2342 Biomacromolecules 2007, 8, 2342-2344

Conformation of Spider Silk Proteins In Situ in the Intact Major
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To understand the spinning process of dragline silk by spiders, the protein conformation before spinning has to
be determined. Raman confocal spectromicroscopy has been used to study the conformation of the proteins in
situ in the intact abdominal major ampullate glandN#phila clavipes and Araneus diadematuspiders. The

spectra obtained are typical of natively unfolded proteins and are very similar to that of a mixture of recombinant
silk proteins. Vibrational circular dichroism reveals that the conformation is composed of random and polyproline

II (PPII) segments with some-helices. Thea-helices seem to be located in the C-terminal part whereas the
repetitive sequence is unfolded. The PPII structure can significantly contribute to the efficiency of the spinning
process in nature.

The spinning process of dragline silk by spiders consists of aqueous solution indicate that the protein conformation is mainly
the conversion at ambient temperature and pressure of a highlyunordered but may contain various secondary structures such
viscous and concentrated protein aqueous solution into anasa-helix, -sheet, turn, and polyproline 1l (PPII) helix.
insoluble fiber. This filament is produced by the abdominal Here, Raman confocal spectromicroscopy has been used
major ampullate (MA) gland of orb-weaving spiders and exhibits successfully to study the native protein conformation in situ in
remarkable mechanical propertieShere is currently a great  intact MA glands of the spider. clavipes and Araneus
interest in understanding this natural transformation to help in diadematugA. diadematus The spectra obtained were com-
the development of bioinspired materials having comparable pared with that of a mixture of the proteins MaSpl and MaSpl|
performances. However, to understand this process, it is crucialfound in the dragline silk oN. clavipesusing the recombinant
to have as much information as possible on the structure of theproteins produced by Nexia Biotechnologies, fihe second-
proteins before and after spinning. Whereas the final dragline ary structure of these two proteins was further analyzed by
fiber is relatively well characterized, little is known about the vibrational circular dichroism (VCD) anéH NMR.
native protein conformation in the MA gland. Figure 1 shows the Raman spectra in the amide | and amide

A key problem stems from the fact that the dope solution |jj regions of the MA gland lumen oN. clavipes and A.
stored in the MA gland is metastable so that the proteins are diadematusollected with a 5& objective, with the laser beam
readily converted tg3-sheets upon handling. It is thus of peing focused 56100 um below the surface of the gland
paramount importance to find a technique that allows the direct epithelium. It is remarkable that spectra with very good signal-
investigation of the protein conformation in the feedstock to-noise ratios could be obtained in situ through the gland
solution contained in the intact gland. To date, this problem membrane. For both spider species, the spectra have identical
has not been solved, and the conformation of the silk proteins shapes in the amide | and amide Il regions, indicating very
before spinning remains unclear. Hijirida efalsed"*C NMR, similar protein conformations. They are totally different from
electronic circular dichroism (ECD), and infrared spectroscopy those of a dragline silk fiber (Figure 1) in terms of position,
to examine the conformation of MA gland silk fibroin within  shape, and bandwidth. For the fiber, the amide | and amide Il
the glands of the spideNephila claipes (N. clavipes and bands appear at 1670 and 1229/1241 §mespectively, which
concluded that silk fibroin in the glands exists in dynamically is characteristic of-sheet$, the dominant secondary structure
averaged helical conformations. More recéitand**C NMR in dragline silk. In addition, the amide | band is narrow, showing
results on the native liquid silk stored within the lumen of a 3 rather high degree of homogeneity of the secondary structures
MA silk gland led to the conclusion that each amino acid of a present. On the contrary, the amide | band of the spinning dope
given type lies in an identical environment, which was found s broad, showing the presence of various secondary structures
to be consistent with a random coil struct§8eCD results of before spinning. For the spinning dope, the amide | and amide
the spinning dope diluted in water and silk fibers dissolved in ||| bands are located at 1660 and 1260 ¢nrespectively, and
are typical of unfolded proteinsOther smaller differences can

