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ABSTRACT. We used time-resolved Fourier transform infrared spectroscopy (FTIR) to follow a conformation
transition inNephilaspidroin film from random coil and/or helical structuresfgesheet induced by the
addition of KCI from 0.01 to 1.0 mol/L in BD. Time series difference spectra showed parallel increases

in absorption at 1620 and 1691 chnindicating formation of3-sheet, together with a coincident loss of
intensity of ~1650 cn1?, indicating decrease of random coil and/or helical structures. Increase in KCI
concentration produced an increased rate of the conformation transition that may attributable to weakening
of hydrogen bonds within spidroin macromolecules. The conformation transition was a biphasic process
with [KCI] = 0.3 mol/L but monophasic with [KClx 0.1 mol/L. This suggests that, at high KCI
concentrations, segments of the molecular chain are adjusted first and then the whole molecule undergoes
rearrangement. We discuss the possible significance of these findings to an understanding of the way that
spiders spin silk.

The outstanding mechanical propertiés¢f the dragline tration falls while the potassium ion concentration rises as
silks of orb web spiders have prompted many investigations, the dope flows down the spinning dudt5j. This suggests
and much is now known about the structure, function, and that changes in sodium and potassium ion concentrations may
molecular chemistry of the thread®)( In comparison, also have an effect on the transition.
remarkably little is known about the method of thread  Although several studies use spectroscopic methods to
formation. However, this process involves a remarkable describe silk protein secondary structure in solutions, fibers,
transition from a concentrated liquid crystalline soluti8a-( or films from spiders or silkwormslQ, 17—20), there has
6) to a tough solid T) with a preponderance gf-sheet been little direct study of secondary structural transitions in
secondary structure8(9). The secondary structure of the spidroin or silkworm fibroin. CD spectroscopy has, however,
protein before the transition may be a combination of random been used to study the secondary structure transition induced

coil, a-helical, ands-turn (10) or simply random coil 11). by nucleation inBombyxsilk fibroin solutions (2) while
A nucleation-dependent aggregation mechanism has beerransitions induced by ethanol in regeneraBeinbyxfibroin
proposed on the basis of CD spectroscopyBofnbyxsilk films have been studied by time-resolved FTHRectroscopy

fibroin solutions (2). Mechanical strain produced by rapid (21). The latter technique provides a powerful method to
extensional flow in the draw down process within the spider's examine protein conformation transitions on time scales as
spinning duct appears to be important in initiating the short as picosecond8Z—24).

transition from liquid dope to solid thread3). This phase In this paper, we report the use of time-resolved FTIR
transition is thought to be facilitated by a reduction in pH spectroscopy to investigate the conformation transition in
as the silk dope passes through the spinning dLé&t 16). Nephilaspidroin film induced by the addition of potassium

The addition of K ion to dilute dope solutions produces a chloride solutions. The results presented here suggest that
spontaneous formation of nanofibrils not induced by the sameKCI can induce a conformation transition from random coil
concentrations of Ng Ca&", or Mg?" (16) while evidence to p-sheet in spidroin films, but the transition is not as
from cryo-SEM-EDX suggests that the sodium ion concen- complete as that induced by alcohols. We discuss the possible

significance of these findings to the spider’'s spinning
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femaleNephila senega!ensi;pi_ders were ki”ed_by C_rUShin_g Table 1: Conformation Transition Kinetics dfephila Spidroin

the cephalothorax and immediately dissected in spider Ringerriims Probed by Absorbance Changes of faheet Band at 1620
(25) solution at pH 8.2. The ampulla (sac) of the major and 1691 cm'?

