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Statement of Significance:

The physical and mechanical properties of proteins including silk fibroin can be modified by
controlled structural change, which is regularly monitored by Fourier transform infrared
spectroscopy (FTIR) by peak fitting of the amide | band. Currently there is no fixed
methodology to compare and follow secondary structural differences without significant
operator input leading to subjectivity and error.

This contribution establishes a method for such analyses to be carried at high levels of
autonomy applicable to a wide range of proteins and the conformational changes have been
quantified as a single energy change output, which clearly shows the progression of the
annealing process used. We propose that the approach can help in the development of silk based
materials for biomedical applications where tuning of the physical and mechanical properties

of the silk are needed to guarantee optimum activity.

Abstract.

The physical and mechanical properties of structural proteins such as silk fibroin can be
modified by controlled conformational change, which is regularly monitored by Fourier
transform infrared spectroscopy by peak fitting of the amide | band envelope. Although many
variables affecting peak shape are well established, there is no fixed methodology to compare
and follow secondary structural differences without significant operator input especially where

low frequency spectral noise is a problem.

The aim of this contribution is to establish a method for such analyses to be carried at high
levels of autonomy to prevent subjective or erroneous fitting. A range of approaches was
trialled with optimal peak parameters selected based on overall goodness of fit and
reproducibility of fit of replicate sample spectra. The method was successfully tested against
reference proteins having contrasting f content and the rationale for parameter selection is

presented.

Further, we applied this method to measure the effect of conformational change on the energy
of the amide I band of silk fibroin during annealing. Energy changes were ca. 400 KImol™ of
fibroin. To confirm that this energy change was a consequence of increased hydrogen bonding
we used a Thioflavin T staining method typically used to identify B aggregate type structures

in amyloid plaques.



We propose that the approach described herein can aid in the development of silk based
materials for biomedical applications where tuning of the physical and mechanical properties

of the silk are needed to guarantee optimum activity.
Keywords: silk, FTIR spectroscopy, Thioflavin T, conformational change, hydrogen bonding.

1.1 Introduction.

Silk is a biomolecule which has been utilised for possibly as long as a millennium in medical
procedures [1] and still continues to be developed and modified for a myriad of potentially new
applications [2-6]. Silk materials have high biocompatibility and versatility allowing a range
of material forms to be fabricated; from fibres through to films, gels, sponges and non-woven
mats with potential use in medical devices through to coatings for the preservation of perishable
food products under ambient conditions [7,8]. Silk possesses high tensile strength and elasticity
due to the naturally occurring beta sheet features of the proteins when formed into fibres or
other forms [9]. The percentage of beta conformers, (sheet, aggregate and turn — a glossary of
beta structure is included in the supplementary data p 1-2), are directly related to the physical
properties exhibited by the silk, therefore it is important to be able to measure and customise

the beta content of such materials.

In the analysis of protein conformation and conformational change a number of techniques are
available (circular dichroism, X-ray analysis, nuclear magnetic resonance, infrared
spectroscopy and thermal analysis) but generally each is subject to or requires control of the
protein environment (solid or solution state). Reviewing the available literature on protein
conformation analysis concludes that one of the most straightforward and widely available
techniques is infrared spectroscopy. The use of Fourier self-deconvolution and peak fitting is
an established method for analysing spectra with overlapping bands enabling the semi-
quantitative estimation of the underlying components, but there is no fixed methodology for
either process and they are subject to noise in their isolation of peak maxima and number [10-
20]. Two dimensional infrared methods are also used in the quantitation of protein conformers
with promising results but require more specialized equipment and operator experience.[21,22]
Much of the published data uses different fitting approaches and parameters for both spectral
pre-treatment and the subsequent peak fitting and conformer identification often resulting in
different conformational profiles and sometimes poorly and/ or erroneously fitted data. A
significant contributory factor to this variability can be the manual imposition of peak
parameters such as peak shape, position and width along with smoothing and deconvolution



methods or second derivative methods. Often the parameters are modified to give the best
statistical fit with the experimental spectrum envelope with insufficient consideration of the
validity of the individual peaks having a rational basis, and this can be a major obstacle
especially for an inexperienced operator. Although some adjustment is always going to be
necessary when comparing proteins in solid or solution phases due to changes in internal
hydrogen bonding and water binding associated with the peptide backbone. It should still be
possible to produce a single set of parameters which can be used to compare proteins
undergoing conformational change in similar environments, such as annealing films and
aqueous gelling processes. Indeed esteemed authors have questioned the level of autonomy of
spectral fitting [17,18] and stated the desirability for processes with less operator influence and
therefore greater objectivity. Furthermore, it would be advantageous for researchers in other
disciplines to be able to extract meaningful data from spectra where the levels of expertise in

spectroscopy and fitting processes may vary.

