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Abstract

Well-defined, fluorescence-free Raman spectra were obtained from native as well as treated (supercontracted) major ampullate dragline
silks reeled from four very different spideraraneus diadematyu®ephila edulis Latrodectus mactanand Euprosthenopsp. Conforma-
tional sensitive regions were assigned in the spectra. Compared to the silk of the silBaaioyx moriall spider silks showed legssheet
and more random coil and/erhelix material. Polarized spectra suggested that the molecular chains of the spider silk were aligned parallel to
the axis of the fibre. The differences in the mechanical properties between the native and supercontracted silks were attributed to variations in
B-sheet content. The mechanism of contraction of spider silks in solvents was correlated to conformational changes in the supermolecular
structure.© 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction while under tensile stress was studied using Raman spectro-
scopy [22,23]. In addition, Fourier transform Raman spectra
Our understanding of the microstructure of spider silk, of several insect silk samples were published and compared
especially the dragline of the golden silk spidéephilais with each other including the cocoons of cultivaigaimbyx
progressing rapidly [1—-14]. For a full picture we need to use silk from the wild Tussah moth as well as raw silk and
many different techniques such as n.m.r. [2—4], X-ray dif- processed silk cloth [24]. Stress-induced Raman band shifts
fraction and scattering [5-9], TEM [9-12], LM [13], SEM in Bombyxsilk have recently been obtained by R. Young
[13] and AFM [14]. Important additional data come from (unpublished results). The only publication [25] so far on
the mechanical behaviour of silks under specific environ- the Raman spectra of a spider silk (iephila clavipes
mental conditions such as stretching [15,16] or supercon- dragline silk) presents data about the structure of this silk
traction in water [17,18] and other solvents [13,19]. which is rather surprising in the light of the present state of
Raman spectroscopy is particularly useful for studying knowledge abouBombyxsilk. In particular, the data sug-
the conformation of proteins [20] both in the opaque solid gests that the proportions of secondary structure in the two
state and in solutions. It allows us to follow conformational types of fibres are very similar [25]. However, it is not
changes, which occur in the transition from one state to inconceivable that the methods used affected the data, i.e.
another, such as denaturation, chemical modification andboth silks had been treated in 0.1% NaOH solution and/or
crystallization. Several lepidopteran silks and their consti- the accuracy of spectral measurements might have been
tuent polypeptides were studied using Raman spectroscopyaffected by silk luminescence.
Visible light excitation Raman spectra Bbmbyx morsilk In this paper, we present and discuss Raman spectra of the
were compared to the spectra of tWesheet polypeptides:  major ampullate silks of four rather different spidefsa-
poly(Ala-Gly) and poly(Ser-Gly). This has established these neus diadematydNephila edulis Latrodectus mactanand
polypeptides as model compounds for the amide I, amide Il Euprosthenopsp. As well as comparing the spectra of the
and skeletal vibrations of silk fibroin [21]. Further, the four silks to each other, as control we also compared them to

