, this effect was pronounced in engineered
proteins comprising the carboxyl-terminal nonrepetitive regions of ADF-3 or ADF-4, indicating that these
regions might play an important role in initiating assembly of spider silk proteins.

Spider silks are protein polymers that display extraordinary
physical properties (1). Among the different types of spider
silks, draglines are most intensely studied. Dragline silks are
utilized by orb weaving spiders to build frame and radii of
their nets and as lifelines that are permanently dragged
behind. For these purposes, high tensile strength and elasticity
are required. The combination of such properties results in
a toughness that is higher than that of most other known
materials (1, 2). Dragline silks are generally composed of
two major proteins whose primary structures share a common
repetitive architecture (3, 4). Variations of a single repeat
unit, which comprises up to 60 amino acids, are iterated
several times to represent the largest part of a dragline silk
sequence. These repeat units comprehend a limited set of
distinct amino acid motifs. One motif found in all dragline
silk repeat units is a block of typically six to nine alanine
residues. In silk threads, several polyalanine motifs form
crystallineâ-sheet stacks leading to tensile strength (5, 6).
Glycine rich motifs such as GGX or GPGXX adopt flexible
helical structures that connect crystalline regions and provide
elasticity to the thread (7). Additionally, all investigated
dragline silk proteins comprise regions at their carboxyl

termini that display no obvious repetition pattern [nonre-
petitive (NR)1 regions]. Since so far no function and
structural role could be assigned to these regions in the final
thread, it is likely that they play a role in thread assembly.

Silk assemblyin ViVo is a remarkable process. Spider
dragline silk proteins are stored at concentrations of up to
50% (w/v) (8) in the so-called major ampullate gland.
Although a “dynamic loose helical structure” has been
proposed for the proteins within the major ampullate gland
(8), more recent data suggest a mainly random coil confor-
mation for the proteins of the so-called A-zone, which
represents the largest part of the gland (9, 10). The highly
concentrated protein solution forms the silk dope (spinning
solution). Thread assembly is initiated during a passage of
the dope through the spinning duct accompanied by extrac-
tion of water, sodium, and chloride (11, 12). At the same
time, the concentrations of the more lyotropic ions potassium
and phosphate are increased and the pH drops from 6.9 to
6.3 (11-13). Assembly is finally triggered by mechanical
stress, which is caused by pulling the thread out of the
spider’s abdomen (14).
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While some structural aspects of spider silk proteins have
been unravelled, little is known about the contribution of
individual silk proteins and their primary structure elements
to the assembly process. Comparative studies of the two
major dragline silk proteins of the garden spiderAraneus
diadematus, ADF-3 and ADF-4, revealed that, although their
amino acid sequences are rather similar (4), they display
remarkably different solubility and assembly characteristics.
While ADF-3 is soluble even at high concentrations (15),
ADF-4 is virtually insoluble and self-assembles into fila-
mentous structures under specific conditions (unpublished
results). To study molecular details of silk assembly, we
systematically investigated the influence of repeat units and
NR regions of ADF-3 and ADF-4 on solubility, assembly,
and aggregation properties of the silk proteins.

EXPERIMENTAL PROCEDURES

Materials. Chemicals were obtained from Merck KGaA
(Darmstadt, Germany) if not otherwise stated. Manipulation
and modification of DNA were performed as described
previously (16). Restriction enzymes were obtained from
New England Biolabs (Beverly, MA), and ligase was
obtained from Promega Biosciences Inc. (San Luis Obispo,
CA). DNA purification was performed using kits from
Qiagen (Hilden, Germany). Synthetic oligonucleotides were
obtained from MWG Biotech AG (Ebersberg, Germany). All
cloning steps were performed inEscherichia colistrain
DH10B from Novagen (Madison, WI).

Construction of Cloning Vector pAZL.A cloning cassette
with cohesive ends complementary to ones generated by
BglII and HindIII was created by annealing two synthetic
oligonucleotides, CC1 (GATCGAGGAGGATCCATGG-
GACGAATTCACGGCTAATGAAAGCTTACTGCAC) and
CC2 (AGCTGTGCAGTAAGCTTTCATTAGCCGTGAA-
TTCGTCCCATGGATCCTCCTC). Annealing was accom-
plished by decreasing the temperature of a 50 pmol/µL (each)
oligonucleotide solution from 95 to 20°C with an increment
of 0.1 °C/s. Mismatched double strands were denatured at
70 °C followed by another temperature decrease to 20°C.
After the 20°C-70 °C-20 °C cycle had been repeated 10
times, 10 additional cycles were performed with a denaturing
temperature of 65°C. The resulting cloning cassette was
ligated with a pFastbac1 vector (Invitrogen, Carlsbad, CA)
digested withBglII and HindIII. Both restriction enzyme
recognition sequences were destroyed upon this cloning step.
The resulting cloning vector was named pAZL.

