
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Tolmachev, Dmitry; Malkamäki, Maaria; Linder, Markus; Sammalkorpi, Maria
Spidroins under the Influence of Alcohol: Effect of Ethanol on Secondary Structure and
Molecular Level Solvation of Silk-Like Proteins

Published in:
Biomacromolecules

DOI:
10.1021/acs.biomac.3c00637

Published: 11/12/2023

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Tolmachev, D., Malkamäki, M., Linder, M., & Sammalkorpi, M. (2023). Spidroins under the Influence of Alcohol:
Effect of Ethanol on Secondary Structure and Molecular Level Solvation of Silk-Like Proteins.
Biomacromolecules, 24(12), 5638–5653. https://doi.org/10.1021/acs.biomac.3c00637

https://doi.org/10.1021/acs.biomac.3c00637
https://doi.org/10.1021/acs.biomac.3c00637


Spidroins under the Influence of Alcohol: Effect of Ethanol on
Secondary Structure and Molecular Level Solvation of Silk-Like
Proteins
Dmitry A. Tolmachev,* Maaria Malkamäki, Markus B. Linder, and Maria Sammalkorpi*

Cite This: Biomacromolecules 2023, 24, 5638−5653 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Future sustainable materials based on designer
biomolecules require control of the solution assembly, but also
interfacial interactions. Alcohol treatments of protein materials are
an accessible means to this, making understanding of the process at
the molecular level of seminal importance. We focus here on the
influence of ethanol on spidroins, the main proteins of silk. By
large-scale atomistically detailed molecular dynamics (MD)
simulations and interconnected experiments, we characterize the
protein aggregation, secondary structure changes, molecular level
origins of them, and solvation environment changes for the
proteins, as induced by ethanol as a solvation additive. The MD
and circular dichoroism (CD) findings jointly show that ethanol
promotes ordered structure in the protein molecules, leading to an
increase of helix content and turns but also increased aggregation, as revealed by dynamic light scattering (DLS) and light
microscopy. The structural changes correlate at the molecular level with increased intramolecular hydrogen bonding. The
simulations reveal that polar amino acids, such as glutamine and serine, are most influenced by ethanol, whereas glycine residues are
most prone to be involved in the ethanol-induced secondary structure changes. Furthermore, ethanol engages in interactions with
the hydrophobic alanine-rich regions of the spidroin, significantly decreasing the hydrophobic interactions of the protein with itself
and its surroundings. The protein solutes also change the microstructure of water/ethanol mixtures, essentially decreasing the level
of larger local clustering. Overall, the work presents a systematic characterization of ethanol effects on a widely used, common
protein type, spidroins, and generalizes the findings to other intrinsically disordered proteins by pinpointing the general features of
the response. The results can aid in designing effective alcohol treatments for proteins, but also enable design and tuning of protein
material properties by a relatively controllable solvation handle, the addition of ethanol.

■ INTRODUCTION
Spidroins are the main proteins in spider silk.1 Spider silk is an
exceptional biomaterial with a unique set of properties, such as
a broad range of mechanical properties,2 biocompatibility,3,4

biodegradability,5,6 and high thermal conductivity.7 Together
with emerging developments of large-scale synthetic bio-
technology production of silk proteins,8−11 these properties
make silk protein-based materials a fascinating prospect for
material solutions in various application fields, such as tissue
engineering, wound dressings, drug delivery, intelligent health
monitoring, food packaging, and the textile industry.12−15

The material properties of silk proteins are determined by
their supramolecular, secondary, and amino acid sequence.
From a chemical point of view, silk proteins are triblock
biopolymers with globular terminal units separated by an
intrinsically disordered middle part consisting of repetitive
domains, which contain hydrophilic glycine-rich and hydro-
phobic alanine-rich regions.16−18 The elevated content of
glycine in the hydrophilic regions leads to a large conforma-

tional variation and structural disorder in these regions. The
alanine-rich sequences tend to form α-helices in solution and
β-sheets in fiber.19−21 The excellent mechanical properties of
silk proteins rise from and are supported by the tendency of
the proteins to assemble and form a network in which
crystalline β-sheets stabilized by intermolecular H-bonding
form a structural linkage as nodes. More generally, the
secondary structure is a determining factor for, e.g.,
mechanical22 and optical properties,23 thermal stability,24

biodegradation rate,25 and water solubility26 of silk materials.
A highly useful tuning potential for the properties of silk

protein-based materials opens by the secondary structure of
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silk protein fiber being sensitive to the environment. For
example, the β-sheet content in the fiber can be increased by
mechanical stretching27,28 or by organic solvent additives
(methanol or ethanol).23,29−33 Actually, alcohol treatment is
one of the most common steps in preparing materials from silk
proteins. Its target is controlling the silk protein material
structure and properties but also, simultaneously, serves as a
sterilization method. Moreover, alcohol treatment is a common
approach for the fixation of proteins on surfaces and inducing
coagulation by changing the solubility of the protein.34−36

Although the influence of alcohol on the secondary structure
of silk proteins is well-known, alcohol treatments are extremely
common, and the influence of alcohol on the proteins has been
studied for more than 20 years, most of the existing research
work is devoted to studying the effect of alcohol on the
structure of silk fibers and on the surfaces of silk protein
materials.23,29−33 The number of works devoted to the
investigation of the effect of alcohol on the secondary structure
of dissolved spidroins is very small. This is surprising, as the
solution secondary structure forms the basis of fibril assembly
and surface interactions. In this context, it is important to note
the study of Dicko et al.37 on the secondary structure of
spidroin proteins showing the increase of the ordered structure
of the dissolved spidroin with the addition of methanol.
However, most studies concentrate on the effects at the
macroscale, with a limited or a lack of discussion of the effects
occurring at the molecular level. Molecular level understanding
of the effect of alcohol would help to predict the amino acid
sequence-dependent changes in the effects of solvent treat-
ments such as alcohol treatment here.
Resolving the molecular level effects of alcohol and the

dependencies of the secondary structure changes in the protein
experimentally remains challenging due to several processes
taking place when alcohol is added to a spidroin protein
solution. In addition to the effect of alcohol on the secondary
structure, ethanol can also provoke aggregation of the silk
proteins. A very effective way to distinguish these effects and
their influence on the proteins is to perform molecular
dynamics (MD) simulations in atomistic detail. This approach
allows studying a model of the system while considering the
system variables separately and analyzing the effects as
independent contributions. Atomistic MD modeling is a
well-established method for studying proteins in solution38,39

but also polymers,40,41 which are very sensitive in their
conformations to their solvation environment. In addition, MD
allows direct observation of the molecular processes and
distinguishing the role of each amino acid in the interactions of
the proteins with the solution. Here, we target the alcohol-
induced secondary structure and solvation changes of spidroins
by MD simulations, supporting the simulation findings with
the experimental circular dichroism (CD) characterization of
the proteins.
Previously, atomistic MD simulations have been used to

study the effect of alcohol on various proteins.42−49 The effect
of alcohol can differ depending on the initial secondary and
tertiary structures of the protein. Alcohol can denature a
globular protein and disturb intraprotein hydrogen bond
network due to hydrophobic interaction with ethanol.50 It can
induce hydrogen bonding and provoke protein aggregation.51

However, ethanol added to solutions with proteins with a large
amount of α-helices can lead to the stabilization of the
structure of the protein and prevent its aggregation.52

To the best of our knowledge, studies devoted to the
molecular level effects of alcohol on the secondary structure of
individual spidroin molecules and their changes due to alcohol
solvation have not yet been carried out. Simulation studies
devoted to other aspects of silk materials are well discussed in
the recent review of Barreiro et al.53 Many simulation studies
focus on the investigation of molecular mechanisms behind the
mechanical response of silk materials.54−56 Closest to our
current study is the spider silk protein spidroin-1 structural
investigation performed by Santos-Pint et al.57 However, the
size of the examined protein was prohibitive due to extended
duration simulations in the study, and the MD simulations
were mainly used to obtain 3D silk protein models
corresponding to experimental study setups.57

Besides the influence of alcohol on silk proteins, the effect of
the proteins on alcohol/water mixtures is also important both
fundamentally and for biotechnology processes. An alcohol/
water mixture is well-known to have a heterogeneous structure
at the microscale,58−60 representing two penetrating phases
with large and small water concentrations. Adding a polymer to
the solution locally changes this structure, increasing the phase
separation or mixing the two phases, depending on the
interaction between the polymer and the solvent molecules.
Altogether, understanding the influence of alcohol on the

secondary structure of the proteins and also the effect of the
proteins on the alcohol/water mixture aids controlled
development of silk protein-based materials. Here, we combine
detailed molecular modeling with an experimental character-
ization to extract both the overall influence of ethanol on the
protein and protein on the ethanol/water mixture, but also
derive the generalization guidelines for amino acid-specific
responses and discuss the shift of inter/intramolecular
interactions balanced with the addition of ethanol. The
significance of the work is that the molecular level guidelines
and understanding of the effect of the widely common solvent
additive ethanol provide both fundamental and also processing
level guidelines for protein materials. Such information is
needed for gaining control of the solution assembly and
interfacial interactions of protein-based materials in targeting
future sustainable materials. Here, the effect is examined and
mapped for a spidroin, but the amino acid level generalizations
allow extending them to other proteins, and additionally, the
demonstrated protocol can be expanded to other proteins.