ampullate gland was transferred to fresh Ringer solution and 1620 cnl 1691 ot

the epithelium remove_d to expose '_[he cqnpenf[rated do_pe.(m0|,|_) min)  nmin) (%) min)  omin) o (%)
Care'\(vas taken to avoid shearing this, as it is highly strain- = = >/ c3 205 5127 78+21 549:62 4347
sensitive when concentrated. The concentrated dope was 05 45+25 49.8+82 43+9 4.0+23 53.9-22 3347
gently blotted fo 1 s onKleenex paper and transferredtoa 0.3  3.7+0.2 486+7.0 31+5 3.0+£02 57.7£59 21+6
tared plastic microcentrifuge tube. After reweighing, 120

of fresh deionized water was added per 2 mg of the blotted &Tﬁ,‘{) féé“d?ni‘i fe(g?l"é)n?ﬁ

dope to give a dope concentration of 2 wt %. One milliliter 01 614+ 73 69.4L 4.8

of this solution was transferred ta 3 cmx 3 cm plastic 0.05 66.3+ 7.0 70.7+ 8.5

weighing boat and allowed to dry overnight at approximately 0.01 66.5+ 6.1 72.5+5.9

25 °C and 50% relative humidity. The thickness of the film aThe time constanty, and the amplitudes were obtained by the
was approximately xm. absorbance difference spectral amplitudes with exponential decay

. . functions. The relative amplitudes, were calculated by, = Ai/(Aq
FTIR SpectroscopyVe examined the FTIR spectrainthe | a) whereA, andA; are the amplitudes of the first and the second
amide | region to define the secondary structureseéphila phases, respectively).

spidroin films as prepared and after immersion in different
KCI/D,0 solutions. All infrared spectra were recorded using
a Nicolet Magna 550 FTIR spectrometer. To eliminate
spectral contributions due to atmospheric water vapor, the
instrument was continuously purged by dry air using a JUN- RESULTS

AIR OF302-25 compressor and a Peak Scientific P925L ) ) S

drying unit. The infrared spectra were recorded using a liquid ~ Static FTIR Measurements of Nephila Spidroin Filfhe
nitrogen cooled MCT detector. For each measurement, 12g2mide | band for the dry untreatedephila spidroin film
interferograms were coadded and Fourier transformed em-Showed a broad, slightly asymmetric envelope with a
ploying a Genzel-Happ apodization function to yield spectra Maximum at~1660 cn* (see Figure 1a). A closely similar
with a nominal resolution of 4 cri. For the preparation of ~ 2mide | band was seen in silkworBgmbyx mojj fibroin

time series, the interval between successive spectra in thdilms and has been attributed to a random coil and/or silk |
rapid scan mode was 0.58 min. structure 21, 26—28). The shape of the amide | peak of

Nephilaspidroin films in DO was similar to that of the dry

. ; films, but the maximum shifted to 1647 cf Fresh spidroin
rectarjgula_r d|§ks._ For the time-resolved measurlements, thedope dissolved in BD gave spectra almost identical to those
nghllaspldrom film was placed betwee_n a par of BaF spidroin films in BO. According to the classic assignment
windows separated by a 1Qdm spacer in a liquid cell. of amide | bandsZ9—31), the peak around 1647 cthin

Solutions of potassium chloride dissolved i@ with D,O can be attributed to random coil conformation, the shift
concentrations ranging from 0.01 to 1.0 mol/L were then in absorption maximum in ED being common in proteins

quickly injected into the liquid cell and the gathering spectra (11, 29). However, some helical conformations, such as
immediately initiated. Higher concentrations of KCI were o-helix and 3o-helix,, have absorption bands similar to those
not used as these can damage Bathdows. Time series ot -anqom coil (unordered structure) and are sometimes not
spectra were recorded for a period of 240 min using the \ e resolved: therefore, we assign the absorption peak

parameters described above. Absorbance spectra at each img,\nq 1647 crri to random coil and/or helical conformation
point were generated by dividing the single-beam spectrum, this study.