mechanical denaturation process Bémbyxsilk fibroin our spectrum ofBombyx morisilk. We further obtained
Raman spectra of these four spider silks contracted in a
* Corresponding author. range of solvents and inferred the conformational changes
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caused by these treatments. The results, we trust, will helpof individual fibres were obtained using a Renishaw 1000
our understanding of the relationships between the structureRaman microscope. The 632.8 nm red line of a He—Ne laser
and properties of spider silks generally because: (i) the silks was focused to give 1 mW of energy on a® spot at the
studied come from very different spider taxa; and (ii) these surface of the fibre. Spectral data was accumulated for a
same silks were studied before [20] for their biomechanical 100 s period at a fixed grating position and collected using
properties under environmental conditions which included a Peltier-cooled CCD camera. This gave a Raman spectrum
submersion in the solvents used in the present study. over an approximately 1000 crhwindow for each expo-
sure. The Raman spectra were recorded as a series of data
points in the form of intensity as a function of a Raman
wavenumber. Each spectrum takes the form of a back-
ground and a series of peaks. Repeat Raman measurements
We used five different types of silk: four dragline silks for the specimens demonstrated that there were no signs of
from web spiders and one cocoon silk from a lepidopteran structural deterioration during the measurement period,;
insect. thus, exposure of the silk fibres to the laser beam did not
The spider silks were reeled frofraneus diadematus appear to damage the fibres under the conditions employed.
(Araneidae),Nephila edulis(Tetragnathidae)l.atrodectus
mactans(Theridiidae) andeuprosthenopsp. (Pisauridae).
These spiders belong to different families and are geneti- 3. Results and discussion
cally separated by many million years. They all build webs:
Araneus a garden cross spider from Europe afephilg a
subtropical and moist-tropical golden silk spider from Aus-
tralia are orb web-weaversatrodectusa subtropical black Spider and insect silk are poly(amino acid)s of high mole-
widow from North America builds a tangle web and cular weight M, = 3 — 7 X 10° gmol™) [27,28]. Since it
Euprosthenopsa dry-tropical nursery spider from Africa does not have bioactivity, silk is not the typical active pro-
builds a sheet web. All spiders were raised in the laboratory tein but rather a biosynthetic polypeptide. Consequently, it
and fed on house flies. Major ampullate dragline (MA) silks should be possible to apply our knowledge and understand-
of the four spidersAraneus Nephila Latrodectus and ing of synthetic polypeptide secondary structure to the
Euprosthenopswere reeled directly from restrained but analysis of silk structure.
fully-awake spiders at 2 cm$ drawing speed and under Raman spectra obtained from a range of homo-poly
room conditions (about 28 and 50% RH) [17]. The silks  (amino acid)s show characteristic conformational bands
were collected and restrained on small plastic frames{10 assigned the same vibrational mode, at slightly different
10 cm) and studied within a week of collection. positions depending on the variety of the amino acids

2. Materials and methods

3.1. Background

Using hard nail varnish (Elisabeth Arden, USA) sections
of the collected silks were transferred (using a micro-
manipulator) either to dividers, Raman frames or to SEM
stubs. The spider silks had diameters of about z2m3
measured in a JEOL 840 SEM at magnification around
3000x [19]. Silk on the dividers (with an extension/relaxa-
tion screw) were submerged either into: (i) distilled water;
(i) methanol (AR); or (iii) 8M agueous urea solution. Some

[29]. It is not surprising that in some cases silk which con-

tains a range of amino acids as a co-poly(amino acid) shows
overlapping conformational bands in its Raman spectrum.
Thus, a qualitative analysis of Raman spectra can help in the
understanding of the secondary structure of silk and enable
us to follow conformational changes in silk induced by dif-

ferent treatments. Quantitative analysis routines are avail-
able for protein secondary structure such as the widely-used

of these silks were further allowed to contract to different Williams method which is advantageous for the study of
degrees while kept under slight tension. The shrinkage of asmall polypeptides [30,31]. However, this method is at
fibre in a solvent was defined as the difference between thepresent not suitable for silk fibres because all of the 15
initial length of the fibre and its final length divided by its basis set proteins used by Williams [30] were globular
initial length. After contraction, the diameter of all silks proteins, with the exception of polyysine, whereas the
increased. It should be noted that after contraction in 8M silk investigated in this present study is a fibrous protein.
urea solution, silks were very soft, and easily broken by = The major limitation of the Raman technique for the
surface tension of the solution when taken out of the bath. study of proteins and some synthetic polymers, is the prob-
To remove residual urea these silks were washed thoroughlylem of fluorescence leading to strong backgrounds and con-
with distilled water. The insect silk (from the silkworm sequently poor spectral quality. In our study the use of a red
Bombyx moriprovided by the Department of Macromole- He—Ne laser produced well defined, fluorescence-free
cular Science, Fudan University, China) was degummed by spectra. Thus, the position of the bands and their arbitrary
removing the sericin on the surface of the cocoon silk using intensities are well defined. For each of the Raman spectra
Yamaura’'s method [26]. obtained, the band at about 1450 Tnassociated with the
For the Raman measurements single filaments, aboutCH, bending modes was used as an intensity standard, since
10 um thick, were glued on to the viewing frame. Spectra it is insensitive to the conformation of the protein [32,33].
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Nevertheless, it is meaningless to use the intensity of bandsconfiguration for the polypeptide backbone [29] and agrees
for quantitative comparison of the conformations of silks of very well with assignments made for some other proteins
different species, since: (i) the absolute intensity of the containing a high proportion of these configurations [34].
1450 cmi* band is expected to be proportional to the num- The lower wavenumber peak around 1652¢rfmissing in