Cloning of Silk Modules and NR Regions into the pAZL
Vector.Three amino acid modules derived from dragline silk
proteins ADF-3 and ADF-4 (Figure 1E) were back translated
into a DNA sequence considering bacterial codon usage.
Corresponding complementary DNA oligonucleotides A1
(TCCGTACGGCCCAGGTGCTAGCGCCGCAGCGGC-
AGCGGCTGGTGGCTACGGTCCGGGCTCTGGCCAGCA-
GGG)andA2(CTGCTGGCCAGAGCCCGGACCGTAGCCAC-
CAGCCGCTGCCGCTGCGGCGCTAGCACCTGGGCCGTAC-
GGACC), Q1 (TCCGGGCCAGCAGGGCCCGGGTCAA-
CAGGGTCCTGGCCAGCAAGGTCCGGGCCAGC-
AGGG) and Q2 (CTGCTGGCCCGGACCTTGCTGGC-
CAGGACCCTGTTGACCCGGGCCCTGCTGGCCCG-
GACC), and C1 (TTCTAGCGCGGCTGCAGCCGCG-
GCAGCTGCGTCCGGCCCGGGTGGCTACGGTCCG-

GAAAACCAGGGTCCATCTGGCCCGGGTGGCT-
ACGGTCCTGGCGGTCCGGG) and C2 (CGGACCGC-
CAGGACCGTAGCCACCCGGGCCAGATGGACCCT-
GGTTTTCCGGACCGTAGCCACCCGGGCCG-
G A C G C A G C T G C C G C G G C T G C A G C C G C G -
CTAGAACC) were synthesized and annealed as described
above and ligated with the pAZL vector digested withBsgI
andBseRI. NR regions of spider silk genesadf-3(gi|1263286)
andadf-4 (gi|1263288) (obtained from J. Gosline, Vancou-
ver, BC) were amplified by PCR using the following
primers: NR3f (GAAAAACCATGGGTGCGGCTTCTG-
CAGCTG TATCTG), NR3r (GAAAAGAAGCTTTCATT-
AGCCAGCAAGGGCTTGAGCTACAGATTG), NR4f
(GAAAAACCATGGGAGCATATGGCCCATCTCC-
TTC), and NR4r (GAAAAGAAGCTTTCATTAGCCT-
GAAAGAGCTTGGCTAATCATTTG). PCR products and
pAZL vector were ligated after digestion withNcoI and
HindIII. Cloning of synthetic modules as well as PCR
products resulted in the replacement of the cloning cassette’s
spacer, preserving the arrangement of its elements. For more
efficient translation, the codon AGA (Arg), which is rarely
translated inE. coli, was mutated to CGT (Arg) in NR3 and
NR4 using PCR mutagenesis (16).

Construction of Synthetic Spider Silk Genes.Connecting
of two gene fragments, e.g., single modules, module mul-
timers, or NR, regions represented the basic step of the
cloning strategy. For this purpose, the pAZL vector, contain-
ing the designated 5′-terminal gene fragment, was digested
with BsaI and BsgI, while the vector comprising the
3′-terminal gene fragment was digested withBseRI andBsaI
(Figure 1B). Ligation of the appropriate plasmid fragments
yielded the connecting of the two gene fragments and led to
the reconstitution of the pAZL vector’s ampicillin resistance
gene (Apr), which facilitated identification of correct con-
structs.

For gene construction, single modules were first connected
to yield repeat units (Figure 1D). These were gradually
multimerized and optionally linked with NR regions. Finally,
synthetic gene constructs as well as NR regions were excised
from the pAZL vector withBamHI andHindIII and ligated
with bacterial expression vector pET21a (Novagen) likewise
digested, providing a T7 tag (MASMTGGQQMGR) coding
sequence (17). The fidelity of all constructs was confirmed
by DNA sequencing.

Gene Expression. All silk genes were expressed inE. coli
strain BLR(DE3) (Novagen). Cells were grown at 37°C in
LB medium to an OD600 of 0.5. Before induction with 1 mM
IPTG (isopropylâ-D-thiogalactoside), cells were shifted to
30 °C in the case of (AQ)12, (AQ)12NR3, (QAQ)8, and
(QAQ)8NR3 and to 25°C in the case of C16, C16NR4, NR3,
and NR4, respectively. Alternatively, cells were grown in a
fermenter to an OD600 of 40-50 using complex media (18)
and the fed-batch technique (19). Again, before induction
with 1 mM IPTG, cells were shifted to 25 or 30°C. Cells
expressing (AQ)12, (AQ)12NR3, (QAQ)8, (QAQ)8NR3, C16,
and C16NR4 were harvested after induction for 3-4 h, while
cells expressing NR3 and NR4 were harvested after 16 h.