collected at a specific time by a background spectrum and g amide | spectrum of dry spidroin film after immersion
converting to a_bsorbance using OMNIC 5.2 (Nicolet Instru- i, 1.0 mol/L KCI solution for 24 h was quite complex with
ment Corp.). Difference spectra were calculated _by SUbtraCt'peaks at-1656 and 1620 crt as well as a shoulder around
ing the absorbance spectrum recorded at 240 min from each ggg cprt (Figure 1b). The second derivative of the KCI-
absorbance spectrum collected at tinadter addition of KCI' {raated film revealed three components: sharp peaks at 1620
solution. The data shown in the figures are from single 5,4 1693 cmt and a broad peak at 1658660 cnt’. These
experiments, but closely similar results were obtained in peaks were assigned flesheets, high-frequency antiparallel
replicates. Kinetics of the KCl-induced conformation transi- p-sheets, and random coil and/or helical structures, respec-
tion were studied by fitting curves using ORIGIN 5.0 ey (29-32). The random coil and/or helical structure peak
(Microcal). The time constants from fitting curves to data \yas significantly lower in KCl-treated films compared with

for three separate runs were averaged and the means anfnyreated ones, suggesting partial conversion of random coil
standard deviations reported in Table 1. Peak separation ofynq/or helical structures i6-sheets.

the amide | band was carried out using PeakFit 4.1 (SPSS  Thys evidence from static observations on spidroin films

Inc.). A Gaussian model was selected for the band shape;sggests that ordered secondary structures may be formed
the band position was set at 1620, 1650, and 1691'cm  fom an initial disordered state.

respectively; and the bandwidth was autoadjusted by the Time-Resaled FTIR Measurement during the Conforma-

software. tion Transition Process of Nephila Spidroin Film Induced
We also obtained spectra from dilute solutions of spidroin by 1.0 mol/L KCI/BO Solution.Figure 2a shows infrared

prepared by dissolving the contents of the major ampullate spectra from 0.58 to 240 min after addition of 1.0 mol/L

gland in DO overnight at room temperature as described
above.

The Nephilaspidroin films were cut into 3 mnx 6 mm
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Ficure 1: Amide | band ofNephilaspidroin: (a) dry film without
any treatment from casting; (b) film immersed in 1.0 mol/L KCI
solution for 24 h and then dried (curve A, normal FTIR spectrum;
curve B, second derivative spectrum).

KCl in D,O to Nephilaspidroin film. With increasing time,
the amide | band gradually changed shape while the
maximum shifted from~1650 to~1620 cnT®. The changes

Chen et al.
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Ficure 2: Original FTIR spectra oNephilaspidroin film during
the conformation transition process from the beginning to 240
min: (a) normal spectra; (b) three-dimensional spectra.

constants and amplitudes of the first and the second phases,
respectively.

The first (r;) and second) time constants describing
the formation of-sheet (7.4+ 2.4 and 53.3+ 9.5 min)
and high-frequency antiparallgtsheet (7.8t 2.1 and 54.9

can be examined more readily in difference spectra (Figure + 6.2 min) and the disappearance of random coil and/or
3a) and visualized more clearly in three-dimensional plots helical structures (8.% 1.7 and 55.3t 7.0 min) were closely
(Figures 2b and 3b). The changes seen in the differencesimilar in all three cases. Thus, the time constants for the
spectra in time series experiments are closely similar to thosedisappearance of random coil and/or helical structures
identified by second derivative analysis from static data (see coincided with those for the appearance®$heet when
Figure 1b). The increasing negative bands at 1620 and 169lallowance is made for experimental error. The coincident

cm ! reflected the increasing-sheet structures while reduc-
tion in the single positive band around 1650 ¢rindicated
the loss of random coil and/or helical structures.
Intensity-time plots generated from difference spectra
were used to study the kinetics of the formatiorpegheets
(1620 cnY) and high-frequency antiparallgtsheets (1691
cm ) (Figure 4a) and the loss of random coil and/or helical
structures (1650 cn) (Figure 4b) on addition of 1.0 mol/L
KCI/D,0 solution to spidroin films. In all runs, the time
intensity plots of the formation gf-sheet and the loss of

nature of all three timeintensity plots and similarity of the
time constants indicate a rather simple conversion of random
coil and/or helical structures iniB-sheet.

Influence of KCI Concentration on the Conformation
Transition Kinetics of Nephila Spidroin Filmgzigure 5
shows the effect of the concentration of KCl in@applied
to the spidroin films on the last spectra (240 min) in time
series experiments. With increase in KCI concentration, the
peak around 1620 cm (5-sheet) increased. Figure 6 shows
that thes-sheet content in the film determined by peak fitting

random coil and/or helical structures appeared coincidentincreased with increasing KCI concentration.