■ MATERIALS AND METHODS
Materials and Experimental Characterization. A recombinant

silk protein with a general 3-block architecture, having a repetitive
intrinsically disordered midblock and two terminal blocks of globular
proteins, one at each end of the polymer, was used in the experiment.
The midblock was an engineered version of the native ADF3 dragline
silk sequence from A. diadematus,61 called AQ12 or eADF3, consisting
of 12 repeating consensus sequences.62 The terminal blocks were a
protein called cellulose binding module (CBM) from the Clostridium
thermocellum cellulosome.63 Cloning, expression, and purification of
the CBM-AQ12-CBM were carried out as described in our earlier
study.64

Determination of the changes in the secondary structure of the
protein was conducted by using a circular dichroism (CD) detector
(Jasco J-1500−150ST). Ten accumulated scans for each sample with
baseline correction were measured over wavelengths from 260 to 190
nm, with 1 nm resolution at 20 °C. High tension (HT) spectra were
collected at the same time as the CD spectra to further monitor the
quality of the CD data. Data were collected using a 1 mm path-length
quartz cuvette (Hellma). The CD spectra are represented in molar
ellipticity [θ] (deg·cm2·dmol−1), according to
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m M
c l10

[ ] = ×
× × (1)

where m is the CD signal (millidegrees), M is the average molecular
weight (g/mol), c is the protein concentration (g/L), and l is the path
length (cm).

The measured samples had the same initial protein concentration
of 0.27 mg/mL, measured by a UV/vis spectrometer (Varian Cary
50) at 280 nm. The solvent was varied in samples with different
concentrations of ethanol/reverse osmosis (RO) water with no added
ethanol or with 20, 80, and 92.7% (v/v) ethanol. Under physiological
conditions and in conventional experimental setups, such solutions
contain salts. As a control sample, the effect of salt on the secondary
structure was studied in a solution of RO water with 159 mmol/L
NaCl salt. The electrostatic screening by the salt allows assessing the
effect of the interactions between the charged terminal units on the
secondary structure of the silk protein. The baseline was measured
separately for each solvent. The spectra of protein samples were
measured immediately after mixing protein and ethanol-containing
solvent to prevent the full aggregation of samples in high ethanol
concentrations.

Protein secondary structure elements were evaluated from CD
spectra using the BeStSel program,65,66 single spectrum analysis,
disordered−ordered classification, and the secondary structure from
PDB-tools. As the secondary structure of CBM is dominantly
composed of beta sheets stabilized by hydrogen bonds and ethanol
is known to promote the formation of beta sheets and, more generally,
intraprotein hydrogen bonds,23,51,67 we assume that the secondary
structure of the globular terminal units (CBMs) does not experience
significant changes with the addition of ethanol. We calculated the
change of the secondary structure of the disordered middle part of the
protein by subtraction of the CBM contribution of the protein
secondary structure from the spectra. The CBM contribution to the
spectra and protein secondary structures was calculated using the
PDB structure1NBCas the secondary structure from the PDB-tool in
BeStSel and subtracting it from the total analysis results based on the
sizes of the blocks in CBM-AQ12-CBM.

Ethanol-induced protein aggregation was further characterized by
sample imaging (photographs), dynamic light scattering (DLS), and
light microscopy. Similar protein solutions were prepared with varied
ethanol concentrations (0, 20, 80, and 92.7% (v/v), ethanol, and
water filtered) with protein concentrations 0.26 and 0.43 mg/mL,
measured by UV/vis-spectrometer at 280 nm. A size measurement
was performed with a Malvern Zetasizer Nano. For each sample, three

replicate runs each consisting of 10−13 individual scans determined
by machine automatic sample quality evaluation were performed. A
total of 120 μL of sample solutions was measured using UV-cuvette
micro (Brand, 12.5 × 12.5 × 45 mm) directly after sample
preparation. The resulting intensity distribution was evaluated. As a
comparison volume and number distributions, the values derived from
the original intensity distribution were also inspected.

Samples with the same concentrations as in DLS were prepared for
microscopy. Two μL of protein solution was pipetted on a glass slide,
and a cover glass was applied to prevent sample evaporation and
drying. Samples were imaged with a Zeiss Axio Vert A1 microscope
using 40× magnification.

Molecular Dynamics Simulations. Based on the assumption of
ethanol having a minor effect on the CBM and the main effect of
alcohol on the protein arising from changes in the intrinsically
disordered middle part of the protein, the atomistic detailed MD
simulations focused as a model for a spidroin on the AQ3 sequence
(see Figure 1a). The sequence consists of three subunits of the
intrinsically disordered part of the AQ12 protein examined in the
experiments. Notably, the full AQ12 contains 12 hydrophilic−
hydrophobic repeat regions.64,68−71 An example visualization of the
protein in the simulations is shown in Figure 1b. Interactions between
atoms in the protein are described by the Amber03ws force field.72

This force field was developed for simulations of intrinsically
disordered proteins, and it has a good quantitative agreement with
experimental structural data.73 Our previous studies have also shown
its efficiency for the simulation of related proteins.70,74 One crucial
detail in the simulation of intrinsically disordered proteins is an
accurate estimation of interactions with the solvent.75,76 To match
with the Amber03ws force field, the TIP4P-2005s water model72,77

was chosen. The ethanol model was created using AnteChamber
Python Parser Interface.78 The partial charges on the ethanol
molecule were calculated by the R.E.D. server.79−82 Quantum
mechanical geometry optimization of the molecular configuration
was performed by the Hartree−Fock method using the 6-31G(d,p)
basis set. The values of partial charges were evaluated by the RESP
method.82

Simulations were performed by the Gromacs 2022.3 software.83,84

To maintain a constant temperature (300 K) and pressure (1 bar) in
the simulation system, the Nose−́Hoover thermostat85,86 and the
Parrinello−Rahman isotropic barostat87 were used, with time
constants 1 and 3 ps, respectively. Electrostatic interactions were
treated using the particle-mesh Ewald (PME) method88,89 with a
cutoff distance of 1.1 nm. The cutoff distance for Lennard−Jones

Figure 1. (a) Amino acid sequence of the simulated AQ3 spidroin molecule. (b) Initial structure of the AQ3 spidroin molecule. Color represents
the local secondary structure: coil, white; β-sheet, yellow; turn, cyan; β-bridge, tan; 3.10 helix, blue; α-helix, purple. Gray stick visualization
indicates the backbone and the amino acid level atomistic structure of the protein. (c) Initial structure for the simulation of the 94% ethanol system.
The gray transparent bulk indicates ethanol, water molecules are shown as molecular level visualizations with white and red colors, and the protein
molecule corresponds to the configuration shown in (b).
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interaction was 1 nm. To constrain the bond lengths of the hydrogen
atoms, the P-LINCS algorithm90 was used. The time step was 2 fs.
The effect of ethanol on spidroin was studied by simulating each
system for 1 μs. The systems with identical amounts of ethanol and
water solvent molecules and without protein were simulated for 500
ns to study the effect of the protein on the microstructure of the
ethanol/water mixtures.

The protocol for creating the initial configurations and preparing
the simulation boxes is provided in the SI. Overall, four different
concentrations of ethanol were examined in the simulations. Table 1

summarizes detailed information about the simulation compositions
at the molecular level and the sizes of the simulation boxes. The
simulation corresponding to pure water contained an additional 0.149
M NaCl salt to match the simulation condition with the experimental
ones. Since the AQ3 sequence does not include charged amino acids,
a simple monovalent salt in the solvent should not affect the
secondary structure of the spidroin in the simulations. This was
checked by comparing the response of the spidroin model protein in
the solvent with and without salt. No salt was added to the systems
with ethanol.

The initial size of the cubic simulation box (9 × 9 × 9 nm3) was
chosen to prevent the protein from interacting with itself under the
periodic simulation box boundary conditions. Notably, the chosen
simulation box size is consistent with the empirical box size
assumption for modeling intrinsically disordered proteins made by
Shabane et al.75 They showed that the dimensions of the simulation
box where the disordered protein is solvated should be at least four
times as large as the radius of gyration of the protein.75 The radius of
gyration of the AQ3 protein is for the pure water system 1.7 nm ±0.3.
The final protein concentration in the simulation box, resulting from
one single protein in the system, was ∼26 g/L, and Table 1
summarizes the final box dimensions after the equilibration run (300
ns simulations). Volume concentrations were calculated based on
volumes of the pre-equilibrated simulation boxes with the pure
component of the mixture. An example of the initial structure of the
simulation box is shown in Figure 1c.

For examining the effect of ethanol on the spidroin, the first 300 ns
of the 1 μs simulation were considered as equilibration time and
disregarded in data analysis. The remaining 700 ns were treated as the
production run, and the main analyses correspond to this time period.
The equilibration duration was determined based on the time
dependencies of the structural characteristics in the investigated
system. Root-mean-square deviation of the protein structure (all
heavy atoms) was used to determine the equilibration time of the
spidroin structure. Solvent structure and solvent environment
equilibration time were determined based on time evolution in
intermolecular hydrogen bonds of the protein vs intramolecular
hydrogen bonds. A further equilibration measure for the solvent
structure was the evolution of the time average size of the water and
ethanol clusters in the system. These dependencies are shown in
Supporting Information, Figure S1.

The analysis was performed using the Gromacs tools83,84 and
personal scripts. Distributions are presented in this study as
probability density functions and plotted using kernel density
estimation. Errors were calculated as standard deviations.

