Biophysical
Chemistry

ELSEVI Biophysical Chemistry 89 (2001) 25-34

www.elsevier.nl/locate/bpc

Conformation transition kinetics of regenerated
Bombyx mori silk fibroin membrane monitored by
time-resolved FTIR spectroscopy

Xin Chen**!, Zhengzhong Shao?, Nebojsa S. Marinkovic®<,
Lisa M. Miller¢, Ping Zhou*, Mark R. Chance™**

 Department of Macromolecular Science, Key Laboratory of Molecular Engineering of Polymers, Fudan University,
220 Handan Road, Shanghai, 200433, PR China
®Center for Synchrotron Biosciences, Albert Einstein College of Medicine, 1300 Morris Park Avenue, Bronx, NY 10461, USA
Department of Physiology and Biophysics, Albert Einstein College of Medicine, 1300 Morris Park Avenue, Bronx, NY 10461,
USA
4National Synchrotron Light Source, Brookhaven National Laboratory, Upton, NY 11973, USA

Received 7 August 2000; received in revised form 25 September 2000; accepted 25 September 2000

Abstract

The ethanol-induced conformation transition of regenerated Bombyx mori silk fibroin membrane from a poorly
defined to the well ordered state was monitored by time-resolved Fourier transform infrared spectroscopy (FTIR) for
the first time. From the analysis of FTIR difference spectra, taken on time scales as short as 6 s and up to 1 h after
addition of ethanol, intensity vs. time plots of an increasing band at 1618 cm ~! were observed indicating formation of
a B-sheet coincident with the loss of intensity of a band at 1668 cm ~! indicating decreases of random coil and /or silk
I structure. Both infrared markers were fitted with identical biphasic exponential decay functions, however, there was
a clear burst phase occurring prior to the onset of the observed transitions. The conformation transition process is
indicated to either proceed sequentially through (at least) two intermediate states that contain different levels of
B-sheet structure or to have parallel pathways of initial B-sheet formation followed by a slower ‘perfection’ phase.
The first observed process forms in a burst phase a few seconds after mixing (or even faster), prior to the collection
of the first spectrum at 6 s. The second observed process occurs with a time constant of ~ 0.5 min, the intermediate
present at this stage then continues with a time constant of 5.5 min completing the observed formation of the
B-sheet. The conformation transition of this slower intermediate is not only indicated by an analysis of the kinetics of
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the random coil and B-sheet-specific bands discussed above, it roughly coincides with the appearance of an additional
infrared marker at 1695 cm ™!, which may be a marker for B-sheet structure specific to the formation of the perfected
structure. The conformation transition of this protein analyzed by infrared spectroscopy provides insight into a part
of the fascinating process of cocoon formation in B. mori. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

One of the most interesting problems of pro-
tein chemistry concerns the pathways of confor-
mation transitions of proteins, i.e. the transition
of the polypeptide chain from an often poorly
defined state to its unique three-dimensional
structure. Although much progress has been made
in understanding this process for small proteins,
the conformation transitions of larger structures
is still considered potentially complex [1]. In this
paper we examined the conformation transition
of Bombyx mori silk fibroin, where the conforma-
tion transition is initiated by rapid changes in
solvent conditions. This investigation is carried
out as a model for the fascinating process corre-
sponding to the mechanism for the change in
conformation as water-soluble B. mori silk fibroin
in silk glands is spun into a solid cocoon fiber
[2,3].

B. mori silk fibers consist primarily of two com-
ponents, silk fibroin and sericin. The majority of
silk fibroin is highly periodic with simple repeat-
ing sections broken by more complex regions
containing amino acids with bulkier side chains.
The highly repetitive sections are composed of
glycine, alanine and serine (approx. 85% in total)
in a rough 3:2:1 ratio [4,5], and the amino acid
sequence can be roughly expressed as [gly—ala—
gly—ala—gly—ser], [5-9]. These three residues
contain short side chains and permit close pack-
ing through the stacking of hydrogen-bonded (-
sheets. Previous studies of the structure of B.
mori silk fibroin have revealed two different
structural models, termed silk I and silk II [5,10].
Silk II is understood to be the extended B-sheet
and silk T has remained poorly understood [6,8].
Through it is well known that the metastable silk
I is obtained by air-drying of the contents of the
silk gland and is considerably different from that

of spun silk fibroin (silk II) by X-ray powder
diffraction, its structure has remained unclear
and disputable for approximately 50 years [11].