(Figure 4). Second-order (biphasic) exponential decay func-
tions (eq 1) were fitted to the intensityime plots:
A=A exp(t/t)) + A exp(—t/t,) (1)

where A denotes theAabsorption in difference spectrg;
denotes the experiment time; and t,, A;, A, are the time

Figure 7 shows the normalizéshbsorbance vs time curves
of the films in different concentrations of KCI solutions in
order to compare the conformation transition kinetics. It
clearly shows that the rate of formation/@sheet increased
with the increase of KCI concentration. The experimental
data could be fitted with second-order exponential functions
for [KCI] = 0.3 mol/L, but the functions changed to first-
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min: (a) normal spectra; (b) three-dimensional spectra. Ficure 4: Conformation transition kinetics dfephilaspidroin film

monitored by time-resolved FTIR spectroscopy: (a) increase of
B-sheet at 1620 and 1691 cin (b) decrease of random coil and/
or helical structures around 1650 th

JL
0.5M
0.3M

order exponential functions for [KCK 0.1 mol/L. Table 1
shows the effect of different KCI concentrations on the
conformation transition time constants obtained by fitting
these functions. With increase in KCI concentration from 4
0.3 to 1.0 mol/L, although the time constant of the faster
phase t1) lengthened (e.g., from 3.7 to 7.4 min fB+sheet
formation), the percentage of the faster phase (see Table 1)
also increased significantly (from 31% to 51% féisheet
formation). Therefore, despite this lengthening of the time
constant, there was still an increase of the transition rate with
increase in KCI concentration. When [KCH 0.1 mol/L,

|

Absorbance

the fit functions were first-order exponentials in which the -
fast phase was missing compared to the transition in the more | 0.05M
concentrated KCI solutions, and this resulted in a slow 0.01M
transition rate. o

2

DISCUSSION

Assignment of the 1691 ciPeak in FTIR Spectra of 1800 1750 1700 1650 11600 1550 1500

Nephila Spidroin FilmsThe infrared peak around 1691 cin
in the amide | band always appears alongsidefisheet
peak (~1620 cm?) (11, 33—36). In the early studies of silk
protein conformation, this peak was assigned-sheets 11,
34) or simply neglected33, 35). On the basis of the classical

Wavenumbers (cm'1)

Ficure 5: The last spectra (240 min) dfephila spidroin films
during the dynamic measurements recorded at different KCI
concentrations.

p-sheet structure. This is supported by the observations
assignment, the 1691 cthband is assigned to the high- presented above that the kinetics for the formation of the
frequency band of the antiparalf@isheet structure. However, 1620 and 1691 cmt bands (Table 1) were consistently
it has been reported that this band may also be assigned talifferent at [KCI] = 0.3 mol/L as follows. Although the time
turns and/or bends36, 37). Therefore, we think the 1691  constants of the 1620 and 1691 cnbands were the same
cm! band may be attributed to the antiparalfgisheet within experimental error, the percentage of the fast phase
structure and the turns or bends associated to this antiparalle{a;) of the 1620 cm? band is regularly about 10% larger
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Ficure 6: f-Sheet content ofNephila spidroin films after the
conformation transition process at different KCI concentrations.
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Ficure 7: Comparison of conformation transition kinetics of
Nephila spidroin films induced by different concentrations of
KCI: (a) band at 1620 cri; (b) band at 1691 cri.

than the 1691 cimt band (which means there is a greater
contribution from the fast phase resulting in a faster transition
rate for the formation of the 1620 crhband compared to
the 1691 cm? band). We have found a similar phenomenon
in our previous work using ethanol to induce a conformation
transition in silk fibroin @1).