■ RESULTS
Experimental Results on Ethanol-Induced Secondary

Structure Changes: Circular Dichroism. The circular
dichroism spectra corresponding to CBM-AQ12-CBM sol-
utions with varying amounts of ethanol added to the solvent
phase are presented in Figure 2. The data show that in water,

the spectra of the protein have two distinctive negative peaks,
one around 198 nm and the other around 216 nm. These
indicate a random coil structure and β-sheet structure,
respectively.91 It is important to remember that the spectra
of Figure 2 include the contributions of both the spidroin part
(AQ12) and the terminal domains (CBMs); distinguishing the
two parts might not be straightforward. In literature, the
spidroin is reported to have a mostly random coil structure in
water.37,92−94 The CBM, on the other hand, is highly organized
into β-sheets.63,95 This indicates good agreement between the
experimental results and data reported in the literature.
Notably, the addition of 159 mmol NaCl does not change
the secondary structure of CBM-AQ12-CBM. However, below
200 nm, some differences are visible, but in this region, the
added NaCl strongly affects the measurement.96 Notably, the
high-tension voltage is increased to a value above 1000 V
(Figure S2), where it hits the measurement ceiling, which
makes the measurement unreliable. Since in the wavelength
range between 200 and 260 nm the spectra corresponding to
the added salt system do not show any difference to those
measured for the protein in water without the added salt and
the trend is also similar at wavelengths below 200 nm, it is
reasonable to conclude that the NaCl does not change the
secondary structure of CBM-AQ12-CBM. The increase in

Table 1. Summary of the Simulated Systemsa

vol concn of
ethanol
(v/v), %

No. of
water

molecules

No. of
ethanol
molecules

No. of salt
ion pairs
(NaCl)

simulation box
volume, nm3

0 24500 0 71 9.1 × 9.1 × 9.1
20 18209 1408 0 8.8 × 8.8 × 8.8
80 4445 5496 0 8.8 × 8.8 × 8.8
94 1301 6567 0 8.8 × 8.8 × 8.8

aThe table presents the solvent composition and the size of the
simulation box (final and equilibrated dimensions).

Figure 2. Experimental CD spectra characterizing the secondary
structure of CBM-AQ12-CBM in different solvents. The blue line
represents the protein in water, and the dashed blue line represents
the protein in water with the presence of salt (NaCl); orange, green,
and red lines represent protein in ethanol−water mixtures containing
20, 80, and 92.7% ethanol (v/v), respectively. Related high-tension
voltage graphs are shown in Figure S2. Arrow illustrates the shift of
the spectra with an increase in the ethanol concentration.
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noise of all spectra below 200 nm results from a moderate
increase in the measured high-tension voltage values. There-
fore, the exact number values corresponding to the spectra in
that region are not so reliable for any of the spectra. However,
the trends can be inspected.
Adding 20% (v/v) ethanol induces changes in the secondary

structure. The negative peak at 198 nm decreases in
magnitude, indicating less random coil content. An increase
of the negative peak around 216 nm and a shift of the peak
maximum to 217−218 nm point to an increase in ordered
structures. The addition of 80% ethanol induces more
significant changes in the secondary structure. The negative
peak at 198 nm vanishes completely, and the spectrum
becomes strongly positive. The peak at 218 nm increases in
magnitude and shifts to a higher wavelength (222 nm). In the
92.7% ethanol solution, the negative peak strengthens further
in magnitude and shifts to 225 nm. The spectra shape of the
protein in 80% and 92.7% ethanol solutions matches the shape
rising from β-sheets in the sample, with a positive peak at 198
nm and a single negative peak above 210 nm.91 However,
simply based on the CD spectra, distinguishing ordered
structures, α-helices, and β-sheets from each other is
challenging due to overlap of the characteristic signature
peaks. For α-helices, a single positive peak at 192 nm and
negative peaks at 208 and 222 nm would be expected.91 Our
spectra do not show signs of two negative peaks. However, the
negative peak in 92.7% ethanol solution is closer to 222 nm (α-
helices) than to 216 nm (β-sheets). At the elevated ethanol
concentration, the signal of the negative peak is almost as
strong as the original peak for the random coil, which could
indicate the possible presence of α-helices.91
Overall, the peak shift to a higher wavelength (to right)

indicates an increase in order.37 Here, the observed shift could
be an indication of a more ordered structure, not just of a
single protein molecule secondary structure, but also due to
some extent of aggregation. Alcohol (ethanol and methanol) is
known to precipitate silk protein in high concentra-
tions.37,97−104 Consistent with this, indeed, in our samples at
high ethanol concentrations, aggregation was visible (Figure
3). In the 80% ethanol solution, the protein sample turned
slightly turbid cloudy, indicating the presence of micro-
aggregates. However, the aggregates remained as a colloidal
suspension, and it was not possible to separate and sediment
them with centrifugation. In the 92.7% ethanol solution, the
protein sample also turned turbid cloudy, but some larger

aggregates started to form very quickly. As mentioned, the CD
measurement was done immediately after mixing the protein
with an ethanol solution. This was to prevent the aggregation
from progressing too far before measurement. In 1 h, the
protein sample in the 92.7% ethanol solution was completely
aggregated (Figure S3). This led to no soluble protein left in
the solution, resulting in the absence of a signal in the CD
spectrum.
The results of DLS measurements (Figure S4) and light

microscopy images (Figure S5) show that the particle size does
increase with increased ethanol concentration. Even a 20%
ethanol solution facilitates the formation of protein nano-
clusters. As the ethanol concentration increases, both the size
and the number of clusters grow significantly (Table S1).
Numerical results of DLS analysis (mean size based on
intensity, mean size based on the number of particles,
polydispersity index, and count rate) are presented in Table
S1. DLS is unable to differentiate the aggregate size in the most
elevated ethanol concentrations, and the results show the same
average size of nanoclusters at higher protein concentrations.
However, increased ethanol content results in an increase in
the number of clusters and acceleration of the aggregation over
time in the DLS data. Consistent with this, light microscopy
also shows the appearance and growth of microclusters in
samples with 80 and 92.7% ethanol, but it is also able to detect
directly that the added ethanol increases the speed of
aggregation, leading finally to full aggregation (Figure S5).
The observed formation of nanoclusters in significant amounts
and the increase in microaggregate size explain the emergence
of the cloudy turbidity and its increase with ethanol in the
samples shown in Figure 3.
In conclusion, the CD spectra indicate that the ethanol

changes the silk secondary structure from a disordered random
coil-dominated structure to an ordered β-sheet-rich state. The
observed trend and interpretation match the observations of
Dicko et al. on the secondary structure of the spidroin in
solution and the effects of methanol on it.37 Dicko et al.
observed a similar gradual spectral change from measurement
data presenting a strong random coil peak to data with a strong
β-sheet peak along with a shift of the peaks to higher
wavelengths. The latter indicates an increase in order and final
irreversible precipitation of silk after a few hours. The similar
observations of Dicko et al.37 to the findings in this current
work validate our results and interpretation of the spectra.
Numerical percentage estimates of secondary structure

fractions were calculated with BeStSel to enable a comparison
of the experimental results with the simulations. The results
based on disordered−ordered classification were clear and in
accordance with the literature. In water, the silk is
predominantly disordered, but the addition of ethanol,
especially at elevated concentrations, induces change into a
dominantly ordered secondary structure. Table 2 collects the
calculated percentage fractions of different secondary structure
features. Addition of ethanol results in random-coil content
decreasing, as well as clear changes in the spectra. Coil content,
on the other hand, is insensitive to ethanol content between 20
and 80 or 92.7% ethanol. This is surprising since the change in
the random coil region of the spectra corresponding to solvent
compositions between 20 and 80% ethanol concentration is so
significant. Ethanol increases β-sheet content, and the effect is
more pronounced with larger ethanol concentration. At
ethanol concentrations between 80 and 92.7%, the analysis
results suggest a slight decrease in the β-sheet content. This

Figure 3. Photograph of protein samples in different solvent
compositions. The percentage refers to the ethanol content in the
volume percentage. In 80 and 92% ethanol solutions, the samples
have a visibly turbid appearance, with the turbidity increasing with the
ethanol content.
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could result from the small peak shift from 222 to 225 nm. The
longer wavelength is farther from the ideal β-sheet peak
wavelength. As mentioned earlier, spidroin aggregation occurs
time-dependently, with the higher ethanol concentration
precipitating the protein faster. The difference in peak position
between the 80 and 92.7% ethanol solutions could result from
different aggregation stages in the system. Alcohol has, in prior
silk fiber studies, been reported to change the fibers into water-
insoluble and dominantly β-sheet containing struc-
tures.97,99−101 This suggests that the β-sheet content either
stays constant or even increases during aggregation; however, a
decrease is not expected.
Ethanol does not change the turn content of the sample. For

helices, the analysis suggests a very low content in all samples
and a complete disappearance of the helix content with an
elevated ethanol concentration in the solvent. This low helix
content for the silk protein in water is an underestimation:
notably, silk in water solution and water-soluble silk fibers are
widely reported to have α-helices as a major component of
their secondary structure.64,97,99−101,105,106 As mentioned
earlier, the overlap of α-helix and β-sheet peaks in the CD
spectra makes it challenging to distinguish them in the data,
particularly in systems that can be expected to contain both α-
helices and β-sheets. This difficulty can lead to inaccurate
analysis interpretations of the data, especially in terms of
percentage fractions of secondary structure components in a
complex system such as ours. This may explain the low content
of helices.107 Prior to us, helical content decreasing due to
ethanol treatment has been reported in the literature, but

usually, this is stated as a change from helices to β-sheets as the
dominant structure.97,100,101,105 Here the analysis suggests a
complete disappearance. Opposed to helix content decreasing,
some studies report the helical content to stay relatively
constant and the fraction of helical structure significant.99,104

Because of these reasons, we believe that the actual helix
content is overall higher than that predicted by the performed
analysis; the complete disappearance of helix content in this
silk protein system is unrealistic. However, a decreasing trend
in the helix content with ethanol addition is possible.
Overall, the trends observed with the secondary structure

changes in the BeStSel analysis with ethanol solvent additive
(see Table 2 for summary) follow our direct interpretation of
the measured spectra shapes and peak positions and are
consistent with the literature.100,106 Ethanol as a solvent
additive decreases the random coil content and converts it to
mainly β-sheets. Additionally, the helix content is decreased. In
prior literature, very sparse numerical data for secondary
structure fraction changes based on experimental studies of the
alcohol effect on silk proteins exist because of the low accuracy
of CD spectra-based secondary structure content analysis for
proteins with multiple different forms of secondary structures.
Moreover, a quantitative comparison with the literature data is
challenging due to the difference in the samples and
experimental setups.