It is well known that B. mori silk fibroin ex-
hibits a number of conformational states, how-
ever, there is some controversy as to the exact
mixture of states. For instance, Trabbic and Yager
reported B-helix, disordered helix, B-sheet, B-turn
and undefined conformations using quantitative
Raman spectroscopy [12] while Lazo and Down-
ing suggested the presence of B-turns and B-helix
using circular dichroic (CD) spectra, nuclear mag-
netic resonance data and computer modeling [13].
However, it is generally accepted that B. mori silk
fibroin has three major conformations in the solid
state, which are random coil, silk I structure and
B-sheet (or silk II structure) [14,15]. There are
many studies on the B. mori silk fibroin structure
and its conformation transitions using different
methods. For example, Canetti et al. investigated
the conformation of silk fibroin in water and in
water—organic solvent mixture by CD and small-
angle X-ray scattering (SAXS). They found a dis-
ordered structure in water and a B-sheet confor-
mation in aqueous organic solvents [14].
Yoshimizu studied the silk fibroin membrane in
swollen state by means of spin-label ESR, *C-
NMR and FTIR (attenuated total reflectance
method) spectroscopies. The results showed the
conformation transition from random coil to B-
sheet conformation when the membrane was
immersed in 80% aqueous methanol. According
to the experimental results, they proposed a het-
erogeneous structure model of the swollen silk
fibroin [16].

In our previous work, we used Raman spectro-
scopy to examine the mechanical denaturation
process of silk fibroin. These data indicated that
the undrawn silk fibroin is mainly in the random
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coil structure with some helical conformation.
When the samples were drawn up to the ratio
R=4 (R =14,4n/linitias Where [ is length), the
B-sheet conformation formed [17]. These studies
support the idea that aqueous solutions of B.
mori silk fibroin show mainly random coil confor-
mations and they may also contain some fraction
of silk I structure [14,16—19].

The most common method to convert the B.
mori silk fibroin from random coil and/or silk I
conformation to B-sheet is to add low dielectric
constant organic solvents, such as methanol,
ethanol, or dioxane to the samples [14,16,18,20,21].
Other methods, such as mechanical treatment
[17,20], changes in temperature [22] or blending
with other polymers (like chitosan [23] and sodium
alginate [24]) also can change the conformation of
B. mori silk fibroin.

FTIR spectroscopy is a powerful method to
examine protein structure as well as conformation
transition processes. In particular, the amide I
band can be deconvolved into discreet compo-
nents indicative of random coil, «-helical, and
B-sheet structures [25-28]. Time-resolved in-
frared spectroscopy on timescales as short as pi-
coseconds have examined helical transitions and
other folding processes [29-33]. In this paper, we
used time-resolved infrared spectroscopy to inves-
tigate the ethanol-induced conformational transi-
tion processes of regenerated B. mori silk fibroin
membrane. Because of the large molecular weight
of B. mori silk fibroin (approx. 300000-360000
Da [34-38]), the conformation transition takes
place on the minutes time scale, so that the
time-resolved data can be easily obtained. The
results suggest the presence of intermediates in
the conformation transition during the progres-
sion of B. mori silk fibroin membrane from ran-
dom coil and/or silk T structure to a B-sheet
structure.

2. Materials and methods

2.1. Preparation of regenerated B. mori silk fibroin
membrane

Raw silk consists of fibroin fibers that are bound

together by several hydrophilic coat proteins, or
sericins, and only the hydrophobic fibroin protein
was examined in this study. Thus, the raw silk was
degummed to remove the sericins. Degumming
was accomplished by twice boiling the silk in
0.5% (w/w) NaHCOj; solution for 30 min. The
degummed fibers were then washed with copious
amounts of distilled water and allowed to air dry
at room temperature.