ber of CH, groups; and (ii) the amino acid composition has silkworm silk) might indicate the existence of anhelical

not been determined for some of the silks studied here. configuration [35,36] and/or random coil [37]. The spider
Thus, for meaningful conformational comparisons between silk spectra further showed either a distinct band or a
different silk fibres, we compared the ratios of relative peak shoulder peak centered near 1683 ¢n(see also Fig. 2),
height intensities of two bands (e.g. 1652¢mand which suggests that a monohydrogen-bonded or disordered
1669 cm?) in the same spectrum. helix [30] might be present also in spider silks.

The intermediate region from 1450 cmto 1200 crm*
was similar in all the samples studied, except for two
small differences: (i) the spectral band at 1450 ¢nin

Fig. 1 compares the Raman spectra of two benchmark Bombyxsilk was shifted to a higher wavenumbemiephila
silks: the MA silk of the spideMNephilaand the cocoon  silk; and (ii) in the perpendicular spectrum of the spider silk,
silk of the moth Bombyx For all our measurements we the amide Il band appeared at 1247 ¢ninstead of at
kept the direction of polarization of the laser radiation either 1230 cm* as found in the parallel spectrum. The band at
fully parallel or fully perpendicular to the long axes of the 1247 cm* in Bombyxsilk is thought to arise from random
silk fibres. Several important conclusions can be drawn from coils [23,24,38] and other polypeptides [39], while the band
the spectra obtained. A previous study [24] noted significant at 1230 cm* was found to be associated with either a dis-

3.2. Comparison between bombyx and spider silks

differences between the Raman spectrum of a single silk-

worm fibre and that of the bulk material (e.g. a silkworm

cocoon or processed silk cloth). In contrast, our observa-

tions on singleBombyxfibres showed identity between the
spectrum of single fibre (Fig. 1b) and fibre bundles reported
previously [22—-24], suggesting mainBiysheet structure for
degummed silkworm silk.

The spectra of typical spider silk (Fig. 1a) and degummed
silkworm silk (Fig. 1b) differed considerably. We note that
the spectra of parallel and perpendicular orientation of
spider silk show at least two distinn{CO) amide | bands.
The peak in 1669 crt is characteristic of3-sheetB-turn

2400

ordered configuration iBombyx[24] or a 3-conformation
in synthetic polypeptides [29,40].

Below 1200cm!, we note additional differences
between spider and insect silks: spider silk had a
1095 cm* band whereas in silkworm silk the band
appeared at 1085 cry spider silk had an additional peak
at 907 cmr’. The 1095 cm* band might be regarded as the
compromise of all conformations in spider silk, because the
1085 cn* band was assigned as a disordered configuration
of the n(CC) skeletal band of polypeptide chain [24]. If the
polypeptide chains were in the form @fhelices [21,41,42]
or B-sheets [33] this band would appear at 1108 trar
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Fig. 1. Raman spectra of: (A) major ampullate silkN#phila edulisand (B) degummed silk dombyx mori A single fibre was aligned either parallel (solid
line) or perpendicular (dashed line) to the direction of polarization of the laser beam. The wavenumbers and vibrational assignments of Figodbdan be

[24].
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Fig. 2. Raman spectra of major ampullate silks of: faneus diadematy$B) Euprosthenopsp.; and (ClLatrodectus mactanis their natural states. The
fibres aligned as for [1].