Simulations vs Experimental Characterization Re-
sults on a Silk Protein Secondary Structure in Water. To
resolve the effects of ethanol as a solvent additive, namely, the
ethanol-induced aggregation of silk protein molecules and the
effect of ethanol on the secondary structure of the individual
protein molecules, we resort to MD simulations. In the
simulations, a shorter AQ3 intrinsically disordered repeat
sequence (Figure 1) than the middle part of the experimentally
studied CBM-AQ12-CBM protein was examined. The AQ3
secondary structure in the MD simulations was estimated using
the standard algorithm DSSP.108,109 Figure 4 shows the
resulting time-averaged distributions of secondary structures
grouping helical (α- and 3.10-helices), turn-related (turns, β-
sheets, and β-bridges), coil, and bend structures as
distributions. Figure S6 presents the corresponding detailed

Table 2. Single Spectra Analysis of Experimental CD
Spectra with BeStSel to Extract the Secondary Structure
Fractiona

ethanol concn (v/v), % coil β-sheet turn helix

0 0.50 0.36 0.12 0.02
20 0.40 0.45 0.14 0.02
80 0.39 0.50 0.12 0.00
92.7 0.40 0.47 0.12 0.00

aThe analysis is performed for the wavelength region of 190−250 nm.

Figure 4. Probability density distribution corresponding to secondary structure fractions for spidroin in water. The distribution shows a summary of
the secondary structure. Detailed distribution is shown in Figure S6 in the Supporting Information.
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distributions. The diversity of secondary structures observed in
the simulations is consistent with recent comprehensive
experimental studies of the secondary structure of spider silk
proteins.106,110,111 Based on the prior studies, alanine-rich
hydrophobic regions in individual silk protein molecules tend
to form α-helices. In the simulation, these regions also form
short-living 3.10-helices. In contrast, the glycine-rich region
tends to be in a random coil state. It can also form bends and
turns, stabilized by intramolecular hydrogen bonds that
support the formation of β-bridges or small β-sheet structures.
For validation of the simulation results, we resort to

comparing the total ordered structures (helices and β-sheets),
turns, and other structures (bend and coil) in the simulations
with the CD characterization results. This is because making a
detailed distinction between ordered structures (α-, 3.10-
helices, and β-sheets) in the CD data shown in Figure 2 is
challenging. The results and a comparison of the fraction of
ordered structure in the intrinsically disordered part of the
protein (AQ3 in simulations and AQ12 in experiments) are
presented in Table 3. Notably, as the experimental character-

ization results (Table 2) correspond to CBM-AQ12-CBM, the
data presented in Table 3 for the experiments have been
calculated by subtracting from the secondary structure the
estimated contributions of the linker segments connecting the
CBM terminal units and the middle part and the contributions
rising from CBM terminal units. Notably, the linker segments
are small, corresponding to less than 5% of the protein and
mainly helical in structure, and their contribution was
estimated based on our previous simulation study of the
CBM-AQ3-CBM protein.70 The CBM units are rich in β-
sheets and secondary structure composition calculated based
on the PDB structure of 1NBC using the PDB tool in BeStSel.
Data of Table 3 show that the experimental and simulation

results are in good agreement. This supports good accuracy of
the force field, but also the absence of the additional
supramolecular structures formed via aggregation in the
experiments. The ordering of the silk protein should occur
mainly in the alanine-rich regions in the AQ12 protein,
contributing ∼0.18 of the disordered middle part. As both the
experiments and simulations estimated ordered structure
content is higher than 0.18, ordered structures are present
also in the glycine-rich regions. In the simulations, helical
structures contribute 0.18 ± 0.03 (see Figure 4), with the rest
of the estimated 0.21 ± 0.03 ordered structure rising from
turns fixed by small β-sheet structures in the glycine-rich
regions. Here, the spidroin protein is free and is dilute in
solution. Opposed to this, in fibrils, in the glycine-rich region
the fraction of turns should be less, and instead, a larger
fraction of β-sheets can be expected due to the stretching of

molecules parallel to each other. The fraction of the secondary
structures (α- and 3.10-helices, β-sheets, turns, and bridges)
observed in our simulation (0.36 ± 0.05) is close to the value
for the spidroin in fibril obtained by Wang et al. (∼0.44).106

However, a detailed quantitative comparison with literature
data on the secondary structure of the silk protein in fibrils is
difficult due to the large variation in the supramolecular
structures and deviations in the amino acid sequences.

Simulations vs Experimental Characterization Re-
sults on the Silk Protein Secondary Structure in Water/
Ethanol Mixtures. Consistent with the CD characterization,
the MD simulations also show an increase in the order of the
spidroin structure with the addition of ethanol. Figure 5
illustrates the changes in grouped secondary structure
distributions with the addition of ethanol into the system
(panels a, c, e, and g) and the contributions of specific amino
acid species to these distributions (panels b, d, f, h). Secondary
structure fractions calculated as averages based on these
distributions are present in Table S2. Figure S7 shows the
original distributions behind the averages presented in Figure
5.
The most pronounced changes by ethanol occur in the

simulations in the fraction of the coil structure. In the pure
water vs 94% ethanol solvents, the fraction of the disordered
state of the protein (bends and coil) differs by 0.10 ± 0.04.
The change fraction is smaller than the changes in the
secondary structure in our CD experiments (see Table 2). This
can be related to additional ordering due to the aggregation
taking place. However, different authors30,112 have reported
that, in silk fibers in which the aggregation state of the protein
does not change with the addition of alcohol, alcohol as a
solvent additive leads to a decrease in disordered content
(∼0.10).
In the simulations, the changes in the coil fraction are

associated with an increase in the turn content. The changes in
α-helix fraction remain less pronounced, with the α-helix
fraction remaining constant within the error estimate when
ethanol is introduced. Namely, the difference between α-helix
fraction in pure water and 94% ethanol solvent is 0.02 ± 0.04.
Protein secondary structure distribution peaks become
narrower with addition of ethanol, being narrowest in the
94% ethanol solvent. This could indicate that ethanol addition
reduces the number of possible conformation states for the
protein molecule.
It is also important to note that in pure water and the 20%

ethanol solvent systems one of the α-helices transitioned
temporarily into the bend/coil state. This affected the final
secondary structure fraction distributions for these systems.
The event occurred only once during the simulation duration
of 1 μs for both systems and was not observed at higher
ethanol concentrations. Such is expected due to α-helix
stabilization by ethanol addition; see below. Altogether, the
increase in the ordered structure taking place with increasing
ethanol content of the solvent in the simulations (Figure 5) is
less pronounced than in the experiments (Figure 2). This is
related to ethanol also provoking aggregation of silk proteins in
the experimental setup and the formation of resulting
supramolecular structures affecting the CD results. Simulation,
in turn, shows the effect of ethanol on an infinitely dilute
solution of the silk protein. Table 4 shows a comparison of the
CD measurements and simulation-derived structural changes
due to ethanol in the solvent.

Table 3. Comparison of the Secondary Structure Content of
the AQ12 Spidroin in Water in the CD Experiments
(Intrinsically Disordered Region Only, Linker, and CBM
Terminal Unit Contributions Subtracted) and AQ3 in the
MD Simulationsa

ordered turns others

experiments (CD) 0.28 0.14 0.58
simulations (MD) 0.21 ± 0.03 0.15 ± 0.03 0.64 ± 0.04

aTo enable a comparison, the secondary structures are combined as
ordered (α-, 3.10-helices, and β-sheets), turns, and other (bend and
coil).
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The simulations also allow pinpointing the changes at
individual amino acid level. Figure 5b, d, f, and h show clearly
that alcohol as a solvent additive affects the disordered part of
the spidroin more than the ordered alanine-rich regions. The
number of turns, fixed by β-sheets and bridges in the structure,

increases. A further summary of the amino acid specific
contributions is provided in Table 5, which shows the
difference in the secondary structures between pure water
and 94% ethanol systems for each amino acid type.

Figure 5. Probability density distributions of different secondary structures and amino acid contributions to each probability distribution in the
water/ethanol systems with varying ethanol content in the MD simulations. (a) and (b) present α- and 3.10-helices, (c) and (d) present turns fixed
by β-sheets and bridges, (e) and (f) present coils, and (g) and (h) present bend contributions. The arrows point the shift in the distributions with
an ethanol concentration increase. A fraction of 1.0 refers to all amino acids in the AQ3 molecule. Panel (i) illustrates schematically the transition in
secondary structure with the addition of ethanol. Figure S7 in the Supporting Information shows the original distributions based on which the
averages are calculated.