As silk can be reprocessed this means that it is different to many artificial polymers whose
properties are fixed during fabrication via irreversible curing processes [23,24]. The fibres are
highly ductile and comparable to the best synthetic materials such as nylon and polypropylene
[25] but the latter are insoluble in water and hard to reprocess. Natural silk fibres, in contrast
can be reprocessed after regenerating the fibroin. The regeneration process breaks up the 3
sheet structure of the spun fibroin by initial swelling and then disruption of the inter and
intramolecular hydrogen bonding between the B strands and anti-parallel B sheets [26-29].
After regeneration, return to the favoured B structures can be prevented by processes such as
rapid desalting using dialysis or desalting columns and immediate freeze-drying [30]. Provided
the B sheet content is significantly reduced during reprocessing the fibroin remains soluble in
a range of solvents including water, aqueous buffers, organic acids such as formic acid [31]
and some organic solvents such as hexafluoroisopropanol and hexafluoroacetone [32]. From
these solutions, fibroin can be reprocessed by spinning, gelling and dry casting methods [33]
however the materials fabricated in this way will lack some of the tensile properties of the
original silk due to reduction in the B sheet content. The process can largely be reversed by
annealing which typically involves thermal or chemical treatment of the regenerated fibroin
and generates intermolecular 3 sheet aggregates, which are largely responsible for the physical
strength, elasticity and water insolubility of spun silk [34-37]. By monitoring the efficiency of
annealing processes methods can be developed to fine-tune the material properties of silk

materials. Extending their already wide range of uses; particularly in the biomedical field where



ideal sample properties vary not only in the area of the body where the material is to be used,
the device function but also from patient to patient. Controlling the conformational conversion
from disordered/ helical to high B content enables the preparation of silks with contrasting
physical and solution properties, which are required in these fields. As examples, implants such
as support structures in bone repair and sustained drug release require different properties for

optimum usage [38-42].

1.2 Infrared analysis: Origin of the amide | band and factors affecting frequency.
Infrared absorption bands originate through various bond vibrational modes where there is a
change in the dipole moment of the interacting groups within a molecule. These vibrational

modes obey Hooke’s law (i) and behave as harmonic oscillators:

P Since ml and m2 are the masses of the interacting

= Zmcqk @) oscillating bodies and k is the force constant, which is a
measure of the bond strength, changes in these, will result
in a frequency shift to the absorbance band. The amide |

v = Frequency - .
¢ = Speed of light band originates largely from the peptide backbone carbonyl
k = Bond force constant C=0 stretching frequency with a small contribution from C-

ml.ma2
u=Reduced mass =———- N stretch and C-C-N deformations. This is shifted

significantly from the amino acid carbonyl frequency due to

electron density changes brought about by carbanion
resonance stabilisation [43]. The strength of the carbonyl bond can also be affected by the
electronegativity of other adjacent molecules or elements (the inductive (1) effect) [44]. An
increase in electron density brought about by the adjoining species (+1) will result in a
weakening and lengthening of the carbonyl bond and hence a reduction in its frequency. Of the
two effects, the resonance effect dominates and as the inductive effect operates over two
carbon-carbon bonds, its effect is further diminished. What is significant, however, since
conformational change results in no oscillator mass change or significant inductive effect in
peptide bonds, is the effect of hydrogen bonding on the amide I bond strength and observed
frequency. It was Pauling, Corey and Branson [45,46] who first recognised the role of hydrogen
bonding in fixing protein conformations such as the helical and pleated sheet structures and
noticed that these are subject to local media conditions. Dilute solutions and polar solvents tend
to favour hydrogen bonding of the peptide carbonyl and N-H groups with water molecules.