1078 cm'}, respectively. We were surprised to find a band there were no significant differences in Raman spectra
at 907 cm* in spider silk not present in the silkworm silk.  between the four spider silks, other than the intensity ratio
Still, although the ratios of amino acids (especially for pro- of 1652 cmi* to 1669 cmi* bands (Table 1) and the amide
line) are quite different between spider and silkworm silk, 1l band of Araneussilk splitting into a double peak at
both have similar amino acid presence [43]. The 907tm 1230 cm! and 1242 cm® in the parallel spectrum. This
band, which may be assigned to thé—CHs; stretching suggests that the spider silks studied by us had similar
mode, also appears in the spectrum of poljfanine) amino acid compositions and concentrations and, hence,
[39] but not in spectra of poly(Ala-Gly) and poly(Gly-Ser) similar secondary structures. However, on a higher level of
[21]. Thus, this particular peak suggests and possibly con- order, the relative intensities of the 1652 ¢rand 1669 cm

firms that spider dragline silks have a motif of (Aldh = bands for the different silks seemed to suggestiEugtrosthe-
4-7) [44,45], rather than the Ala-Gly-Ala-Gly-Ser-Gly nopssilk had the highest level g8-sheet conformation and
repeat found iBombyxsilk. Araneussilk had the least, while the level was nearly the same

Fig. 2 shows the Raman spectra of major ampullate silks for theNephilaandLatrodectussilks. This might indicate that
of Araneus(a), Latrodectus(b) andEuprosthenop$c); the Araneus silk contains a higher level of random coil
spectrum ofNephilasilk was shown in Fig. 1. We note that conformation than the other spider silks.

Table 1
Relative intensity ratios of the Raman bands 850 to 830'camd 1669 to 1652 cit for the silks studied. (Tye= Tyrosine content withnotes, references;
State= condition: native or superconducted, s.=%superconducted in %)

Silk Treatment 1(850)/1(830) 1(850)/1(830) 1(1669)/1(1652) 1(1669)/1(1652) Tyr
parallel perpendicular parallel perpendicular
Bombyx control 1.50 1.23 5.2[46]
Araneus control 0.98 0.90 0.71 1.10 1.0[47]
s.15% in HO 0.79 0.86 0.54 0.92
s.35% in HO 0.68 0.77 0.49 0.72
Nephila control 1.35 1.29 0.88 1.40 2.9[48]
s.14% in CHOH 1.26 1.23 0.85 1.09
s.28% in HO 1.24 0.93 0.59 0.80
control urea 1.45 1.06
s.40% in urea 1.96 2.52
s.60% in urea 2.08 1.85
Latrodectus control 0.62 0.71 0.92 1.45
Euprosthenops control 0.69 0.86 1.06 1.92

*Expressed as residues per 100 total residue.
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We further note that some of the spectral bands (Fig. 1 orientation to the polarization of the laser beam. Both the
and Fig. 2) were highly polarized. The band at 1230tm relative intensities and peak positions of the Raman bands
shifted to 1247 cm® and the relative intensities of some changed with increasing contraction of the silk. The ratio of
bands (e.g. at 1667 cm, 1404cm?, 1230cm?, the intensity of the 1669 cit to 1652 cm® bands was
1250 cmi* and 1095 cm?) in the parallel spectra differed  reduced in the amide | region (Table 1). This suggests that
from those of the perpendicular spectra. Specifically, for the proportion of thg-conformation decreased significantly
each spider silk the intensity ratio of 1669 chto with silk contraction. In the amide IlI region, the 1230 th
1652 cm* was much greater in spectra perpendicular rather band (-sheet) shifted to a higher wavenumber on contrac-
than parallel to the fibre axis (see Table 1). Considering the tion and a peak appeared at 1272 ¢rtprobably associated
vibrational assignments of silk [24], the spectra confirm that with the «-helix [23] and/or random coil [37]). There was a
the B-sheets and partially ordered regions in all the silk general tendency for the parallel and perpendicular spectra
fibres are highly oriented along the fibre axis. Furthermore, to be very similar although there were a few differences.
the band at 1230 cnt is more likely to be attributable to a  They all show that, after contraction, the amounBefon-
B-sheet structure and/or other oriented backbone chainsformation material appeared to decrease and random coll
such as a ghelix rather than a random coil. Otherwise, and/or helix structure increased, the molecular chains
because of the high symmetry of the disordered polypeptide remaining parallel to the fibre axis.
chains, there should be no difference between the Raman The Raman spectra dfiephila silk contracted in both
spectra obtained with different polarizations of the laser methanol and water show a similar trait (Fig. 4). The 14%
beam. and 28% shrinkage values represent the limitation of