Table 4. Comparison of the Spidroin Secondary Structure Content Derived from the CD Experiments and MD Simulationsa

ordered turns others

ethanol concn (v/v), % exp. sim. exp. sim. exp. sim.

0 0.28 0.21 ± 0.03 0.14 0.15 ± 0.03 0.58 0.64 ± 0.04
20 0.43 0.18 ± 0.05 0.16 0.15 ± 0.04 0.41 0.67 ± 0.07
80 0.48 0.21 ± 0.03 0.13 0.18 ± 0.03 0.39 0.61 ± 0.04
92.7 (94) 0.44 0.27 ± 0.03 0.14 0.19 ± 0.03 0.41 0.54 ± 0.03

aThe highest ethanol concentrations for the simulation and experiment systems are different (94% and 92.7%, respectively). The secondary
structures are grouped as ordered (α-, 3.10-helices, and β-sheets), turns, and other structures (bend and coil). Values show the fraction of amino
acids involved in specific secondary structures.
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At the amino acid level, most affected by ethanol are the
glycine residues of AQ3. Glycine has the largest degree of
conformational flexibility compared to the other amino acids.
With ethanol addition, amino acids in the glycine-rich region
change from random coil and bend-related conformations to
those corresponding to turns. The alanine-rich region
experiences an increase in the number of helical conforma-
tions. In pure water and low ethanol concentration solvents,
alanine and serine that are amino acids in the alanine-rich
region of the silk protein form also other structures besides α-
helices. However, an increase in the ethanol concentration
decreases the total amount of these additional structures,

consistent with ethanol stabilizing α-helices. The results also
suggest that in fibers, in which the alanine-rich regions form β-
sheets, the addition of ethanol will stabilize existing β-sheets
and slightly enlarge the β-sheet crystals. This structural change
occurs via the disordered glycine-rich regions, partially
contributing to these structural elements.

Distribution of H-bonds in the silk protein/water/
ethanol mixtures. Conformational changes in a protein, such
as secondary structure changes, are associated with a difference
in the balance of intramolecular and intermolecular inter-
actions. To examine this, we analyzed the hydrogen bonding of
the protein, both intramolecular hydrogen bonds and those

Table 5. Amino Acid Type Specific Differences in the Spidroin Secondary Structure Changes between Pure Water and 94%
Ethanol Solvent Systems for Each Amino Acid Type in the AQ3 Sequence in the MD Simulationsa

GLY, ×10−2 PRO, ×10−2 ALA, ×10−2 GLN, ×10−2 TYR, ×10−2 SER, ×10−2

helix −0.16 ± 1.24 −0.15 ± 0.89 1.92 ± 2.36 −0.37 ± 0.65 0.23 ± 0.40 0.47 ± 0.59
turn 3.73 ± 2.89 1.82 ± 1.94 −0.62 ± 1.81 1.19 ± 1.94 0.87 ± 0.64 −0.11 ± 0.83
coil −3.87 ± 2.91 0.25 ± 1.46 −1.26 ± 1.35 −1.18 ± 3.28 −1.13 ± 0.97 0.12 ± 0.96
bend 0.23 ± 2.98 −1.92 ± 2.26 −0.13 ± 1.06 0.35 ± 2.90 0.03 ± 0.92 −0.48 ± 0.82

aValues show the difference in the fraction of AQ3 amino acids involved in specific secondary structures between the two solvents. A positive value
indicates an increase in the fraction with the addition of ethanol, and a negative one indicates a decrease. Amino acids are arranged in the table in
decreasing order from the largest total ethanol influence (GLY) to the smallest one (SER).

Figure 6. Probability density distribution of (a) intramolecular protein hydrogen bonds and (c) intermolecular hydrogen bonds between the
protein and solvent molecules. The arrows point to the shift of the distributions with an increase in ethanol concentration increase. (b, d) Averaged
contributions of the different amino acids for intramolecular protein hydrogen bonds and interprotein hydrogen bonds, respectively, in the different
solvent compositions. (e) Illustrates the transition in hydrogen bonding with the addition of ethanol. Figure S8 in the Supporting Information
shows the original distributions based on which the averages are calculated.

Table 6. Change in the Mean Number of Intramolecular Protein Hydrogen Bonds and Protein−Solvent Intermolecular
Hydrogen Bonds Per Amino Acid in Solvent Systems of Pure Water and 94% Ethanol Solvent for Each Amino Acid Type in
the AQ3 Moleculea

GLN SER ALA GLY PRO TYR

intra 0.51 ± 0.23 0.27 ± 0.44 0.14 ± 0.16 0.15 ± 0.13 0.04 ± 0.12 0.13 ± 0.36
inter −1.18 ± 0.39 −0.51 ± 0.53 −0.48 ± 0.18 −0.38 ± 0.18 −0.38 ± 0.18 −0.26 ± 0.52

aA positive value indicates the number of hydrogen bonds increases and negative points to a decrease in hydrogen bonding. Amino acids are
arranged in an order of decreasing hydrogen bond number count change magnitude.
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formed with the solvent. The distribution of intramolecular
protein hydrogen bonds and those formed with the solvent
molecules, as well as the contributions of the different amino
acids to these distributions, is shown in Figure 6. Figure S8
presents the distribution of hydrogen bonds for each amino
acid type.
The data of Figure 6 show that adding ethanol reduced the

number of hydrogen bonds by the protein with the solvent and
increased intramolecular interactions. This is quite expected as
the formation of additional turns in the glycine-rich region and
stabilization of α-helix in the alanine-rich region requires the
formation of additional intramolecular H-bonds. The number

of intramolecular hydrogen bonds increased by a factor of ∼1.4
in the 94% ethanol concentration solvent. On the other hand,
hydrogen bonding with solvent is reduced by a factor of ∼1.3.
Table 6 shows the difference in the number of hydrogen bonds
for pure water and 94% ethanol systems for every type of
amino acid.
The most significant changes in the balance of inter/

intramolecular interactions with the addition of ethanol occur
with glutamine. Glutamine is the most polar amino acid in the
AQ3 silk protein structure. It has the longest side chain and
can form multiple hydrogen bonds (∼5−6). In water solution,
most of these hydrogen bonds are with water molecules, i.e.,

Figure 7. Local number density of the solvent molecules (water and ethanol) and amino acids of the protein around each amino acid in the protein
chain. Solid lines show the moving average for each set. The dashed lines indicate the average bulk density of the solvent component in the system
of its lowest concentration. For the 94% ethanol system, the dashed line shows water bulk density. For the 20% ethanol system, the ethanol bulk
density is indicated. The detailed, unnormalized data corresponding to each amino acid in the protein chain are shown in Figures S12 and S13.
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intermolecular. Addition of ethanol replaces part of the
compounds with intramolecular hydrogen bonds. The other
amino acids of the protein exhibit the same trend in their
hydrogen bonding; however, the changes in their interactions
are not so significant. In the ordered region of AQ3 spidroin,
interactions of serine are most affected by the addition of
ethanol. Serine is also a polar amino acid, and it has a hydroxyl
group that can form an additional hydrogen bond with the
surroundings. The hydrogen bonding changes point to a
conclusion that the effect of ethanol depends not only on the
polarity of the amino acids in the silk protein sequence, but
also on the ability of the amino acid to form hydrogen bonds.
Thus, a change in the number of polar amino acids in a protein
should change the strength of the effect of the alcohol on the
resulting solution and assembly. The observed changes in the
hydrogen bonding point to the effect of ethanol depending on
the polarity of the amino acids in the silk protein sequence but
also indicate that the ability of the amino acid to form
hydrogen bonds is important in its response to ethanol. Based
on this, we expect that the number of polar amino acids in a
protein affects the effect of alcohol on the protein solution and
assembly. Notably, our observations here are in agreement
with the recent study of the effect of ethanol on the secondary
structure of chicken villin headpiece (HP-36) protein.113 The
study showed the indirect key role of the hydrophilic amino
acids in ethanol-induced unfolding.
Molecular Level Distribution of the Solvent along the

Silk Protein Chain. Ethanol/water mixtures are known to be
heterogeneous at the microscale.58−60 The MD simulations
allow for studying how this heterogeneity affects the solvation
of the AQ3 silk protein. Figure 7 presents the density of
solvent molecules (water and ethanol) around each amino acid
along the protein chain. Corresponding unnormalized data
with each amino acid distinguished are shown in Figures S12
and S13. The analysis procedure is described in the SI.
To understand the data in Figure 7, it is useful to consider

the primary and secondary structures of the protein as the
molecular surroundings of the amino acids mainly determined
by this. For example, the hydrophobic helical alanine-rich
regions (amino acid indices 7−14, 51−58, and 95−102) have
fewer solvent molecules and more contact with the
neighboring amino acids than the glycine-rich regions. The
difference in solvent density around the hydrophilic and

hydrophobic regions results mainly from the water distribu-
tion. While ethanol molecules can interact with both
hydrophobic and hydrophilic regions of the protein and are
evenly distributed along the protein chain, water molecules
solvate mainly the hydrophilic, glycine-rich regions. This can
be seen in clear oscillations in the water molecule data
according to the regions.
Comparison of the local density of the solvent molecules

around the amino acids and the bulk density of the solvent
molecules shows that the concentration of water around the
hydrophilic disordered regions of the protein is higher than
that in the bulk. For details of the local density calculation
around each amino acid, see SI. Calculated as the number of
solvent molecules divided by the volume of the simulation box,
a value of ∼1.89 1/nm3 is obtained for the bulk water. The
concentration of ethanol around the protein is always lower
than the bulk concentration (∼2.05 1/nm3). This indicates
that ethanol in the solution decreases the level of interaction
between the protein and the solvent. The finding correlates
with the conclusions of the hydrogen bond analysis discussed
above. A typical example of solvent distribution around the
protein molecule is presented in the snapshots shown in Figure
8. Figure 8a shows water localization near the protein in the
94% ethanol solvent system, and Figure 8b visualizes the
locations of ethanol near the protein chain in the 20% ethanol
solvent system.
As shown by both Figure 7 and Figure 8, even at a high

ethanol concentration, water molecules hydrate the protein
and form clusters around the disordered regions of the protein.
The hydrophobic, ordered regions remain unhydrated. In
contrast, ethanol solvates both disordered and ordered regions.
This is because ethanol molecules can form hydrophobic
contacts with the alanine-rich helices and hydrogen bond with
amino acids in disordered regions. As a result, ethanol
molecules are uniformly distributed along the protein chain
as separate molecules that do not form visible molecule
clusters, as visible with solvation with water. The difference in
water and ethanol molecular level solvation and distribution
around the protein is an important result in terms of the effect
of ethanol on the interaction of silk protein with the
environment. A direct significance is that ethanol also
significantly weakens hydrophobic interactions in the system
via the solvation of hydrophobic regions. This is evident in the