Where the amino acid residues are more hydrophobic it is entropically favourable to exclude
water from the structure, form intra-molecular and, at higher concentration, inter-molecular
hydrogen bonds. During drying processes, this can result increasingly in the formation of o
helical and B sheet structures. Since conformational change can be a relatively slow process,
fast drying may fix some thermodynamically stable transitions in their higher energy state, thus
rapid drying or drying under constrained conditions such as freeze drying can result in quasi-
stable conformer mixes. These can be higher in random coil nature than they would achieve if
allowed to attain a lower energy state if dried more slowly or without motional constraint. The
competing processes result in a change in the C=0 frequency which correlates with the length
of the hydrogen bond [47]. Reduction in the amide | band frequency is caused by the C=0
stretch band through hydrogen bonding strength changes and changes in bond angles of the C-
N stretch, C-C-N deformations and N-H stretch [48]. In addition to the commonly reported f3
sheet and turn structure it is also possible to identify the p aggregate structure which enhances
the amide | band envelope at around 1615 cm™ and is largely the result of inter-molecularly
hydrogen bonded B sheet. This is a large component of crystalline silk beta domains and as
such provides much of the structural rationale for the high tensile strength and elasticity of silk
fibroin [49]. It is these such structures common in protein fibrillation which provide the binding
sites required for staining techniques using Thioflavin T or Congo red for example which are
commonly used in the identification of amyloid plaques [50-52]. Thus, such a staining
approach can be used to confirm time dependent conformational changes assessed by FTIR-

ATR spectroscopy.

The aim of this investigation was to produce a simplified method for protein conformational
analysis producing clear unequivocal results that are reproducible and require a minimum of
user manipulation such that it would be suitable for scientists working in interdisciplinary fields
where expertise may be limited. Peak fitting of the amide | band during the silk fibroin film
annealing process was carried out to reproducibly determine changes in the protein
conformation with time. An iterative process whereby the effect that one independent
parameter change had on the fitting outcome was employed. Variables (peak position, width,
shape, conformer abundances at start of iteration), were statistically compared with the result
that an optimum set of parameter choices for protein conformational analysis could be defined.
These parameters were applied initially to a freshly cast silk film to compare effects of the
individual parameter changes to the fitting and reproducibility and the optimised parameters

then applied to a set of proteins of contrasting secondary structure properties before finally
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applying them to spectra collected during the silk annealing process. The use of a range of
reference proteins shows the approach to be applicable not just to the conformer variation we
would expect to see during silk annealing but also to unrelated solid state proteins, and this was
achieved without manual adjustment of the fitting parameters.

2. Materials and Methods.

2.1 Materials.

Materials were obtained as follows. Protein reference materials y globulin, bovine serum
albumin (BSA), a lactalbumin, sodium bicarbonate (NaHCO3 99%+), lithium bromide (LiBr
99%+), cellulose dialysis tubing (MWCO 12-14kDa), and Thioflavin T 65-75% dye, from
Sigma-Aldrich, (Dorset, UK). Bombyx mori dewormed silk cocoons from Forest Fibres,
(Gloucester, UK). Deionised water (< 10 pScm™) single distilled and deionised with a single
pass ion exchange resin, (Elga micromax, High Wycombe UK). Sodium hydroxide (NaOH
97%+) and methanol (99%-+) from Fisher Scientific, (Loughborough, UK).

2.2 Methods.

2.2.1 Reference protein preparation: The reference proteins were sampled as received (dry
free flowing white powders) and cast on clean dry microscope slides from a single 10 pL drop
of a 10% aqueous protein solution. A minimum of 5 independent samples were prepared for

all proteins.