Protein Purification. Cells were resuspended with 5 mL
of buffer/g containing 20 mMN-(2-hydroxyethyl)piperazine-
N′-2-ethanesulfonic acid (HEPES) (pH 7.5), 100 mM NaCl,
and 0.2 mg/mL lysozyme (Sigma-Aldrich, St. Louis, MO)
and incubated at 4°C for 30 min. Cells were lysed by
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sonication using an HD/UW2200/KE76 ultrasonicator (Ban-
delin, Berlin, Germany), and genomic DNA was digested
by incubating cell lysates with 0.1 mg/mL DNase I (Roche,
Mannheim, Germany) in the presence of 3 mM MgCl2 at 4
°C for 60 min. Insoluble cell fragments were sedimented at
50000g and 4 °C for 30 min. SolubleE. coli proteins of
lysates containing (AQ)12, (AQ)12NR3, (QAQ)8, (QAQ)8NR3,
C16, and C16NR4 were precipitated by heat denaturation at
80 °C for 20 min, while lysates containing NR3 and NR4
were heated to 70°C for the same length of time. Precipitated
proteins were removed by sedimentation at 50000g for 30
min. Silk proteins, which remained soluble during heat

denaturation, were precipitated with 20% ammonium sulfate
[(AQ)12, (AQ)12NR3, (QAQ)8, (QAQ)8NR3, C16, and C16NR4]
or 30% ammonium sulfate (NR3 and NR4) at room tem-
perature and harvested by centrifugation at 10000g for 10
min. Pellets of (AQ)12, (AQ)12NR3, (QAQ)8, (QAQ)8NR3,
NR3, and NR4 were rinsed with a solution containing the
same concentration of ammonium sulfate as used for
precipitation and dissolved in 6 M guanidinium chloride
(GdmCl). In contrast, C16 and C16NR4 were washed with 8
M urea and dissolved in 6 M guanidinium thiocyanate
(GdmSCN). All proteins were dialyzed against 10 mM
NH4HCO3. Precipitates formed during dialysis were removed

FIGURE 1: Cloning strategy for constructing synthetic spider silk genes. (A) The cloning cassette comprised restriction sites required for
module multimerization (BsgI and BseRI) and for excising assembled genes (NcoI, BamHI, and HindIII). During gene construction, the
spacer region was replaced with modules and module multimers. (B) Site-directed connecting of two modules was accomplished by ligating
two appropriate plasmid fragments. The vector’s ampicillin resistance gene (Apr) was reconstituted. (C) Nucleotides required for linking
two modules were confined within the first codon of each module. (D) Module multimers were connected like single modules, resulting in
controlled assembly of synthetic genes. (E) Amino acid sequences of designed silk modules were derived from dragline silk proteins
ADF-3 and ADF-4.

13606 Biochemistry, Vol. 43, No. 42, 2004 Huemmerich et al.



by sedimentation at 50000g for 30 min, and the remaining
soluble silk proteins were lyophilized. Prior to analysis, the
lyophilized protein was dissolved in 6 M GdmSCN followed
by dialysis against appropriate buffers. Aggregates were
removed by sedimentation at 125000g for 30 min. Protein
concentrations were determined photometrically in a 1 cm
path length cuvette at 276 nm using calculated extinction
coefficients (Table 1) (20). Identity of proteins was confirmed
by sodium dodecyl sulfate-polyacrylamide gel electrophore-
sis [SDS-PAGE; 10% Tris-Glycine gels for>20 kDa
proteins and 10-20% Tris-Tricine gels (Invitrogen) for<20
kDa proteins] followed by blotting onto polyvinylidene
fluoride (PVDF) membranes (Millipore, Billerica, MA) and
detection using a mouse anti-T7 monoclonal antibody
(Novagen, 1:10000) as the primary antibody and an anti-
mouse IgG peroxidase conjugate (Sigma-Aldrich, 1:5000)
as the secondary antibody. Peroxidase activity was visualized
using the ECLplus Western blot detection kit from Amersham
Biosciences (Piscataway, NJ).

Fluorescence.Fluorescence spectra were recorded on a
FluoroMax spectrofluorometer (Jobin Yvon Inc., Edison, NJ).
Spectra were recorded using a protein concentration of 100
µg/mL in 10 mM tris(hydroxymethyl)aminomethane (Tris)-
HCl (pH 8.0) at room temperature. The integration time was
1 s and the step size 0.5 nm, and bandwidths were 5 nm
(excitation) and 5 nm (emission).

Secondary Structure Analysis.Far-UV circular dichroism
(CD) spectra were obtained using a Jasco 715 spectropola-
rimeter equipped with a temperature control unit (Jasco
International Co. Ltd., Tokyo, Japan). All spectra were
recorded at a protein concentration of 150µg/mL in 5 mM
Tris-HCl (pH 8.0) in a 0.1 cm path length quartz cuvette at
20 °C. The scan speed was 20 nm/min, the step size 0.2
nm, the integration time set to 1 s, and the bandwidth 1 nm.
Four scans were averaged and buffer-corrected. Thermal
transitions were analyzed with a heating and cooling incre-
ment of 1°C/min at 220 nm.