Nephilasilk shrinkage in methanol and water, respectively
3.3. Conformational changes of spider silk after contraction [19]. The changes in spectra seem to follow the same beha-
in solvents viour compared withAraneussilk contracted in water. We

note that, rather than shifting during contraction, the

Spider silks were shown to shrink in water [17,18], and in 1230 cm* band splits into a double peak at 1229¢m
a range of polar solvents such as methanol, ethanol and ureand 1243 cm' and decreases in intensity. This might indi-
solutions [19]. We now discuss the conformational changes cate that a reasonable amount@®€tonformation remains
occurring in spider silks during such solvent induced while, at the same time, some molecules are transformed

contractions. into random coils and-helices. Moreover, the spectra were
almost identical foNephilasilk contracted in methanol and
3.3.1. Contraction in water and methanol Araneussilk in the native (i.e. untreated) state (cf. Fig. 3a

The Raman spectra éfraneussilk unshrunk (A-control) and Fig. 4b). The different mechanical properties, particu-
and shrunk by 15% (B); and 35% (C) in water are shown in larly the elongation at failure (about 25% f@raneussilk
Fig. 3 for the fibre both in parallel and perpendicular and more than 50% for contractedephila silk in our
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Fig. 3. Raman spectra éfraneus diadematusilk: (A) control; (B) contracted 15% in water; and (C) contracted 35% in water. The fibres aligned as for [1].
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Fig. 4. Raman spectra dfephila edulissilk: (A) control; (B) shrunk 12% in methanol; and (C) shrunk 28% in water. The fibres aligned as for [1].

measurements) suggest strongly that to understand theAFM). Fig. 5 shows the Raman spectra of restraiNeghila

mechanical properties of spider silks fully, it is necessary
to know not only the diversity of secondary structures but

silk immersed in 8M urea solution and allowed to shorten
between 40%-60% of its initial length. In this silk, when

also a number of other variables, such as the dimensions ofcompared to the nativBlephilasilk (Fig. 1), some of the
these structures and the orientations of the molecular chainsbands changed considerably with contraction (Fig. 5). For

Proteins containing tyrosyl residues are known to give
Raman spectra with a doublet at 850 and 830tm
[42,49,50]. It was demonstrated [42] that the intensity
ratio of these two peaks is sensitive to the nature of the
hydrogen bonding of the phenyl hydroxyl group or its ioni-
zation, and much less to the environment of the phenyl ring,
as earlier assumed [51]. The ratio 1(850)/1(830) is reduced
going from moderately to strongly hydrogen-bonded tyro-
sines [37]. Table 1 shows that for boMnaneusandNephila

example, the Amide | band shifted to lower wavenumbers
and it was difficult to distinguish the doublet after contraction.
Also, the Amide Ill band moved from 1230 crhand split

into two bands at-1245 cm* and~1265 cm?, in both the
parallel and perpendicular spectra. This suggests that many
new random coils were formed during the process of contrac-
tion and disintegration. The band in 1095 Shshifted to
1102 cm* for 40% shrinkage and to 1105 cifor 60%
shrinkage. This strongly suggests that the contraction led

silk, the decreasing value of the ratio of these two peaks also to an increase in-helix conformations. Additional evi-

correlates with the contraction of the silk, both in water or
methanol. This implies that the tyrosyl residues in these
silks are more strongly hydrogen-bonded after contraction.
This could be explained by the fact that contraction in the
solvent may induce the molecular chains in the silk to
change from the well-ordere@-conformation to less-
organized random coil and/or helix structures.