When making regenerated B. mori silk fibroin
membranes, dry degummed silk fibers were dis-
solved in 9.5 mol /1 LiBr aqueous solution accord-
ing to established procedures [4,9,12,15,18,22,39].
After dialysis against pure water for 3 days, the
solution was filtered. The concentration of the B.
mori silk fibroin is approximately 1.0% (w/w).
The B. mori silk fibroin solution was cast onto a
polyethylene plate, then allowed to dry at approx-
imately 25°C and 50% relative humidity. After
several days, the regenerated B. mori silk fibroin
membranes were obtained. The thickness of the
membrane was approximately 5 pm.

2.2. FTIR measurement

All infrared spectra were recorded using a
Nicolet Magna 860 FTIR spectrometer. To elimi-
nate spectral contributions due to atmospheric
water vapor, the instrument was continuously
purged by nitrogen using the blow-off of a liquid
nitrogen tank. The infrared spectra were recorded
using a liquid nitrogen cooled MCT detector. For
each measurement, 64 interferograms were co-
added and Fourier-transformed employing a Gen-
zel-Happ apodization function to yield spectra
with a nominal resolution of 4 cm™'.

The B. mori silk fibroin membranes were cut
into discs with a diameter of 5 mm. For the
time-resolved measurements, the B. mori silk fi-
broin membrane was placed between a pair of
BaF, windows separated by a path length of 15
pm in a liquid cell. As soon as the 70%
ethanol /30% D, O solution was injected into the
cell, the measurements were started. Due to the
parameter chosen above (64 scans per spectrum
and the resolution of 4 cm™'), the interval
between two successive spectra in the Rapid Scan



28 X. Chen et al. / Biophysical Chemistry 89 (2001) 25—34

mode is 0.0975 min. The total data collection time
was 60 min in this measurement.

Absorbance spectra at each time point were
generated by dividing the single beam spectrum
collected at a specific time by a background spec-
trum and converting to absorbance using OMNIC
5.1 (Microcal). The difference spectra were calcu-
lated by the subtraction of an absorbance spec-
trum collected at time ¢ after addition of solvent
from the first absorbance spectrum. The data
shown in the figures are from a single experiment.
For the kinetic results presented in the table, the
results from three separate experiments were av-
eraged and the reported errors represent the
standard deviation of the measurements. Kinetic
fitting was carried out using ORIGIN 5.0 (Micro-
cal). No smoothing was used for the equilibrium
or kinetic difference spectra, except nine-point
smoothing was used prior to the taking of second
derivatives.

Measurements under equilibrium conditions
were also taken. In this case the B. mori silk
fibroin membrane was examined without any
treatment and the membrane was also examined
after immersing in 70% ethanol/ 30% D,O solu-
tion for 24 h. For the latter measurements the
membrane was dried after ethanol treatment and
spectra were recorded using the normal scan
mode.

3. Results and discussion

3.1. FTIR spectra of regenerated B. mori silk fibroin
membranes under equilibrium conditions

FTIR spectra of B. mori silk fibroin mem-
branes as prepared and after immersion in ethanol
were recorded. To characterize the structure of
the polypeptide, we examined the FTIR spectra
in the amide I region. In Fig. 1a, it can be seen
that the amide I band in the B. mori silk fibroin
membrane without any treatment is a broad,
slightly asymmetric envelope with a center at
around 1650-1660 cm~!. Overall, these data are
characteristic of random coil and/or silk I con-
formation [26,40]. By contrast, the spectrum of

the amide I band of the silk fibroin membrane
immersed into ethanol, Fig. 1b, is quite complex,
with significant components around 1620 and 1695
cm™!, while the fraction of absorbance around
1655-1660 cm~' is vastly reduced. In order to
examine the multiple components in the amide I
peak, second derivative techniques are used to
examine the spectra. From the second derivative
spectra in Fig. la, the peak around 1655-1660
cm ™! accords with the original spectrum and the
analysis did not reveal additional resolved sub-
components except a possible additional compo-
nent at ~ 1680 cm ™!, which becomes prominent
upon additional smoothing of the derivative spec-
trum (not shown). In Fig. 1b, the second deriva-
tive analysis clearly reveals the two components
at around 1620 and 1695 cm ™', which are charac-
teristic of the B-sheet conformation [15,16,23]. As
in the original spectra, the peak attributed to
random coil and/or silk T structure (1655-1660
cm™!) is significantly diminished. The second
derivative spectra clearly show that B-sheet struc-
ture is formed while random coil and silk I struc-
ture are decreased after ethanol treatment.