Chen et al.

and silkworm silk threads3( 38, 39). The enormous energy
requirement to fully extend the very long molecules of
spidroin and fibroin [the molecular masses are-2330 and
300-360 kDa, respectively?2(, 40)] and the difficulty of
ensuring that alternate molecules run in opposite directions
rule out the possibility that antiparallgtsheets are formed

by laying single extended macromolecular chains together.
It is therefore reasonable, however, to assume that the
macromolecular chains are repeatedly folded back on
themselves and therefore give rise to turns or bends and that
the kinetics for the formation of these structures need not
be identical to the kinetics for the formation @fsheets. We
emphasize that although we have insufficient evidence to
show conclusively that the 1691 cfnband should be
assigned to turns and bends, we suggest that these structures
may contribute to this band.

Mechanism of the Conformation TransitioRvidence
above indicates that addition of potassium chloride to
spidroin films induces a transition from random coil and/or
helical structures t@-sheet. This is of considerable interest
in view of the evidence from cryo-SEM-EDX that indicates
that the concentration of potassium ions increases as the
protein dope passes down the spider’'s spinning dis) (
and evidence we have presented earli) (that adding
potassium ions to dilute spider dope solutions rather specif-
ically induces a spontaneous formation of nanofibrils. Taken
together, these lines of evidence support the hypothesis that
potassium ions play a part in the natural spinning process
by facilitating the formation of-sheets in spidroin and hence
initiating the formation of nanofibrils. A similar effect may
occur inBombyxsilkworms as the potassium ion concentra-
tion is also thought to increase as fibroin flows through the
secretory pathway4(l).

We have argued above that the conformation transition
induced in spidroin by potassium chloride may not require
an ordered secondary structure as a starting point. In addition,
the NMR data ofNephilaspidroin in solution 10) indicate
a strong preponderance of random coil conformation (see
also ref42). Putting this together with our observation
reported above that the absorption wavenumber of amide |
was practically identical for spidroin solution and spidroin
film, it strongly supports the suggestion that both film and
solution have mainly random coil conformation. This has
the advantage of presenting a relatively low energy barrier
to the transition as here energy is mainly required only to
break and re-form hydrogen bonds and not to fully extend
or radically refold protein chains.

A range of factors induces a transition from random coil
and/or helical structures t68-sheet in spidroin and fibroin
in addition to the effect of potassium chloride described
above. These include organic solvents with a high dielectric
constant (methanol, ethanol, dioxane, etc.), mechanical
treatment, heating or cooling, and blending with other
polymers R1). Of these, only mechanical strain and the
addition of potassium ions could be considered to be
physiological though a small increase in temperature is
conceivable as the natural spinning processes may not be

Further support for the hypothesis that turns and/or bendsisothermal.
form at the same time but not necessarily at the same rate The transition rate in silkworm fibroin films treated with
asp-sheets comes from a consideration of the nature of the ethanol 21) (z; = 0.56 min;z, = 5.20 min) is much quicker

antiparallel g-sheet structure. Ample evidence has ac-

than that in spidroin films treated with KCt(= 7.4 min;

cumulated that this arrangement predominates in both spiderr, = 53.3 min). The slower kinetics in the latter has the
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advantage of making it easy to study the early events in the ACKNOWLEDGMENT

transition. Kinetics this slow would imply that the transition
needs to be initiated well before the dope reaches the rapid
internal draw down procesg)(in vivo and might explain
why the maximum spinning speed in spiders is so slow
compared with industrial spinning methodk3). Caution
must be exercised in extrapolating from in vitro experiments
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to in vivo spinning as conditions in the living spider (low REFERENCES

pH and concentrated aqueous spinning solutions) are different
from those in the present study (films cast from dilute
solutions of spidroin and immersed in@). However, both 2
in vivo and in vitro systems are highly hydrated; the spidroin

spinning dope taken from the gland contains approximately 3
4.,

65% water 16) while silk protein films contain approxi-
mately 30% water when swolledJ).

The spidroin/KCI transition (at KCI concentrations above
0.1 mol/L) showed a remarkable resemblance to the fibroin/

ethanol transitionZ1) in that both are described by second- 6.

order exponential functions. This suggests that the mecha-
nism of hydrogen bond rupture in spidroin treated with KClI 5
may be similar to that in fibroin treated with ethanol but
slower. Bond rupture and the resulting swelling of the films
in both instances may allow the polymer chains to move
more freely to allow news-sheet hydrogen bonds to form.
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