3.3.2. Contraction in urea

In 8M urea the silks oEuprosthenopsLatrodectusand
Nephila underwent contraction by about 20%, 25% and
more than 60%, respectively, while still retaining some
structural integrity [13,19].Araneus silk, on the other

dence for the existence afhelix conformation in contracted
spider silk comes from a new broad peak that appeared in the
spectra at around 1336 ¢ This could be a sensitive method

of characterizing synthetic polypeptides in téelix form
[52,53]. However, the ratio of 1(850)/1(830) in the spectra
from urea-contracted silk (Table 1) increased with increasing
contraction whereas in water or methanol the ratio decreased
with increasing contraction. Itis hard to explain this behaviour
solely in terms of conformational changes of the silk molecu-
lar chains. It might be that the highly-concentrated urea solu-
tion disintegrates part of the silk, as mentioned earlier. Thus,
the constitution of contracted silk would be different from the
original material, causing an unexpected change of the ratio of

hand, supercontracted by more than 50% but at the samd(850)/I(830) (i.e. the environment of the tyrosyl residues).
time disintegrated (unpublished observations). We suggest

that all four silks were attacked by the urea and partially

dissolved because the silk surfaces developed bubble-like4. Conclusions

protuberances after submersion in 8M urea solution (unpub-

lished observations by S. Z. and F.V. Nephilasilk using

This study has shown that Raman spectroscopy provides
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Fig. 5. Raman spectra dfephila edulissilk submerged in 8M urea solution: (A) control, submerged but not shrunk because restrained at both ends [19]; (B)

shrunk 40%; and (C) shrunk 60%. The fibres aligned as for [1].

a valuable tool for investigating the molecular nature of
spider silks as well as insect silks, especially when well-

proteins. A reduction in the strength of hydrogen bonds in
polar solvents may allow the protein to take up a less

defined, fluorescence-free Raman spectra can be obtainedextended conformation [19].
We conclude from our spectra that the secondary structures

of spider andBombyxsilks are very different. This contra-

dicts conclusions from earlier Raman spectroscopy studiesAcknowledgements

[25]. Our results indicate that: (i) th&:conformation is less
prevalent in spider MA silk than in silkworm silk; and (ii)
native MA spider silk has low levels of random coil and/or
a-helix conformations comparing the contracted silk (note
that we could not distinguish between random coilesr
helix and 3-helix formations [3] in the Raman spectra). It
is not surprising that spider silks with more random coil and/
or a-helix conformations are generally much tougher than
the silkworm silk with a structure dominated I#ysheets

[19]. Indeed, the differences in secondary structure can be

used in the interpretation of biomechanical data even
between different spider silks from data [19] showing that
the dragline silk ofAraneuss relatively weak while the silk

of Euprosthenopss significantly stiffer. This is consistent
with the Raman results suggesting tiatineussilk has a
lower level of 3-conformations thafEuprosthenopsilk.

Itis only logical to assume that the contraction of dragline
silk in solvents is accompanied by conformational changes
in the molecular chains. This assumption would support the
hypothesis that supercontraction of spider silks is the result
of the rupture of hydrogen bonds and changes in the orien-
tation and coiling of molecular chains [9]. Obviously, the
longitudinal contraction and lateral swelling of a silk fibre in
a given solvent is likely to depend on the degree of crystal-
linity of the bulk material (i.e. the proportion g8-sheet
stacking) and on the ability of solvent to interact with the
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