Solubility Assay.To determine the maximal concentration
of soluble proteins, a 1 mg/mL [0.1% (w/v)] solution in 10
mM Tris-HCl (pH 8.0) was concentrated by ultrafiltration
using a 10 000 Da molecular mass cutoff polyether sulfone
membrane (Vivascience AG, Hannover, Germany). At
distinct intervals, samples were taken from the solution until

the protein started to precipitate. Samples were diluted in
10 mM Tris (pH 8.0) to determine protein concentrations
photometrically.

Aggregation Assay.All samples were adjusted to 1 mg/
mL in 10 mM Tris-HCl (pH 8.0). For testing ionic effects
on silk protein aggregation, salts were added to final
concentrations of 300 mM. The effect of acidification was
investigated by adding HCl to a final concentration of 100
mM (pH 1). All samples were incubated at room temperature
for 1 h. Protein precipitates were removed from all samples
by sedimentation at 125000g for 25 min, and the amount of
the remaining soluble protein was determined photometri-
cally. Since the sum of soluble and aggregated protein had
to equal the initial amount of soluble protein, the percentage
of the aggregated protein could be calculated by subtracting
the amount of soluble protein from the initially used amount
of protein.

RESULTS

A Cloning Strategy for Designing Silk-like Proteins.
Expression of authentic spider silk genes in bacterial hosts
is inefficient (21) since some parts of the genes contain
codons that are not efficiently translated in bacteria. In
addition, gene manipulation and amplification by PCR are
difficult due to the repetitive nature of silks. To investigate
properties of spider silk proteins, cloning strategies have been
employed using synthetic DNA modules with a codon usage
adapted to the corresponding expression host. Synthetic genes
were obtained which encoded proteins resembling the
repetitive regions of spider silks (22-25). Importantly, none
of these protein designs included the carboxyl-terminal NR
regions that are found in all dragline silks.

We developed a seamless cloning strategy (26) that
allowed controlled combination of different synthetic DNA
modules as well as authentic gene fragments. Cloning vector
pAZL was designed comprising a cloning cassette with a
spacer acting as a placeholder for synthetic genes, and
recognition sites for restriction enzymesBseRI and BsgI
(Figure 1A). Since recognition and cleavage sites of these
enzymes are eight (BseRI) or 12 (BsgI) nucleotides apart,
translation start and stop codons as well as additional
restriction sites required for the excision of assembled genes
could be positioned close to the spacer.

Table 1: Selected Properties of Synthetic Silk Constructs and Authentic Spider Silk Proteins ADF-3 and ADF-4

(QAQ)8 (AQ)12 C16 NR3 NR4 (QAQ)8NR3 (AQ)12NR3 C16NR4 ADF-3 ADF-4

molecular mass (kDa)a 47.5 48.1 47.7 13.3 11.9 59.3 59.8 58.1 56.1 34.9
extinction coefficient (276 nm)

(M-1 cm-1)b
23200 34800 46400 4423 1523 27550 39150 47850 nd nd

no. of charged amino acid residuesc

(positive/negative)
0/0 0/0 0/16 2/2 2/2 2/2 2/2 2/18 4/2 2/6

mean hydropathicityd -1.252 -0.987 -0.464 0.401 0.438 -0.918 -0.710 -0.294 -0.628 -0.075
normalized mean hydropathicity,

boundary hydropathicitye
0.361,

0.413
0.390,

0.413
0.448,

0.424
0.545,

0.413
0.548,

0.413
nd nd nd 0.399,f

0.415f
0.464,f

0.417f

midpoint temperature of thermal
unfolding (°C)g

no no no 64 69 67 66 72 nd nd

solubility (%, w/v)h >30 >30 8 nd nd >30 >30 9 >28 <1
a The molecular mass of engineered proteins includes the T7 tag.b Extinction coefficients were calculated according to the method of Gill and