Figure 8. Visualization of the distribution of the solvent around the protein molecule. (a) Distribution of the water molecules (blue color) in the
94% ethanol concentration solvent system. (b) Distribution of ethanol molecules (green color) in the 20% ethanol concentration solvent system.
The visualized molecules correspond to those solvent molecules that were located within 0.25 nm cutoff distance from the protein. Distance was
measured as the distance of any atom in the solvent molecule to any atom in the protein. Solvent clusters are highlighted in the visualization by
transparent shading.
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radial distribution functions calculated between alanines
located in different alanine-rich regions (Figure S14). Even a
small ethanol addition significantly reduces contacts between
different α-helices, i.e., folding conformations of the AQ3
change. The role of the middle part helix−helix contacts in the
CBM-AQ3-CBM model protein on assembly structure and the
protein forming a bicontinuous assembly has been discussed in
our previous work.64,70 The same effect is expected for the
hydrophobic interactions of silk protein with its surroundings
(surfaces, molecules). It is also known based on prior work that
chain length in related silk-like proteins has a strong influence
on assembly phases and the materials rising from them.114 The
molecular level interactions changes due to the presence of
ethanol could be used to tune the response. Indeed, previously,
we have examined the effects of ethanol and urea as solvent
additives on synthetic polyelectrolytes: ethanol depleted from
the charged moieties but readily solvated the hydrophobic
segments, promoting ion condensation that could also have an
additional effect on protein response.115

The microstructure of the ethanol/water mixture can be
influenced by the local solvation preferences of the protein, i.e.,
the solvent distribution along the protein chain can affect not
only the protein−protein interactions, but also the solvent
characteristics. Figure 9 compares the distribution of water and
ethanol clusters with and without protein in the simulation
system. The difference in the data sets reveals how spidroin
affects the microstructure of the ethanol/water mixture.
Data of Figure 9 at low concentrations of the solvent

component, namely, the cluster distributions, are consistent
with the findings for pure water/ethanol mixtures published
earlier by Ghoufi et al.59 At a high concentration of a specific
solvent component, almost all molecules of that component
species in the system form one large cluster. This is due to the
soft, purely distance-based criteria for determining the
existence of a cluster (contact angle criteria between solvent
molecules in the same cluster are not used). The presence of
the silk protein in the system slightly changes the distribution
of cluster sizes of the solution component with higher
concentrations (water at a low concentration of ethanol,
ethanol at a high concentration of ethanol). This is notable as
the effect rises from the entire simulation box. However, as

expected, solvent molecules adsorbed by the protein are not
included in bulk clusters; instead, they form smaller clusters
around the protein. This increases the number of small clusters
(less than 10 molecules in size) and slightly decreases the size
and number of large clusters in the solution when the protein is
present. If the concentration of the solvent component is low,
then it distributes as small clusters in the majority component.
This distribution is not significantly affected by the presence of
the protein.

■ CONCLUSIONS
The molecular details of the effects of ethanol on spidroin
protein secondary structure were studied using atomistic detail
MD simulations supported by experimental characterization.
Both approaches indicate a significant increase in the ordered
structure when ethanol was added. Interestingly, in the
experiments, the fraction of ordered structures in the
ethanol/water mixtures was higher than the fraction of
alanine-rich regions. This likely indicates that the proteins
aggregate and form supramolecular structures when exposed to
an ethanol-containing solvent. Beyond this, ethanol-induced a
clear increase in ordered structures in the simulations,
stabilizing existing α-helices and inducing the formation of
additional turns. This has a direct significance on assembly
characteristics and surface interactions of the proteins.
The findings identify the increase in intramolecular hydro-

gen bonding associated with the change in the secondary
structure of the protein, but also with the aggregation of the
protein molecules at high concentrations of ethanol, which we
observed experimentally. Consideration of the modeling
findings allows deducing that the aggregation is likely to
occur due to the formation of H-bonds between protein
molecules with the partial transition of α-helices into β-sheets
connecting different protein molecules. Such a structural
response has been shown previously for silk fibers regenerated
by alcohol treatment.104 Here, we see the molecular
mechanism of the phenomenon.
The work also allowed pinpointing the effects to individual

amino acids, which provides a sequence-dependent tuning
means for protein systems and the strength of their ethanol
effects. Such amino acid level information aids in making

Figure 9. Distributions of cluster sizes formed by individual solvent components (water or ethanol) with and without protein in the system. Two
solvent molecules (water−water or ethanol−ethanol) were considered to form a cluster if any of the atoms in the molecules were within 0.25 nm
cutoff distance of each other. The distance is based on the hydrogen bond formation distance between the atoms of the molecules.
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guided decisions regarding designing molecular components
for biomaterials with advanced materials response. In
particular, glycine provides conformational freedom for the
change in the secondary structure, while the shift in the
balance between intermolecular and intramolecular interac-
tions of polar amino acids (glutamine and serine) acts as the
main driving force of the conformational changes induced by
ethanol addition. The change in the proportion of these amino
acids in the protein amino acid sequence should most
significantly tune the alcohol effect on the secondary structure.
We also identified the molecular level solvation depend-

encies of the protein with the different solvent species. Namely,
water solvated the hydrogen bonding moieties, while ethanol
condenses also at hydrophobic chain segments, providing a
more even ethanol distribution along the protein molecule.
The ethanol molecules located along α-helices prevent
hydrophobic interactions between them and can also affect
the hydrophobic interactions of the protein with the
surrounding. The molecular level solvation also influences,
e.g., effect of ions and mechanical properties of the assemblies,
see e.g. ref 115.
The results demonstrate that ethanol provides a convenient

way to control the properties of silk materials via the spidroin
secondary structure. For example, an increase in the ordering
of the protein structure leads to an improvement in the
thermal and degradative stability of silk and the various
properties of the material based on it.23,24,116 The distribution
of the β-sheet domains in the silk fibroin determines its
mechanical properties.22 Moreover, the increase in the β-sheet
content increases the transparency of silk-based films.23

Changes in the secondary structure of the protein can also
affect the interfacial interactions in composite materials based
on proteins.36,69 Overall, the significance of the present work is
that the molecular level knowledge of the influence of ethanol
can be used for systematic tuning of the protein systems, for
spidroins, but also for other intrinsically disordered proteins
that adapt their secondary structure to the solvent additive.
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Y.-H.; Goto, Y.; Réfrégiers, M.; Kardos, J. BeStSel: A Web Server for
Accurate Protein Secondary Structure Prediction and Fold Recog-
nition from the Circular Dichroism Spectra. Nucleic Acids Res. 2018,
46 (1), W315−W322.
(67) Perham, M.; Liao, J.; Wittung-Stafshede, P. Differential Effects
of Alcohols on Conformational Switchovers in Alpha-Helical and
Beta-Sheet Protein Models. Biochemistry 2006, 45 (25), 7740−7749.
(68) Lemetti, L.; Hirvonen, S.-P.; Fedorov, D.; Batys, P.;
Sammalkorpi, M.; Tenhu, H.; Linder, M. B.; Aranko, A. S. Molecular
Crowding Facilitates Assembly of Spidroin-like Proteins through
Phase Separation. Eur. Polym. J. 2019, 112, 539−546.
(69) Mohammadi, P.; Beaune, G.; Stokke, B. T.; Timonen, J. V. I.;
Linder, M. B. Self-Coacervation of a Silk-Like Protein and Its Use As
an Adhesive for Cellulosic Materials. ACS Macro Lett. 2018, 7 (9),
1120−1125.
(70) Batys, P.; Fedorov, D.; Mohammadi, P.; Lemetti, L.; Linder, M.
B.; Sammalkorpi, M. Self-Assembly of Silk-like Protein into Nanoscale
Bicontinuous Networks under Phase-Separation Conditions. Bio-
macromolecules 2021, 22 (2), 690−700.
(71) Lemetti, L.; Tersteegen, J.; Sammaljärvi, J.; Aranko, A. S.;
Linder, M. B. Recombinant Spider Silk Protein and Delignified Wood
Form a Strong Adhesive System. ACS Sustainable Chem. Eng. 2022, 10
(1), 552−561.
(72) Best, R. B.; Zheng, W.; Mittal, J. Balanced Protein−Water
Interactions Improve Properties of Disordered Proteins and Non-
Specific Protein Association. J. Chem. Theory Comput 2014, 10 (11),
5113−5124.
(73) Graen, T.; Klement, R.; Grupi, A.; Haas, E.; Grubmüller, H.
Transient Secondary and Tertiary Structure Formation Kinetics in the
Intrinsically Disordered State of α-Synuclein from Atomistic
Simulations. ChemPhysChem 2018, 19 (19), 2507−2511.
(74) Fedorov, D.; Batys, P.; Hayes, D. B.; Sammalkorpi, M.; Linder,
M. B. Analyzing the Weak Dimerization of a Cellulose Binding
Module by Analytical Ultracentrifugation. Int. J. Biol. Macromol. 2020,
163, 1995−2004.
(75) Shabane, P. S.; Izadi, S.; Onufriev, A. V. General Purpose Water
Model Can Improve Atomistic Simulations of Intrinsically Disordered
Proteins. J. Chem. Theory Comput. 2019, 15 (4), 2620−2634.
(76) Henriques, J.; Skepö, M. Molecular Dynamics Simulations of
Intrinsically Disordered Proteins: On the Accuracy of the TIP4P-D