:gorrestponc:in? gr‘:thof-t Universiteaval also be observed. The bands at 1303 and 1338 amthe dope
N Dggg;mgﬂt of Bio?c?;'; Y vertamal are associated with the-helix conformatior®? indicating that
O Department of Biochemistry and Microbiology, Univefsitaval. the spidroins adopt a small but S|gn|f|cant ?mogmdfehces-
8 UniversiteBordeaux 1. These bands are weak or absent in dragline fibers.
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Figure 1. Raman spectra of the MA gland lumen of N. clavipes and
A. diadematus, compared with a 80:20 MaSpl/MaSpll aqueous
mixture (5% w/v of proteins, pH 9) and the dragline silk fiber of N.
clavipes. The latter spectrum is the orientation-insensitive one
calculated from polarized spectra as described elsewhere.l® The
spectra are normalized with respect to the peak maximum of the 1452
cm~! band.811

To mimic the spinning dope of the MA gland, the recom-
binant proteins MaSpl and MaSpll have been studied in water
at a molar ratio of 80:20 (the ratio found fit clavipesdragline
fiber by Brooks et al?2 and from our own measurements using
NMR spectroscopy of solubilizel. clavipes dragline fibers
(unpublished results)). The spectrum recorded in vitro is almost
identical to that of the gland lumen, particularly in the amide |
and lll regions. Therefore, although there is a dramatic differ-
ence in the protein concentration between the aqueous solutio
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Figure 2. (A) VCD spectra in the amide I' region of MaSpl, MaSpll,

nand the peptide XAO in D,O solution (5%, 5%, and 3% wl/v,

(5% V_V/V) and the MA gland (minimum 30%), the_recorr_]binant respectively). The VCD spectra were normalized so that all samples
proteins appear to be a good model to further investigate the have their amide I absorbance maximum equal to 1. (B) Comparison

native structure of silk proteins before spinning.

Figure 2A presents the VCD spectra in the amidesgion
of MaSpl and MaSpll in RO at pD 7 and 11, respectively.
MaSpll was investigated at high pD to avoid spontaneous
protein aggregation. The spectra exhibit a strong negative
component at 1639 cm (MaSpl) or 1630 cm! (MaSpll),
clearly revealing a significant contribution from the PPII
structure (left-handed;3helix).1® The expected positive con-
tribution at~1660 cnt? typical of PPII is hidden for MaSpl
by another band due t-helices (see below). For comparison,
the spectrum of the seven Ala peptide acetyl- XXAAAAAAAOO-
amide (XAO) is presented (X refers to diaminobutyric acid, and
O refers to ornithine). This peptide is a model of the PPII
structuré* and is very representative of the Ala segments of
the silk proteins (see Supporting Information). The comparison
with XAO further supports the propensity of MaSpl and MaSpl|
to form PPII. As seen in Figure 2A, the magnitude of the VCD
spectra of MaSpl and MaSpll is about one-third that of XAO,

between the VCD spectrum of myoglobin and the difference spectrum
obtained by subtracting the spectrum of XAO from that of MaSpl.

Besides this spectral difference, the overall conformations
of MaSpl and MaSpll are basically the same and contain mostly
random and PPII structures with soméhelices. Interestingly,

31 helices have also been detected in the amorphous region of
the solid fiberst® Since the PPII and such Belices correspond

to the same structure, the presence of the PPII segments in the
spinning dope suggests that residuahglices are conserved
after the spinning process. The presence of random and PPII
structures is the basic characteristic of natively unfolded
proteinst” The VCD spectrum of MaSpl exhibits a small
negative feature near 1659 ct As seen in Figure 2B, the
difference spectrum calculated by subtracting the XAO spectrum
from that of MaSpl is typical of ther-helix and is very similar

to that of the highly helical protein myoglobin. Figure 2A also
shows that, for MaSpll, the-helix feature is less well-defined

indicating that part of the backbone of these proteins does notdue to the basic pH. On the basis of the secondary structure
contribute to the VCD signal. Therefore, some amino acid prediction of the C-terminal regions of MaSpl and MaSpl! (data
residues seem to be totally unordered. The negative band atot shown) and on ECD results on recombinant dragline proteins