Hippel (20). c Charged amino acid residues refer to silk gene sequences only; T7 tags comprise an additional arginine.d The mean hydropathicity
was calculated as described previously (37). Hydrophobicity increases with hydropathicity values.e The mean hydropathicity was normalized to a
range between 0 and 1. Boundary hydropathicity was calculated according to the method of Uversky et al. (33, 34). If normalized hydropathicity
values are less than the boundary value, proteins are predicted to be intrinsically unfolded.f Values of ADF-3 and ADF-4 refer to their repetitive
sequences only.g Midpoint temperatures were determined by CD spectroscopy.h Values for ADF-3 and ADF-4 were taken from ref15and unpublished
results.
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In a first cloning step, the spacer region of pAZL was
replaced with a synthesized DNA module (for module design,
see below). Subsequently, two modules could be joined in a
site-directed way (see Experimental Procedures and Figure
1B). The complementary 3′-single-strand extensions GG
(sense) and CC (antisense) generated by cleavage withBsgI
and BseRI were used for connecting two modules (Figure
1C). Thus, the DNA sequence required to link two modules
was confined to a glycine codon (GGX). Glycine is naturally
abundant in spider silk proteins (∼30%); therefore, modules
could be designed without the need to search for restriction
endonuclease recognition sites which, after translation, match
authentic amino acid sequences. Since the arrangement of
the cloning cassette’s elements remained unchanged upon
cloning and multimerization, a variety of module combina-
tions could be constructed (Figure 1D).

Design, Synthesis, and Purification of Synthetic Spider
Silks. We chose dragline silk proteins ADF-3 and ADF-4
(3) from the garden spiderA. diadematusas templates for
the synthetic constructs. The partially identified primary
structure of ADF-3 largely consists of repeat units, which
all comprise a consensus sequence that includes a polyalanine
motif. The length of individual repeat units is determined
by varying the numbers of the GPGQQ motif. To mimic
the repetitive sequence of ADF-3, we designed two modules.
The sequence of one module, termed A, was derived from
the polyalanine-containing consensus sequence (Figure 1E).
The sequence of a second module termed Q contained four
repeats of the GPGQQ motif. To study repeat units of
different lengths, one or two Q modules were combined with
one A module to obtain (AQ) or (QAQ). These repeat units
were multimerized to generate synthetic genes encoding
repetitive proteins (rep-proteins) (AQ)12 and (QAQ)8.

The repetitive part of ADF-4 is generally composed of a
single conserved repeat unit displaying only slight variations.
We combined these variations and designed one consensus
module termed C (Figure 1E), which we multimerized to
obtain rep-protein C16. The number of module repeats in all
synthetic genes was chosen to encode proteins with a similar
molecular mass (∼50 kDa).

ADF-3 and ADF-4 both display NR regions at their
carboxyl termini, comprising 124 and 109 amino acids,
respectively. Gene sequences encoding these regions were
amplified by PCR, and codons problematic for bacterial
expression were changed to more suitable codons by site-
directed mutagenesis (see Experimental Procedures). There-
fore, all of our synthetic genes could be combined with the
appropriate authentic NR regions, yielding genes encoding
rep-NR proteins (AQ)12NR3, (QAQ)8NR3, and C16NR4.
Additionally, NR3 and NR4 could be expressed individually.

After bacterial synthesis, all silk proteins were purified
by a heat step followed by an ammonium sulfate precipita-
tion. The identity of the proteins was confirmed by immu-
noblotting, using antibodies directed against T7 peptide tag
sequences, attached to the amino-terminal end of all silk
proteins (Figure 2A). Although all rep-proteins and all rep-
NR proteins had similar molecular masses (Table 1), they
displayed different migration velocities when subjected to
SDS-PAGE. This effect might be caused by aberrant
binding of dodecyl sulfate to the proteins, leading to variation
of the proteins’ net charges. Besides full-length proteins,
immunoblotting revealed traces of proteins with lower

molecular masses within preparations of rep-NR proteins.
Binding of the anti T7-tag antibody to these proteins
identified them as silk proteins lacking part of their carboxyl-
terminal end. After each purified protein was analyzed by
SDS-PAGE and silver staining, no additional bacterial
proteins were detected in all protein preparations (Figure 2B).
Protein purity was further determined by measuring fluo-
rescence emission. Incident 280 nm light leads to excitation
and fluorescence emission of tyrosines and tryptophans, while
295 nm light exclusively excites the latter. Since none of
the designed spider silk proteins comprised tryptophans,
fluorescence emission upon excitation with 295 nm would
have been indicative of contaminatingE. coli proteins, which
on average contain 1.5% tryptophan (27). Fluorescence
measurements of all silk protein preparations revealed
emission spectra akin to the spectrum of tyrosine, which
occurs abundantly in the silk proteins. In contrast, no
tryptophan fluorescence could be detected, indicating the high
purity of the protein preparations (data of C16NR4 shown in
Figure 2C).

Bacterial production of synthetic silk proteins in Erlen-
meyer flasks yielded similar protein amounts for all con-
structs. Yields of individual preparations ranged from 10 to
30 mg of purified protein per liter of culture medium.
Fermentation of cells was employed to investigate the
possibility of upregulating protein synthesis. Yields of
(QAQ)8NR3 and C16NR4 thus could be increased to 140 and
360 mg/L, respectively.