2.2.2 Silk film preparation: Dewormed Bombyx mori cocoons (2% wi/v) were degummed in
0.5% w/v sodium bicarbonate solution by boiling for 30 minutes, draining and repeating before
thoroughly rinsing with deionised water and drying at room temperature. The silk fibroin (20%
wi/v) was then solubilised in lithium bromide solution (9.3 M) at 60 °C for 3 hours. After
cooling the silk solution was dialysed against sodium hydroxide solution (10* M, pH 10)
(1:100 solution to dialysate) with an additional 4 changes of dialysate over 8 hours to give a
final silk concentration of 10% w/v. The silk solution prepared in this way remained stable
against gelation for at least 1 week at 4 °C. Films were prepared by adjusting the pH of a small
aliquot of the silk solution to 7.0 with hydrochloric acid and spotting 10 pL of the solution on
to a clean dry microscope slide and drying under normal air flow overnight forming an
approximately 5 mm disk with a raised annulus. Annealing of the silk films was carried out in
a reduced pressure methanol water atmosphere (60% methanol) in open petri-dishes (4 x 9

cm diameter) each containing 20 mL of the aqueous methanol, in a 35 L vacuum oven at 635



mBar and 25 °C) for times ranging from 5 minutes to 24 hours. The annealed films were then

left to equilibrate in air at 25 °C for 24 hours before any spectroscopy or staining was attempted.

2.2.3 Fourier transform infrared attenuated total reflectance spectroscopy (FTIR-ATR):
Spectra were collected using a Perkin Elmer spectrum 100 spectrophotometer (Perkin Elmer
spectrum 2012, v.10.03.07 software) with a single reflection diamond crystal universal ATR
sampling accessory. Five replicate powders or films (specifically the annulus) were
individually measured and fitted for statistical analysis. Figure 1 shows 5 overlaid replicate
spectra of non-annealed silk fibroin films and Figures 1b/c represent the peak fitting and
reproducibility of the fitting respectively. All spectra were collected between 4000 and 500 cm”
1 at a resolution of 4 cm™ accumulated from 16 individual scans. They were zero baseline
adjusted at multiple points including a single linear section between 1730 cm™ and 1470 cm™

to cover the amide | and amide Il region of interest.

Curve fitting was performed using Thermo grams Al software V.8.The final chosen parameters
included peaks and fixed absorbance wavelength maxima selected [14, 35-37] at 1712 cm™
(side chains), 1693 cm™ (intermolecular B sheet), 1680 cm™ (B turn), 1656 cm™ (random coil),
1644 cm™ (o helix) 1628 cm™ (intramolecular B sheet) 1615 cm™ (intermolecular § sheet) and
1592 cm™* (a peak introduced to compensate for non-baseline resolution of the amide | and 11
bands without discrimination against lower frequency components). All peaks were half height
width limited to between 10 and 30 cm™ but allowed to assume any positive height/area. The
conformer composition was calculated as the area of the relevant peak as a percentage of the
total amide | peak area. For comparison, the same spectra presented in Figure 1 were also
treated using a deconvolution approach; details on the method adopted and the results can be

found in the Supplementary Information and Figure S1.

We have used the notation of C=0 as an abbreviation of the amide | band but the calculated
energy change is as a direct consequence of the change in the population of the conformer
bands coupled with their frequencies which are a composite of the various vibrational modes.
The resulting energy change (calculation methodology detailed in the SI) observed with
annealing time we feel then gives a simple single point measure of the progression of the

annealing process.



2.2.4 Statistical analysis

Unless otherwise stated five independent samples were prepared, measured and the resulting
spectra fitted. During model development, the influence of variable parameters on the goodness
of fit with the experimental spectrum were assessed based on the reduced chi square (x2) using
the Thermo grams Al software V.8.and standard deviation statistics generated using Microsoft
office excel 2013.

2.2.5 Thioflavin T amyloid staining:

Thioflavin T (8 mg) was dissolved in pH 7 phosphate buffer (1 M), filtered through a 0.2 um
membrane and diluted to 1 in 50 to generate the working solution. Aliquots of 10% silk solution
(10 pL) were applied to give complete coverage of glass microscope slide covers (6 mm
diameter) and allowed to dry at room temperature overnight before annealing for up to 24 hours
as described above. Staining was performed by immersing the films in 200 pL of working
Thioflavin T solution for 10 minutes and then washing with 3 x 200 pL of deionised water
before air drying as before. Comparisons of staining intensity were made visually and under
UV irradiation at 360 nm excitation [53], monitoring the emission spectrum from 400 — 800

nm.

3. Results and Discussion.

3.1 Method development using B. mori silk fibroin.

Replicate silk fibroin films were prepared as described in the methods section and the resulting

spectra normalised and plotted on a single graph (Figure 1a) to demonstrate their similarities.