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.3c00637
Biomacromolecules 2023, 24, 5638−5653

5652

https://doi.org/10.3390/membranes12090844
https://doi.org/10.3390/membranes12090844
https://doi.org/10.1021/acs.macromol.8b01836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.8b01836?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.bbamem.2016.02.004
https://doi.org/10.1016/j.bbamem.2016.02.004
https://doi.org/10.1063/1.4972065
https://doi.org/10.1063/1.4972065
https://doi.org/10.1021/jp4007526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4007526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp4007526?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp406255z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp406255z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp406255z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci200455z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci200455z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ci200455z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c03132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.langmuir.0c03132?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.3692801
https://doi.org/10.1063/1.3692801
https://doi.org/10.1063/1.3692801
https://doi.org/10.1080/07391102.2022.2099466
https://doi.org/10.1080/07391102.2022.2099466
https://doi.org/10.1080/07391102.2022.2099466
https://doi.org/10.1111/ijfs.15754
https://doi.org/10.1111/ijfs.15754
https://doi.org/10.1017/S003358359800345X
https://doi.org/10.1017/S003358359800345X
https://doi.org/10.1021/acsomega.8b00875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b00875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsomega.8b00875?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.saa.2022.120935
https://doi.org/10.1016/j.saa.2022.120935
https://doi.org/10.1016/j.saa.2022.120935
https://doi.org/10.1002/mabi.201970007
https://doi.org/10.1002/mabi.201970007
https://doi.org/10.1007/s10409-022-22013-x
https://doi.org/10.1007/s10409-022-22013-x
https://doi.org/10.1007/s10409-022-22013-x
https://doi.org/10.1115/imece2020-23951
https://doi.org/10.1115/imece2020-23951
https://doi.org/10.1115/imece2020-23951
https://doi.org/10.1115/imece2020-23951?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.msec.2019.110414
https://doi.org/10.1016/j.msec.2019.110414
https://doi.org/10.1016/j.msec.2019.110414
https://doi.org/10.1021/acs.jproteome.5b00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jproteome.5b00243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemphys.2017.09.003
https://doi.org/10.1016/j.chemphys.2017.09.003
https://doi.org/10.1021/acs.jpcb.5b11776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b11776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcb.5b11776?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molliq.2006.08.010
https://doi.org/10.1016/j.molliq.2006.08.010
https://doi.org/10.1242/jeb.202.23.3295
https://doi.org/10.1242/jeb.202.23.3295
https://doi.org/10.1021/bi048983q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi048983q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/j.1460-2075.1996.tb00960.x
https://doi.org/10.1002/j.1460-2075.1996.tb00960.x
https://doi.org/10.1002/j.1460-2075.1996.tb00960.x
https://doi.org/10.1038/s42003-018-0090-y
https://doi.org/10.1038/s42003-018-0090-y
https://doi.org/10.1073/pnas.1500851112
https://doi.org/10.1073/pnas.1500851112
https://doi.org/10.1093/nar/gky497
https://doi.org/10.1093/nar/gky497
https://doi.org/10.1093/nar/gky497
https://doi.org/10.1021/bi060464v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi060464v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi060464v?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.eurpolymj.2018.10.010
https://doi.org/10.1016/j.eurpolymj.2018.10.010
https://doi.org/10.1016/j.eurpolymj.2018.10.010
https://doi.org/10.1021/acsmacrolett.8b00527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsmacrolett.8b00527?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.0c01506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.0c01506?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c07043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c07043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500569b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500569b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct500569b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cphc.201800504
https://doi.org/10.1002/cphc.201800504
https://doi.org/10.1002/cphc.201800504
https://doi.org/10.1016/j.ijbiomac.2020.09.054
https://doi.org/10.1016/j.ijbiomac.2020.09.054
https://doi.org/10.1021/acs.jctc.8b01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01123?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.6b00429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Water Model and the Representativeness of Protein Disorder Models.
J. Chem. Theory Comput. 2016, 12 (7), 3407−3415.
(77) Abascal, J. L. F.; Vega, C. A General Purpose Model for the
Condensed Phases of Water: TIP4P/2005. J. Chem. Phys. 2005, 123
(23), 234505.
(78) da Silva, A. W. S.; Vranken, W. F. ACPYPE - AnteChamber
PYthon Parser interfacE. BMC Research Notes 2012, 5, 367.
(79) Vanquelef, E.; Simon, S.; Marquant, G.; Garcia, E.; Klimerak,
G.; Delepine, J. C.; Cieplak, P.; Dupradeau, F.-Y. RED Server: A Web
Service for Deriving RESP and ESP Charges and Building Force Field
Libraries for New Molecules and Molecular Fragments. Nucleic Acids
Res. 2011, 39 (suppl_2), W511−W517.
(80) Wang, F.; Becker, J.-P.; Cieplak, P.; Dupradeau, F.-Y. R.E.D.
Python: Object Oriented Programming for Amber Force Fields,
Universite ́ de Picardie-Jules Verne, Sanford Burnham Medical
Research Institute, 2013.
(81) Dupradeau, F.-Y.; Pigache, A.; Zaffran, T.; Savineau, C.; Lelong,
R.; Grivel, N.; Lelong, D.; Rosanski, W.; Cieplak, P. Tools: Advances
in RESP and ESP Charge Derivation and Force Field Library
Building. Phys. Chem. Chem. Phys. 2010, 12 (28), 7821−7839.
(82) Bayly, C. I.; Cieplak, P.; Cornell, W.; Kollman, P. A. A Well-
Behaved Electrostatic Potential Based Method Using Charge
Restraints for Deriving Atomic Charges: The RESP Model. J. Phys.
Chem. 1993, 97 (40), 10269−10280.
(83) Abraham, M. J.; Murtola, T.; Schulz, R.; Páll, S.; Smith, J. C.;
Hess, B.; Lindahl, E. GROMACS: High Performance Molecular
Simulations through Multi-Level Parallelism from Laptops to
Supercomputers. SoftwareX 2015, 1−2, 19−25.
(84) Páll, S.; Abraham, M. J.; Kutzner, C.; Hess, B.; Lindahl, E.
Tackling Exascale Software Challenges in Molecular Dynamics
Simulations with GROMACS. Solving Software Challenges for Exascale;
Springer International Publishing, 2015; pp 3−27.
(85) Hoover, W. G. Canonical Dynamics: Equilibrium Phase-Space
Distributions. Phys. Rev. A Gen. Phys. 1985, 31 (3), 1695−1697.
(86) Nosé, S. A Unified Formulation of the Constant Temperature
Molecular Dynamics Methods. J. Chem. Phys. 1984, 81, 511−519.
(87) Parrinello, M.; Rahman, A. Polymorphic Transitions in Single
Crystals: A New Molecular Dynamics Method. J. Appl. Phys. 1981, 52
(12), 7182−7190.
(88) Darden, T.; York, D.; Pedersen, L. Particle Mesh Ewald: An N·
log(N) Method for Ewald Sums in Large Systems. J. Chem. Phys.
1993, 98 (12), 10089−10092.
(89) Essmann, U.; Perera, L.; Berkowitz, M. L.; Darden, T.; Lee, H.;
Pedersen, L. G. A Smooth Particle Mesh Ewald Method. J. Chem.
Phys. 1995, 103 (19), 8577−8593.
(90) Hess, B. P-LINCS: A Parallel Linear Constraint Solver for
Molecular Simulation. J. Chem. Theory Comput. 2008, 4 (1), 116−
122.
(91) Johnson, W. C., Jr. Protein Secondary Structure and Circular
Dichroism: A Practical Guide. Proteins 1990, 7 (3), 205−214.
(92) Shao, Z.; Vollrath, F.; Yang, Y.; Tho̷gersen, H. C. Structure and
Behavior of Regenerated Spider Silk. Macromolecules 2003, 36 (4),
1157−1161.
(93) Li, G.; Zhou, P.; Shao, Z.; Xie, X.; Chen, X.; Wang, H.;
Chunyu, L.; Yu, T. The Natural Silk Spinning Process. A Nucleation-
Dependent Aggregation Mechanism? Eur. J. Biochem. 2001, 268 (24),
6600−6606.
(94) Bauer, J.; Scheibel, T. Dimerization of the Conserved N-
Terminal Domain of a Spider Silk Protein Controls the Self-Assembly
of the Repetitive Core Domain. Biomacromolecules 2017, 18 (8),
2521−2528.
(95) Yaniv, O.; Morag, E.; Borovok, I.; Bayer, E. A.; Lamed, R.;
Frolow, F.; Shimon, L. J. W. Structure of a Family 3a Carbohydrate-
Binding Module from the Cellulosomal Scaffoldin CipA of
Clostridium Thermocellum with Flanking Linkers: Implications for
Cellulosome Structure. Acta Crystallogr. Sect. F Struct. Biol. Cryst.
Commun. 2013, 69 (7), 733−737.
(96) Miles, A. J.; Wallace, B. A. Circular Dichroism Spectroscopy of
Membrane Proteins. Chem. Soc. Rev. 2016, 45 (18), 4859−4872.