Rep-NR Proteins Consist of a Poorly Structured RepetitiVe
Region and a Highly Structured NonrepetitiVe Domain.
Secondary structure was investigated by CD spectroscopy.
Rep-proteins exhibited spectra typical for intrinsically un-

FIGURE 2: Analysis of spider silk proteins. (A) T7 tags of
recombinant silk proteins were detected after Western blotting with
an anti-T7 tag antibody. (B) Proteins were subjected to SDS-PAGE
followed by silver staining. Due to weak staining of (AQ)12 and
(QAQ)8, the contrast of the image was increased electronically. (C)
Fluorescence emission spectra of purified C16NR4 are shown with
an excitation wavelength of 280 (s) or 295 nm (‚‚‚).

13608 Biochemistry, Vol. 43, No. 42, 2004 Huemmerich et al.



structured proteins. In contrast, NR proteins exhibited spectra
indicative of secondary structure comprisingR-helices
(Figure 3). Spectra of rep-NR proteins roughly corresponded
to a combination of the rep and NR spectra weighted
according to their share in the rep-NR proteins (Figure 3
and data not shown). Therefore, it is likely that the rep-NR
proteins are composed of a repetitive region displaying
mainly random coil structure and a carboxyl-terminal non-
repetitive folded protein domain.

Silk Proteins Refold after Thermal and Chemical Dena-
turation. When thermally induced structural changes were
investigated via CD spectroscopy, no cooperative temperature
transitions were observed for rep-proteins between 20 and
90 °C, an effect which has also been observed for other
intrinsically unfolded proteins (28, 29) (Figure 3). Since NR
proteins displayed secondary structure content, thermal
unfolding should be detectable at elevated temperatures.
Accordingly, cooperative thermal transitions were observed.
Midpoints of temperature transitions were 64°C (NR3) and
69 °C (NR4) (Table 1). Rep-NR proteins also displayed
cooperative unfolding with transition temperatures 2-3 °C
above the values of the corresponding NR domains [67°C
for (QAQ)8NR3, 66 °C for (AQ)12NR3, and 72°C for
C16NR4 (Figure 3B and Table 1)]. This indicates that thermal
unfolding of rep-NR proteins is determined mainly by the
NR domains, which seem to be slightly stabilized when
connected with a repetitive sequence. Furthermore, all
thermal transitions were completely reversible. The revers-
ibility of the structural changes upon heating explained the
high recovery of soluble silk proteins after the heat step
employed during protein purification. Tris was used to buffer
all solutions investigated by CD spectroscopy, because of
good spectral properties and little capacity to promote silk
protein aggregation. Because of the strong temperature

dependence of Tris-buffered solutions, the pH of the samples
was expected to shift from pH 8 to 6 upon heating from 20
to 90 °C (16). However, temperature transitions of silk
proteins in phosphate buffer at pH 8, displaying a temper-
ature-independent pK value, revealed equal midpoints of
thermal unfolding (data not shown), although they were not
entirely reversible probably due to protein aggregation (see
below). This indicated that thermal unfolding of silk proteins
was not influenced by thermally induced changes in the pH
in Tris-buffered solutions.

Chemical de- and renaturation of silk proteins was
employed during the purification of silk proteins. To test
the effect of this treatment on secondary structure, CD was
measured of rep-NR proteins in Tris buffer, after dialysis
against 6 M GdmCl and renaturation by dialysis against Tris
buffer. The identical spectra of the initial and refolded
proteins indicated that chemical denaturation is completely
reversible (data not shown).

The Solubility of Silk Proteins Is Determined by Their
RepetitiVe Sequences.To obtain the high protein concentra-
tions found in the dope, silk proteins must be highly soluble.
We tested the maximum concentrations at which rep-proteins
and rep-NR proteins remained soluble, to identify primary
structure elements that determine solubility. All proteins
comprising modules A and Q could be concentrated by
ultrafiltration to more than 30% (w/v) without forming visible
aggregates, regardless of the presence of the NR domain. In
contrast, proteins containing module C could only be
concentrated to 8% (w/v) (C16) and 9% (w/v) (C16NR4)
(Table 1). Both proteins transformed into a gel-like state upon
further concentration (data not shown). Thus, solubility of
the silk proteins was solely determined by their repetitive
sequences and was not influenced by the NR domain.

FIGURE 3: Secondary structure and temperature transitions of spider silk proteins. (A) CD spectra of rep-proteins (s), rep-NR proteins
(‚‚‚), and NR proteins (- - -) were recorded at 20°C. (B) Mean residue weight (MRW) ellipticities of soluble synthetic spider silk
proteins were measured at 220 nm while heating to 90°C (s), followed by cooling to 20°C (‚‚‚).
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Potassium Does Not Promote Aggregation of Synthetic Silk
Proteins, Independent of Their Primary Structure.pH and
ions, such as potassium and phosphate, are involved in
natural silk assembly. Here we wanted to investigate how
these factors promote the assembly of synthetic silk proteins.
Since we were unable to imitate the authentic assembly
process, which includes orientation of the involved proteins
by extensional flow, we performed an aggregation assay
using protein solutions not displaying orientational order.
None of the tested rep-, rep-NR, and NR proteins displayed
significant aggregation (<5%) when incubated in buffer for
1 h, indicating that all proteins were intrinsically soluble
under the testing conditions (Figure 4). To investigate
whether addition of ions caused aggregation by increasing
the ionic strength, proteins were incubated with 300 mM
sodium chloride. However, no aggregation was observed.
In contrast to sodium, potassium has previously been reported
to specifically promote silk aggregation (30), yet 300 mM
potassium chloride also showed no influence on the solubility
of the synthetic silk proteins (Figure 4).