The first spectrum in the dynamic measure-
ment (recorded at ~ 0.1 min after the addition of
ethanol) is shown in Fig. 1c. It indicates a signifi-
cant amount of B-sheet structure was formed
during a burst phase occurring prior to the first
measurement. The second derivative reveals the
same general components seen in Fig. 1b, how-
ever, a much greater amount of the random coil
structure exists. Ideally, this burst phase can be
easily obtained by calculating (Absg,. —
Abs )/ (Abs g, — Abs,,,). However, the silk
fibroin samples for equilibrium and dynamic mea-
surements have different thicknesses (though they
were cut from same membrane), so that the ab-
sorbance spectra do not subtract well. This short-
coming is very difficult to overcome because B.
mori silk membrane is very thin and brittle, and it
is difficult to measure the thickness accurately.
Moreover, the backgrounds of Fig. 1a,b (air) and
Fig. 1c (70% ethanol/30% D,0O) are not the
same, which makes for additional difficulties in
the subtraction of spectra. Despite the difficulties,
we found a feasible way to estimate the burst
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Fig. 1. Amide I band of regenerated B. mori silk fibroin: (a)
membrane without any treatment; (b) membrane immersed in
70% ethanol for 24 h and then dried; (c) the first spectrum (at
~0.1 min) in the dynamic measurement (curve A: normal
FTIR spectrum; curve B: second derivative spectrum).

phase as follows: the burst phase was estimated
by calculating (Abs. — Abs,)/[(Absg — Absc) +
(Abs. — Abs, )] (where Abs denotes the absor-
bance spectrum). We first took the spectrum be-
fore the conformation transition (Abs,), then in-
jected ethanol-D,O mixture to allow the confor-
mation transition to begin. From the series of
dynamic spectra, we chose the last spectrum (~ 60
min) and the first spectrum (~ 0.1 min) to get
Absy and Abs.. Using these spectra as a basis
for calculation, we can ensure that the sample
position had minimal changes during the mea-
surement and also ensure the membrane thick-
ness changes were minimal. Afterwards, using
baseline corrections (to correct background dif-
ferences), we subtracted Absy — Abs. (same
background, small error) and Abs. — Abs, (dif-
ferent background, larger relative error) to calcu-
late the burst phase. This analysis indicates a
burst phase of 50 + 10%.

3.2. Time-resolved FTIR spectra collected during the
conformation transition process of regenerated B.
mori silk fibroin membrane induced by ethanol

Fig. 2 shows the infrared absorbance spectra of
the regenerated B. mori silk fibroin membrane
during the conformation transition after the addi-
tion of ethanol, from 0.1 to 60 min. With increas-
ing time, characteristic changes in the absorbance
spectra are seen, i.e. the amide I band gradually
changes from ~ 1660 cm™! to ~ 1620 cm '
These time-resolved changes are emphasized in
the difference spectra (Fig. 3) which have been
calculated according to 4,—A,, where A, are the
absorbance spectra at a running time and A, is
the first absorbance spectrum, i.e. the one
recorded at 0.0975 min (Fig. 1c). Note that in the
difference spectra, the main difference features
are identical with those identified by the second
derivative analysis in Fig. 1b,c. The increasing
positive band at 1618 cm ™! reflects the increasing
B-sheet structure that develops with time after
addition of ethanol. Correspondingly, the one
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Fig. 2. Original FTIR spectra of regenerated B. mori silk
fibroin membrane during the conformation transition process
from beginning to 60 min.

negative band around 1668 cm™! indicates the

loss of random coil and /or silk I structure during
the process. In the meantime, a distinct positive
band at 1693 cm ™! (also indicating the formation
of B-sheet structure) is observed.