1639 cn1! for MaSpl is also similar to that of long homo-
polypeptides such as polyysine and poly:-glutamic acid,
which are known to adopt the PPII structdfé® The lower
position of this feature for MaSpll is attributed to the presence
of 15% of Pro residues in the sequence since the position of
this band for poly:-proline is 1615 cm! (MaSpl is devoid of
Pro)13 This result shows that the Pro residues of MaSp2, as
well as other residues, form PPIl segments.

of the spiderA. diadematugd® it appears that the-helices of
the spidroins are mainly located in the C-terminal region of the
spidroins.

The H* chemical shifts of different amino acid residues of
MaSpl/MaSpll in aqueous solution (0.5% w/v) were also
determined by*H NMR spectroscopy (Table 1).

These chemical shifts are very different from those found
for the a-helices ands3-sheets and are close to those of PEBV
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Table 1. Chemical Shifts of the H* Atom of Recombinant Proteins and Models of Secondary Structure?

GGXGG o-helix [-sheet MaSpl MaSpll MaSpl MaSpll XAO
J (ppm)® o (ppm)© o (ppm)© 0 (ppm) o (ppm) o (ppm) 0 (ppm) o (ppm)
Ala 4.34 4.05 4.67 4.25 4.25 4.33 4.33 4.26
Arg 4.34 3.99 4.65 4.34 4.34
Gln 4.36 4.02 4.88 4.34 4.34 4.35 4.37
Pro trans 4.44 412 4.79 4.42 4.44
Leu 435 3.98 4.69 4.35 435
Tyr 456 4.15 5.03 4,55 457 455 4,58

a2 Some of the chemical shifts were corrected (dr) using the sequence-dependent correction factors given by Schwarzinger et al.*® The details of the
chemical shift corrections are given in the Experimental Section. ® Reference 20. ¢ Reference 21.

measured on GGXGG peptides (X refers to the 20 natural amino References and Notes

acid residues}? Therefore, it appears that these silk protein
residues have a strong tendency to adopt the PPII conformation,
in agreement with the VCD data. Finally, the chemical shifts
of the H* atom of Ala residues in MaSpl and MaSpll are very
close to that of the central Ala residue of XAO, indicating that
the polyalanine motifs of the proteins are clearly involved in
PPII. The formation of PPII helices by the Ala segments of the
proteins has been suggested previously on the basis of molecular
simulations on Ala-based peptid&s.

Taken together, our results show that the silk proteins in the
sac of the MA gland are typical of natively unfolded proteins
and have a propensity for the PPII conformation, especially in
the repetitive sequences. This conclusion is in line with recent
findings relating unfolded proteins and the PPII hélixThe
dragline silk proteins are subject to two opposite constraints.
On one hand, they have to be stable and avoid premature
spontaneous self-aggregation in the storage MA gland (in spite
of temperature variations due to outdoor conditions), and, on
the other hand, they have to readily fofirsheets during the
spinning process to optimize the mechanical properties of the
fibers. We believe that the presence of the PPII structure may
be crucial to solve this conflicting situation. First, the presence
of the PPII structure and the strong propensity to be natively
unfolded can account for the high concentration of silk proteins
and the long-term stability of the spinning dope. The extended
nature of the PPII helix indeed precludes intrachain hydrogen
bonds, with the structure being stabilized instead by main-chain
hydrogen bonding with water molecules. Second, the PPII
conformation may play a major role in the spinning process.
The dihedral angles of PPIl being very close to those of a
B-strand?® the energy barrier for the formation gFsheets
may be small. Thus, silk protein backbones, particularly the Ala
sequences, can readily convert ifftesheet and then undergo
self-assembly vig-aggregation as the dope flows into the duct
and as shear forces and extensional flow occur.
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