Addition of Phosphate and Acidification Initiate Aggrega-
tion of Rep-Proteins Depending on Their Primary Structure.
Phosphate has been known to be added to the dope during
the natural spinning process. Potassium phosphate (300 mM)
caused no aggregation of (QAQ)8 and weak precipitation of
C16 (12%). In contrast, (AQ)12 displayed a stronger tendency
to aggregate (47%) upon phosphate treatment. Similar results
were obtained using sodium phosphate, indicating that the
effect is specifically caused by phosphate ions (data not
shown).

The exact function of acidification during spider silk
assembly has not yet been determined. However, it seems
likely that negatively charged groups are protonated, reducing
the net charge of spider silk proteins. Phosphoryl groups of
phosphoamino acid residues, which have been detected in
dragline silk (31), display pKa values (32) near the range of
the pH shift observed during the spinning process and thus
could be involved in triggering silk assembly. Since the
synthetic silk proteins did not contain such groups, we aimed
to mimic charge reduction by protonating terminal and side
chain carboxyl groups. (QAQ)8 and (AQ)12, displaying only
the terminal carboxyl group, showed no (<5%) and weak
(18%) aggregation at pH 1. Interestingly, protonation of C16’s
16 glutamate residues also caused only weak aggregation
(8%) (Figure 4).

NR Domains Amplify the Response to Factors that
Promote Aggregation.To investigate the influence of NR
domains on aggregation, NR proteins and rep-NR proteins
were incubated at low pH and with phosphate. Despite the
likely protonation of the two negatively charged amino acid
residues of each NR domain, only weak (NR3, 13%) or no
(NR4, 0%) aggregation was observed at pH 1. Acidification
of (QAQ)8NR3 and (AQ)12NR3 caused weak aggregation
(10 and 15%, respectively), which was in the range displayed
by the corresponding rep-proteins. Interestingly, although the
NR4 domain alone did not precipitate, C16NR4 showed
strong aggregation at pH 1 (70%). Thus, the combination of
the repetitive C16 and the NR4 domain, which did not
significantly aggregate upon acidification by themselves, led
to a protein highly sensitive to this aggregation-promoting
factor. Similar results were obtained for the addition of
phosphate. While neither NR3 nor NR4 showed aggregation
in the presence of phosphate (1 or 0%, respectively), the
addition of the NR domains to the repetitive regions caused
an increased aggregation of the rep-NR proteins in com-
parison to rep-proteins [57% for (QAQ)8NR3, 81% for
(AQ)12NR3, and 80% for C16NR4].

DISCUSSION

Using a cloning strategy that allows seamless and con-
trolled assembly of DNA modules, synthetic genes encoding
spider silk-like proteins were constructed. The design of
proteins yielded different combinations of repeat units and
naturally occurring NR regions, for systematic testing of the
properties of such single primary structure elements. Struc-
tural analysis by CD spectroscopy revealed that repetitive
regions are mainly unstructured in their soluble state,
displaying properties common to other intrinsically unfolded
proteins (28, 29). The same conformational state has been
proposed for the largest part of the major ampullate content
(10). In contrast, NR regions were found to represent
independently folding protein domains. Because of the high
degree of similarity between the NR domains of ADF-3 and
ADF-4 (81% similar and 67% identical), it can be assumed
that both exhibit similar structures and might fulfill related
functions.

Thermal and chemical denaturation of rep-NR proteins is
reversible. Further, CD data obtained from refolded rep-NR
proteins and from natural silk dope (9) are remarkably
similar. Therefore, it can be assumed that even after treatment
with heat and chaotropic reagents during purification and

FIGURE 4: Aggregation of synthetic spider silk proteins. Aggrega-
tion of proteins was assessed after incubation for 1 h in buffer
(control), in the presence of 300 mM NaCl, or 300 mM KCl, at
pH 1 or in the presence of 300 mM potassium phosphate. Bars for
proteins derived from ADF-3 are light gray and from ADF-4 are
dark gray.
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sample preparation all investigated spider silk components
in aqueous solutions were in a conformational state compa-
rable to that of natural silk proteins within the dope.