3.3. Kinetics of the conformation transition and
mechanism of folding of the regenerated B. mori silk
fibroin membrane

From the difference spectra, intensity—time
plots can be generated for the kinetic measure-
ments. Fig. 4a presents the results obtained em-
ploying the prominent difference band at 1618
cm~! as a probe for B-sheet conformation. The
loss of random coil conformation represented by
the decrease in the band at 1668 cm™! is plotted

vs. time in Fig. 4b. The increasing curve in Fig. 4a

Table 1

Conformation transition kinetics of B. mori silk fibroin membranes probe by absorbance changes of B-sheet band at 1618 cm™

random coil band at 1668 cm ~'?
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Fig. 3. Difference spectra obtained from Fig. 2.

and the decreasing curve in Fig. 4b appear coinci-
dent. The experimental data of both curves were
fitted with biphasic exponential decay functions.
The time constants and relative amplitudes for
the fit to the increasing band at 1618 cm ™' curve
are identical to those observed for the decreasing
curve representing the disappearance of random
coil and/or silk I structure at 1668 cm™~'. These
averaged results from three independent mea-
surements are summarized in Table 1. The fitting
procedure reveals two phases with time constants
of 0.56 + 0.04 min and 5.2 + 0.5 min in the forma-
tion of B-sheet as well as two phases with time
constants of 0.51 + 0.05 min and 5.8 + 0.6 min in
the disappearance of random coil. The data anal-
ysis indicates that, within experimental error, the
disappearance of random coil and /or silk I struc-
ture coincides with the appearance of the B-sheet

! and

IR ‘marker’ 7, (min) a, (%) 7, (min) a, (%)
B-sheet at 1618 cm ™' 0.56 + 0.04 67+ 4 5.20+0.47 33+£2
Random coil at 1668 cm ™" 0.51 + 0.05 63 +4 5.80 £ 0.61 37+3

“Notes. The time constants, 7, and the amplitudes were obtained by the absorbance difference spectral amplitudes with
exponential decay functions. The relative amplitudes o; and o, were calculated by a; =A4,/(A, +A4,) and a, =A,/(A, +A,),
respectively (where A4, and A, are the amplitudes of the first and the second phase). All values represent the average of three

measurements where the errors are 1 S.D.
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Fig. 4. Conformation transition kinetics of regenerated B.
mori silk fibroin monitored by time-resolved FTIR spectros-

copy: (a) increasing of B-sheet at 1618 cm™!; (b) decreasing of

random coil at 1668 cm ™!,

structure. In addition the amplitudes of two
phases for both fits imply a ratio of 2:1 of the
faster phase compared to the slower one.

Based on the observed data, we can establish
which phases are sufficiently resolved in time to
be kinetically distinguishable states. For example,
the first spectrum at ~ 0.1 min indicates that
~ 50% of the protein has already attained -sheet
structure during the burst phase. The second
process, with a time-constant of 0.5 min, consti-
tutes 2/3 of the measured reaction after the
burst phase. Thus, this phase is 33% of the total
folding reaction. We cannot determine from the
data if the second process follows continuously
from the burst phase or if there is a gap between
the two phases.

At 5-6 min after addition of ethanol, the third
process (representing 1/3 of the folding after the
burst phase) is one-half complete. However, by
this time the second process has completed 10
half-times and is negligible. In addition, the reac-
tion is examined out to an hour, so the third
process is effectively fully completed (5-6 half-
times). Thus, the third phase represents the trans-
ition process of a kinetically distinct species.

It is reasonable to suppose that the conforma-
tion transition of such a large fibrous protein is
likely to be quite different than the conformation
transition (folding) of small, cooperative proteins.
For the small, cooperative proteins, the macros-
copic properties observed are the sum of the
behavior of each single protein molecule. How-
ever, the macroscopic properties (like mechanical
properties) of a fibrous protein are highly related
to its morphology and the intermolecular interac-
tions of the individual protein segments. For in-
stance, a single silk fibroin molecule obviously
does not have any properties similar to the silk
fibroin material (fiber, membrane, etc.). There-
fore, the conformation transition process relates
to the synergistic effects among numerous macro-
molecules. This suggests, a priori, at least two
major phases to the conformation transition
mechanism that includes the initial arrangement
of individual protein segments and subsequently,
the rearrangement of segments to complete the
intermolecular interactions that result in a fiber
with the appropriate macroscopic properties.