Spectral parameters were chosen according to literature precedence [17, 54-56] and the final
selected conditions listed in the materials and methods. Thioflavin T staining was used to
provide evidence for the rationale of the specific inclusion of the B aggregate (1615 cm™)

absorbance peak.

The suitability of chosen parameters was determined by measurement of both goodness of fit
(reduced chi square (x2) regression analysis), Figure 1b and agreement of results from 5
replicate spectra presented as square root mean variance of the individual conformer peaks

fitted, Figure 1c. When using x2 analysis, lower values are indicative of improved agreement



of the model with the experimental spectrum however, values < 1 generally indicate noise
fitting. Typically, peak fitting analysis includes the use of Fourier self-deconvolution for
resolution enhancement [57]. However, consequences of this treatment can include side lobe
formation due to over deconvolution and noise increase [58]. Noise is particularly problematic
as small perturbations due to background water vapour are rapidly magnified by the processing.
The resulting peak picking tends then to be subject to the choice of processing step size in peak
position and width. Applying narrow step changes between iterations results in peak pinning
but using wider step changes can result in unreasonable spectral drift both of which result in
erroneous fitting and incorrect wavelength maxima positions. Peak fitting was therefore
conducted without deconvolution, smoothing or automatic peak picking by instead imposing
confined peak positions and widths for the underlying conformational sources of the amide |

envelope.

The variables (peak position, width, shape, conformer abundances at start of iteration) were

assessed independently for their effect on the resulting statistical analyses.

3.1.1 Peak Shape

Gaussian, Lorentzian and mixed Gaussian/ Lorentzian (Voigt) [18] peak shapes were compared.
Gaussian peak shape showed better fit with the experimental spectra than Lorentzian peak
shape based on values of reduced chi square, Figure 1b. Mixed Gaussian/Lorentzian peak
character was also investigated and gave better reduced chi square results, Figure 1b, however
on inspection, the peaks were largely Gaussian in nature and also showed greater sample to
sample variation compared to pure Gaussian fitting alone, Figure 1c, given this, a pure

Gaussian fit was selected.

3.1.2 Pre-biased conformer fitting

The initial state for the fitting process was found to affect the outcome/convergence of the fit
where either an initial bias was placed on one conformer over the other or no bias was applied.
Here we applied a bias on the B structure related peaks or on the o helical/random coil, related
peaks or both were set at the same initial level. Figure 1b shows that regardless of whether bias
was imposed or not there was little impact on the regression results and when the replicate
spectra were compared, Figure 1c again there was little difference provided the conformer
wavelength maxima positions were fixed. Interestingly when a random/ helical bias was

imposed, the selection of peak shape made no difference to the outcome of the variance.
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3.1.3 Fixed Peak Position and Peak Area

Allowing a fixed level of freedom of movement for the various protein conformer wavenumber
maxima positions produced an improved reduced chi square (x2) for the fitting process but
also caused an increase in variance overall which was a result of peak ‘pinning’ at local minima
caused by the presence of spectral noise, Figure 1b/c. For this reason, the conformers were
prevented from drifting to these minima by confinement to the centre of their literature ranges
[17, 54-56] and then allowed freedom to expand to any height/area.

Limiting the half height width to between 10 and 30 cm™ also enabled both acceptable reduced
chi square fitting of the spectral envelope and also good replication of conformer make up of
silk spectra, Figure 1b and c. Not limiting the peak widths either resulted in noise fitting in the
absence of a minimum limit or peaks of unreasonably large width spanning the amide I and |1

regions in the absence of an upper limit. The experimental design and outcomes are shown in

Figure 2.
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annealed silk films and mean spectrum (red), and fitted conformers — (amide I fitting peaks
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have been omitted for clarity) refer to materials and methods section for individual peak ID. b)
Reduced chi square from curve fitting and c) Pooled standard deviation of the fitted replicate
non-annealed silk films for different distributions or combinations of the variables selected.
Terms ‘free’ and ‘fixed’ refer to the level of freedom for the particular conformer maximum to

move, ‘free’ is within literature ranges and ‘fixed’ is limited to the centre point of these ranges.