According to Uversky et al., intrinsically unfolded proteins
can be predicted on the basis of their net charge and mean
hydropathicity. The net charge of a protein is used to
calculate a “boundary” hydropathicity. If the normalized
mean hydropathicity of the protein is below the boundary
value, the protein is predicted to be intrinsically unfolded
(33, 34). In accordance with our measured data, this is the
case for the repetitive sequences (QAQ)8 and (AQ)12 (Table
1). Intrinsic unfolding of a protein indicates that interactions
of the amino acid residues with the surrounding solvent are
more favorable than with amino acids of the same or other
polypeptide chains. Accordingly, (QAQ)8 and (AQ)12 are
soluble even at high concentrations. In contrast, C16 displays
a hydropathicity slightly above the boundary value. While
still revealing some properties of intrinsically unfolded
proteins, interactions between polypeptide chains are becom-
ing more favorable at high concentrations, leading to
aggregation of the protein and resulting in a lower solubility
in comparison to those of (QAQ)8 and (AQ)12 (Table 1).

Mean hydropathicities of NR domains were clearly larger
than their calculated boundary values, which is consistent
with the data presented in this work, identifying them as
folded protein domains. Solubility of folded proteins is
determined only by amino acid residues exposed to the
surface. Therefore, the mean hydrophobicity of NR domains
cannot be used as a parameter to estimate their contribution
to the solubility of spider silk proteins. However, since NR
sequences constitute only a small fraction of spider silk
proteins, they likely have little influence on the proteins’
solubilities. Accordingly, rep-NR proteins displayed the same
solubility properties as the corresponding rep-proteins,
indicating that solubility is determined by the composition
of the repetitive sequences only. The solubility and calculated
hydropathicity of (QAQ)8 and (AQ)12 correlate well with the
values of authentic ADF-3 (Table 1). C16 and ADF-4 both
display lower solubility, although C16 does not share the high
intrinsic insolubility of ADF-4. This difference can be
explained by a higher hydropathicity and a lower net charge
for ADF-4 (1.0%) than for C16 (2.9%) (Table 1).

Reducing negative charges by protonation of the silk
proteins’ carboxyl groups was expected to mainly affect
proteins comprising the C module. Accordingly, proteins
composed of modules A and Q, which do not contain
aspartates or glutamates, did show only weak aggregation
upon protonation. C16, even after neutralization of its 16
negative charges, remained mostly soluble. Strikingly, fusing
the NR4 domain, which did not show any response to
acidification by itself, with the weakly aggregating C16

resulted in a protein highly sensitive to protonation. Thus,
charge reduction of the repetitive region and the presence
of the NR domain are required for initiating aggregation.
The pH used in this experiment was chosen beyond condi-
tions found during the natural spinning process to demon-
strate the effect of protonation. Although NR4 did not show
any measurable aggregation tendency, there is a possibility
that some of its properties are altered at low pH in
comparison to physiological conditions.

Phosphate, like other lyotropic ions, is known to increase
the surface tension of water, promoting hydrophobic interac-

tions (35). In the case of spider silk proteins, it is likely that
the addition of phosphate initiates interactions between the
hydrophobic polyalanine motifs, causing the aggregation of
the proteins. Accordingly, aggregation of (AQ)12 was pro-
nounced in comparison to that of (QAQ)8 which contains
one-third fewer polyalanine motifs. C16 displaying the longest
and greatest number of polyalanine motifs, however, did not
show the strongest aggregation upon phosphate treatment.
A possible explanation for this unexpected result might be
the repulsion of negatively charged glutamate side chains
and phosphate ions, leading to a weakening of the phos-
phate’s lyotropic effect. Even though both NR domains did
not respond to the addition of phosphate, their addition to
the rep-proteins strongly increased phosphate sensitivity.

In the case of acidification as well as after addition of
phosphate, it appeared that the NR domains amplified a
primary response of the repetitive regions to aggregation-
promoting factors. As the NR domains did not respond to
these factors themselves, this enhancement of sensitivity
might be caused, for instance, by changes in the oligomeric
status of the silk proteins. NR domains have been found to
form disulfide-bridged dimers (36). Further oligomerization
might lead to increased local concentrations of polypeptide
sequences required for initiating aggregation which is assisted
by solvent conditions that favor the formation of intermo-
lecular interactions.

Our protein engineering approach, which combines syn-
thetic repetitive sequences with authentic NR regions, reveals
that proteins closely resembling authentic silk proteins can
be produced in high yields. The bacterial expression system
as well as the simple and cheap purification process, which
can easily be scaled up, provides the basis for cost-efficient
industrial-scale production of spider silk-like proteins. On
the basis of our studies, the molecular mechanisms of spider
silk assembly can be further investigated, which will provide
the knowledge required for artificially spinning silk threads
from recombinant proteins and for gaining new materials
for biotechnological and medical applications.
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