As stated above, we cannot determine whether
the burst phase and the second process are kinet-
ically distinct or continuous in nature. Also the
possibility that parallel pathways exist must be
considered in examining the conformation transi-
tion mechanism. For example the second process
could represent a fraction of the population that
is kinetically trapped. Such kinetic traps are a
common feature of globular protein’s conforma-
tion transition (folding) mechanisms, and can in-
clude partial misfolding of the protein structure
as well a slowing down of the folding mechanism
due to the need for cis—trans isomerization around
prolyl peptide bonds [41]. The proline composi-
tion of B. mori silk fibroin is no more than 1%
[6], but it is unclear at present what role, if any,
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proline isomerization may play in the conforma-
tion transition mechanism.

3.4. Relative contributions of folding and assembly
to the conformational dynamics observed

The conformational rearrangements observed
in this study are initiated when the silk fibroin
membrane contacts the aqueous ethanol solution
and the membrane swells. It is important to un-
derstand to what extent the infrared spectral
changes represent the folding of individual pro-
tein segments vs. assembly of folded protein
molecules into fibers. Because B. mori silk fibroin
has a primary structure that is largely a regular
alternation of glycine with alanine or serine, it
has the intrinsic propensity to form a [-sheet
structure under favorable conditions [14]. The
initial state has a minimal B-sheet structure, de-
spite this propensity to form p-sheet. This sug-
gests that initially, the individual protein seg-
ments may be unfolded or partially folded. If so,
then the burst phase representing 50% of the
transition may reflect relatively fast folding of
individual protein molecules to a more stable
state. Subsequent to this burst phase, assembly of
protein molecules into fibers, and the initiation of
inter-molecular B-sheet formation may com-
mence coincident with the second observed
process having a time constant of ~ (0.5 min.

The conformation transitions of polymers pre-
fer to occur in a mode that is kept local by
distortion of nearby parts of the molecule and
does not require gross movements of the macro-
molecule [42]. Thus, the silk fibroin molecules
may form B-sheet structures by adjusting the indi-
vidual protein segments first. Subsequent to this
initial phase, the remaining segments may not be
in favorable orientations to form additional (-
sheet structures through intramolecular rear-
rangement. Therefore, the third observed process
(with a time constant of 5.5 min) may include
movement of whole macromolecular chains with
respect to each other, a process required for the
‘perfection’ of the B-sheet structure formed ini-
tially in the faster phases.

This perfection process may also have multiple
phases as indicated by the spectral data. Exami-
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Fig. 5. The increasing of B-sheet at 1693 cm™~! during the
conformation transition process of regenerated B. mori silk
fibroin membrane.

nation of the intensity—time plot also indicating
B-sheet structure at 1693 cm ™! from the differ-
ence spectra (Fig. 5) shows an initial lag phase in
the kinetics followed by a slow change with a time
constant of approximately 10 min. However, this
kinetic behavior is very complex and does not fit a
sum of exponentials or even a log—log analysis
[43]. Clearly it does not coincide with the kinetics
of the third phase measured above, and may be a
separate structural change that is dependent on
the formation of the product of the third phase.

4. Conclusion

The kinetics of conformation transition of the
Bombyx mori silk fibroin membrane from poorly
defined to the well-ordered state was analyzed for
the first time. Using FTIR spectroscopy, indepen-
dent measures of the B-sheet conformation could
be analyzed simultaneously with the loss of ran-
dom coil structure. As would be expected for the
molecular rearrangement of such a large protein
system, the kinetics of formation of the ‘per-
fected’ state is slow, and multiple intermediate
states are indicated. However, the initial forma-
tion of B-sheet structure, which accounts for 50%
of the conformation transition mechanism, may
be rapid. Further study is required to understand
this interesting and complex conformation transi-



X. Chen et al. / Biophysical Chemistry 89 (2001) 25-34 33

tion mechanism fundamental to the process of
silk formation.
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