Optimum parameters for the best fitting of the experimental peaks and lowest standard
deviation of the 5 replicate sample spectra were thus determined. The final conditions selected
were chosen for their ability to clearly distinguish between similar but not identical spectra,
Figure 1a and consistently do this for multiple replicate samples.
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Figure 2 Flow chart displaying all variable combinations considered in this study, the green

route indicates the variables selected based on both chi squared and standard deviation values.

3.2 Validation of approach for proteins with contrasting secondary structure

compositions.

Reference proteins were selected based on their varying levels of B sheet structure in their
native forms. y Globulins are known to contain relatively high levels of B sheet structure whilst
BSA has very little primary structure of a p nature [59] and the conformation of a lactalbumin
lies somewhere between the two. However, in their solid state these proteins are unlikely to

exhibit true native secondary structure so they were measured both as, as received powders and
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as films dried passively from water overnight to allow conformational change to occur. The
peak fitting methodology was aimed specifically to contrast the different conformational

compositions of the proteins and to be able to monitor process-induced change in conformation.
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Figure 3. Protein reference spectra and peak fitting (y offset 0.2)- (amide Il fitting peaks have
been omitted for clarity). The conformer spectral absorbances are from the o lactalbumin fitting.

All spectra and fits are the average of 5 replicate analyses and fitting procedures.

When applied to the selected reference proteins the example fitting for a lactalbumin, Figure
3, gives excellent fits (reduced chi square,y2) with the experimentally derived spectra, Figure
4. Statistical comparisons based on one-sigma confidence limits also shows clearly significant
differences between the replicate data sets of both the BSA and a lactalbumin compared with
the y globulin in terms of the conformational composition, as powders and as films. This also
shows differences between BSA and a lactalbumin, but differences between pre and post
drying were less significant, Figure 4. The conformation data for BSA based on X-ray
crystallography of homologous proteins (equine and human serum albumins) [60] shows it to
be highly helical in structure (~75%) and circular dichroism of fragments indicate no more than
20% beta structure [61] but here we find higher levels of the latter. These values are highly

dependent upon physical state and environmental effects (dry, hydrated or solvent /dispersant)
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so sample preparation will have a significant effect on the conformational outcome. Other
studies have shown that BSA even in the absence of formal primary B structure does give
infrared spectra consistent with significant (~30%) B aggregate nature under denaturing
conditions of elevated temperatures, increased ionic strength and drying [62,63], in general
agreement with our findings. By contrast, the B sheet content found here for y globulin is lower
than reported from X-ray analysis and circular dichroism [64,65]. Which may be due to our
drying process being too rapid for thermodynamic relaxation of the structure but may also be
a function of the propensity of globular proteins to form intra-molecular B sheet structure in
preference to extended inter-molecular B aggregates [66]. The sum of the B characteristic bands
found (~57%) by peak fitting is in agreement with published data (Supplemental data Table 1)
although it is clear that conformer values determined by each of the methods are highly
dependent on pre-treatment for all the proteins. BSA and y globulin both showed the same trend
of more B aggregate spectral content after film preparation suggesting that they exhibit, to some
extent this slow thermodynamic change during drying, behaviour which can also be expected
for regenerated silk fibroins. a lactalbumin by contrast showed much less clearly defined
change, and these observations may be indicative of the extraction and recovery processes used

in the commercial production of the proteins.
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(b) freshly prepared films (from water on glass slides). Error bars show 1 sigma variance.

The outcome of the peak fitting process and differences observed between the proteins were in

agreement with what may have been expected purely by visual inspection and observer
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expectation of the spectra but no operator input was made thus maintaining the objectivity of

the process.

3.3 Spectroscopy of the silk annealing process:

The glycine (G) and alanine (A) content of Bombyx fibroin constitute approximately 75% per
mole, the vast majority of which are linked through 11 highly conserved charged domains of
30-31 amino acid residues, which include the sequence GPYVA/N. The presence of proline (P)
provides for a more flexible B turn with potential for the silk to form an anti-parallel B sheet
structure, and we have therefore included the turn conformer in our estimation of total B content.
Thus, there is a propensity for a large amount of 3 structure in fully annealed regenerated silk
fibroin films with studies by solid-state 13C CP-MAS NMR spectroscopy showing in excess of
75% of the alanine present to be in a f arrangement [67]. By extrapolation if we include closely
associated glycine residues, we should expect 60% or more of the fibroin to be represented by
B conformers. The Bombyx mori amino acid sequence also contains 7% of residues with side
chain functionality that could interfere in the amide | region but only 1% of the total residues
are strong (acidic carbonyl) absorbers. The contribution of any such acidic residues should be
removed from the amide | band conformational content by subtraction of the 1712 cm™ band
during peak fitting. The amide I region observed for the silk fibroin should therefore be largely
independent of such side chain interference after treatment.

Alcoholic treatment of regenerated silk fibroin is known to promote the formation of B structure
[68,69] and spectral changes were observed during the annealing process employed in this
study, (Supplemental data Figure S2) indicating the expected transition from random and
helical structure to a more  dominated structure, Figures 5a,b. The fitting process presented
herein allowed us to monitor the conformational changes without any change to the initial
fitting parameters thereby generating results free of operator subjectivity.
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Figure 5. Silk films: a) Conformer composition of un-annealed silk films, b) Conformer
composition of annealed films after 24 hours; c) Conformer changes during the annealing
process (x2 and square root mean variance 9.3, 1.53 and 13.0, 1.72 pre and post annealing
respectively), and d) energy changes and fluorescence (3 aggregate content) during annealing.
More detailed information on the changes occurring in the first 50 minutes of the annealing

process are provided in the SI.

Increased levels of intermolecular  sheet structure was observed within the first ten minutes
of the start of the annealing process which was also accompanied by an initial increase of the
less strongly hydrogen bonded conformers (random coil and helical structures) probably as a
consequence of the swelling of the dried fibroin on penetration by methanolic water vapour
[70]. Over the next 60 minutes or so, B sheet and B aggregate levels increased as reduction in
all the less strongly hydrogen bonded structures continued probably by a progressive change
from random coil to a helical structure and/or intramolecular  sheet and ultimately
intermolecular B sheet. The level of crystallinity/aggregate found overall (as the sum of the 3
structures) was in agreement with other published work using infrared spectroscopy or other
methods for quantitation, Table 1. Although structural changes were observed to continue for
up to 24 hours, the vast majority of the restructuring took place in the first 2 hours of the

treatment. In addition, over this time the proportion of  turn to aggregate decreased indicative
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of the formation of larger crystalline domains as a result of intermolecular hydrogen bonding
which has been described previously both in vivo and in vitro during silk spinning processes
[71,72].

B content (%) non B content (%) References
Method
FTIR-ATR 50-63 37-50 [This contribution]
X ray diffraction 64-68 32-36 [73]
13C CP-MAS NMR 55-60 40-45 [67,74]
FTIR-ATR 53 - 70%, 49 30 —-47* 51 [34*, 75]

Table 1. Comparison of quantitative data found in this study and by others using a range of
quantitation methods. *Ranges found during annealing includes peaks from turn structures to

compare directly with the methodology of this contribution.

Confirmation of the presence of p aggregate domains was also shown by Thioflavin T staining,
Figure 6 with the development of a visible yellow colour and emission signal at 485 nm

indicative of the formation of amyloid/ B aggregate structure.
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Figure 6. Thioflavin T amyloid staining. Emission spectrum under 360 nm excitation and
visible appearance under white light (annealing time shown in minutes). A lower wavelength

to that routinely used for amyloid staining was used to avoid saturation of the detector.
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The staining observed was the result of two processes, 1) the absorption and re-orientation of
the Thioflavin T dye on the B aggregate crystallites resulting in the characteristic emission shift
and enhancement observed and, 2) the decreased solubility of the annealed silk films as a result
of their increased [ structure. At the shorter annealing times (before ca. 10 minutes) the films
were water soluble and were removed from the glass coverslips during the staining and washing
process, so staining was not observed though infrared analysis suggests presence of B
aggregates, Figures 5a, b and 6. After 30 minutes or more the films became increasingly
insoluble and staining indicative of P aggregates was readily observed by fluorescence
measurement or the naked eye, Figure 6. Fitting of simple exponential functions to the curves
(supplementary data figure S7) showed a rather poor fit initially and a closer fit at longer
annealing times. This suggests that there are two processes operating in both of the methods
used to determine conformational change. Both methods show a lag or delay at the onset of the
annealing process. The energy change error from the data is indicative of the swelling of the
silk matrix prior to re-organisation of the B structure. This corresponds with the reported
behaviour of fibres treated with solvent vapour [70] and the variation in Thioflavin T staining
is a function of both this and the solubility of the fibroin with shorter annealing times.
Suggesting that the fibroin was still at least partially soluble up to 60 minutes after the start of

annealing.

3.4 Conversion of spectroscopic output to energy change

In addition to the conformational analysis in terms of relative percentages of the conformers,
we were also able to measure the amide | bond energy changes resulting from changes in the
strength of hydrogen bonding as the silk conformational assemblage changed. The structural
changes observed arise from a change in the amide carbonyl vibrational energy due to changes
in the hydrogen bonding pattern associated with development of the B structure. We used this
frequency change to calculate the energy change associated with the annealing process. As a
reference, we considered using the random coil condition as the reference frequency (1656cm-
1y since this consists of only intramolecular hydrogen bonding and does not significantly add
to the overall bulk structural stabilisation of the silk materials. Alternatively we compared
reference values obtained for non-hydrogen bonded proteins in dimethylsulphoxide (DMSO)
solutions, which have been observed to occur at 1662 cm™ at high dilution [76]. For this study,
we chose the latter and therefore the data presented includes a small contribution from the

random coil energy change involved in the stabilisation of the fibroin structure. However, the
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close proximity of it to the non-hydrogen bonded state means its influence on the calculated
energy changes is small and it is the intermolecular B sheet hydrogen bonding contribution
which dominates.

Calculation of the change in hydrogen bonding energy (detailed in the SI) for the silk films at
various stages of annealing enabled the progression of the process to be observed very clearly,
Figure 5d and showed a clearer correlation with the B aggregate staining more clearly than
when observing changes of the individual conformers, Figure 5c.

During annealing, the bond frequency energy change results in a decrease of ~80 Jmol™ on
average per backbone carbonyl which equates to ~400 KJmol™ of fibroin and represents a large
contribution to the structural stabilisation of the macroscopic structure, Figure 5d. As the
hydrogen bonds providing this stabilisation are individually comparatively weak the large
reservoir of total energy transfer means that, the silk has a large capacity to un-zip along the
crystallites when extended without breaking the primary protein structure. However, to produce
the tensile and elastic properties observed for the naturally spun fibre [77] the crystallites need

to be aligned along the axis of extension.

4. Conclusions.

Peak fitting of spectra for silk fibroin and three ‘model’ proteins was achieved without the use
of peak deconvolution and optimised parameters reported. The conformational make up of each
‘model’ protein was compatible with many published results for these proteins held under
various conditions [60-66] particularly where B structure is favoured (i.e. when dried or

thermally denatured).

For silk fibroin, the changes induced by the annealing process produced measurable effects at
all stages of the process. Initially changes appeared to correlate with those expected during
swelling of the silk fibroin and although a modest increase of random and helical nature was
observed, it was still associated with an overall transfer of energy to hydrogen-bonded
structures commensurate with an increase in 3 content. Understanding the nature of the changes
in hydrogen bonding patterns enabled us to make use of the energy change calculated from the
amide | carbonyl shift to follow the progress of the annealing process more clearly than by
monitoring one or all of the changing conformers. This indicated that annealing results in a
progressive weakening of the carbonyl band, over the course of ca. 24 hours. The majority of

the change was through the formation of B aggregate structures in the first 2 — 3 hours of
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annealing but further small but significant changes were observed for up to 24 hours. We were
able to estimate the hydrogen bond stabilization of the fibroin to be ~ 400 KJmol™, analogous
to the energy required to heat 1 kg of water from 0 °C to boiling point (at 1 atm). This energy
can be released mechanically by unzipping of the aligned B aggregate crystallites and explains
the tensile properties of silk [25]. We suggest that the peak fitting method outlined in this
contribution can be used as an experimental aid in the development of silk based materials for
biomedical applications where tuning of the physical and mechanical properties of the silk are
needed to guarantee optimum activity.
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