(97) Huemmerich, D.; Slotta, U.; Scheibel, T. Processing and
Modification of Films Made from Recombinant Spider Silk Proteins.
Appl. Phys. A: Mater. Sci. Process. 2006, 82 (2), 219−222.
(98) Oh, H.; Lee, J. Y.; Kim, M. K.; Um, I. C.; Lee, K. H. Refining
Hot-Water Extracted Silk Sericin by Ethanol-Induced Precipitation.
Int. J. Biol. Macromol. 2011, 48 (1), 32−37.
(99) Teramoto, H.; Miyazawa, M. Molecular Orientation Behavior
of Silk Sericin Film as Revealed by ATR Infrared Spectroscopy.
Biomacromolecules 2005, 6 (4), 2049−2057.
(100) Lang, G.; Jokisch, S.; Scheibel, T. Air Filter Devices Including
Nonwoven Meshes of Electrospun Recombinant Spider Silk Proteins.
J. Vis. Exp. 2013, 75, e50492.
(101) Cao, Z.; Chen, X.; Yao, J.; Huang, L.; Shao, Z. The
Preparation of Regenerated Silk Fibroin Microspheres. Soft Matter
2007, 3 (7), 910−915.
(102) Amiraliyan, N.; Nouri, M.; Haghighat Kish, M. Structural
Characterization and Mechanical Properties of Electrospun Silk
Fibroin Nanofiber Mats. Polym. Sci. Series A 2010, 52 (4), 407−412.
(103) Um, I. C.; Kweon, H. Y.; Lee, K. G.; Park, Y. H. The Role of
Formic Acid in Solution Stability and Crystallization of Silk Protein
Polymer. Int. J. Biol. Macromol. 2003, 33 (4−5), 203−213.
(104) Zuo, B.; Liu, L.; Wu, Z. Effect on Properties of Regenerated
Silk Fibroin Fiber Coagulated with Aqueous Methanol/ethanol. J.
Appl. Polym. Sci. 2007, 106 (1), 53−59.
(105) Cao, H.; Chen, X.; Huang, L.; Shao, Z. Electrospinning of
Reconstituted Silk Fiber from Aqueous Silk Fibroin Solution.
Materials Science and Engineering: C 2009, 29 (7), 2270−2274.
(106) Wang, Q.; McArdle, P.; Wang, S. L.; Wilmington, R. L.; Xing,
Z.; Greenwood, A.; Cotten, M. L.; Qazilbash, M. M.; Schniepp, H. C.
Protein Secondary Structure in Spider Silk Nanofibrils. Nat. Commun.
2022, 13 (1), 4329.
(107) Khrapunov, S. Circular Dichroism Spectroscopy Has Intrinsic
Limitations for Protein Secondary Structure Analysis. Anal. Biochem.
2009, 389 (2), 174−176.
(108) Touw, W. G.; Baakman, C.; Black, J.; te Beek, T. A. H.;
Krieger, E.; Joosten, R. P.; Vriend, G. A Series of PDB-Related
Databanks for Everyday Needs. Nucleic Acids Res. 2015, 43, D364−
D368.
(109) Kabsch, W.; Sander, C. Dictionary of Protein Secondary
Structure: Pattern Recognition of Hydrogen-Bonded and Geometrical
Features. Biopolymers 1983, 22 (12), 2577−2637.
(110) Lefev̀re, T.; Paquet-Mercier, F.; Rioux-Dubé, J.-F.; Pézolet, M.
Review Structure of Silk by Raman Spectromicroscopy: From the
Spinning Glands to the Fibers. Biopolymers 2012, 97 (6), 322−336.
(111) Lefev̀re, T.; Leclerc, J.; Rioux-Dubé, J.-F.; Buffeteau, T.;
Paquin, M.-C.; Rousseau, M.-E.; Cloutier, I.; Auger, M.; Gagné, S. M.;
Boudreault, S.; Cloutier, C.; Pézolet, M. Conformation of Spider Silk
Proteins In Situ in the Intact Major Ampullate Gland and in Solution.
Biomacromolecules 2007, 8 (8), 2342−2344.
(112) Chankow, S.; Luemunkong, S.; Kanokpanont, S. Conforma-
tional Transitions of Thai Silk Fibroin Secondary Structures. In 9th
Biomedical Engineering International Conference (BMEiCON), Laung
Prabang, Laos, 7−9 December 2016, Institute of Electrical and
Electronics Engineers (IEEE), 2016; pp 1−5.
(113) Halder, R.; Jana, B. Exploring the Role of Hydrophilic Amino
Acids in Unfolding of Protein in Aqueous Ethanol Solution. Proteins
2021, 89 (1), 116−125.
(114) Lemetti, L.; Scacchi, A.; Yin, Y.; Shen, M.; Linder, M. B.;
Sammalkorpi, M.; Aranko, A. S. Liquid-Liquid Phase Separation and
Assembly of Silk-like Proteins Is Dependent on the Polymer Length.
Biomacromolecules 2022, 23 (8), 3142−3153.
(115) Khavani, M.; Batys, P.; Lalwani, S. M.; Eneh, C. I.; Leino, A.;
Lutkenhaus, J. L.; Sammalkorpi, M. Effect of Ethanol and Urea as
Solvent Additives on PSS-PDADMA Polyelectrolyte Complexation.
Macromolecules 2022, 55 (8), 3140−3150.
(116) Guo, C.; Zhang, J.; Jordan, J. S.; Wang, X.; Henning, R. W.;
Yarger, J. L. Structural Comparison of Various Silkworm Silks: An
Insight into the Structure−Property Relationship. Biomacromolecules
2018, 19 (3), 906−917.

Biomacromolecules pubs.acs.org/Biomac Article

https://doi.org/10.1021/acs.biomac.3c00637
Biomacromolecules 2023, 24, 5638−5653

5653

https://doi.org/10.1021/acs.jctc.6b00429?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1063/1.2121687
https://doi.org/10.1063/1.2121687
https://doi.org/10.1186/1756-0500-5-367
https://doi.org/10.1186/1756-0500-5-367
https://doi.org/10.1093/nar/gkr288
https://doi.org/10.1093/nar/gkr288
https://doi.org/10.1093/nar/gkr288
https://doi.org/10.1039/c0cp00111b
https://doi.org/10.1039/c0cp00111b
https://doi.org/10.1039/c0cp00111b
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100142a004?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1016/j.softx.2015.06.001
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1103/PhysRevA.31.1695
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.447334
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.328693
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.464397
https://doi.org/10.1063/1.470117
https://doi.org/10.1021/ct700200b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ct700200b?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prot.340070302
https://doi.org/10.1002/prot.340070302
https://doi.org/10.1021/ma0214660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ma0214660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1046/j.0014-2956.2001.02614.x
https://doi.org/10.1046/j.0014-2956.2001.02614.x
https://doi.org/10.1021/acs.biomac.7b00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b00672?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1107/S174430911301614X
https://doi.org/10.1107/S174430911301614X
https://doi.org/10.1107/S174430911301614X
https://doi.org/10.1107/S174430911301614X
https://doi.org/10.1039/C5CS00084J
https://doi.org/10.1039/C5CS00084J
https://doi.org/10.1007/s00339-005-3428-5
https://doi.org/10.1007/s00339-005-3428-5
https://doi.org/10.1016/j.ijbiomac.2010.09.008
https://doi.org/10.1016/j.ijbiomac.2010.09.008
https://doi.org/10.1021/bm0500547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm0500547?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.3791/50492
https://doi.org/10.3791/50492
https://doi.org/10.1039/b703139d
https://doi.org/10.1039/b703139d
https://doi.org/10.1134/S0965545X10040097
https://doi.org/10.1134/S0965545X10040097
https://doi.org/10.1134/S0965545X10040097
https://doi.org/10.1016/j.ijbiomac.2003.08.004
https://doi.org/10.1016/j.ijbiomac.2003.08.004
https://doi.org/10.1016/j.ijbiomac.2003.08.004
https://doi.org/10.1002/app.26653
https://doi.org/10.1002/app.26653
https://doi.org/10.1016/j.msec.2009.05.012
https://doi.org/10.1016/j.msec.2009.05.012
https://doi.org/10.1038/s41467-022-31883-3
https://doi.org/10.1016/j.ab.2009.03.036
https://doi.org/10.1016/j.ab.2009.03.036
https://doi.org/10.1093/nar/gku1028
https://doi.org/10.1093/nar/gku1028
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1002/bip.360221211
https://doi.org/10.1002/bip.21712
https://doi.org/10.1002/bip.21712
https://doi.org/10.1021/bm7005517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bm7005517?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/prot.25999
https://doi.org/10.1002/prot.25999
https://doi.org/10.1021/acs.biomac.2c00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.2c00179?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c02533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.macromol.1c02533?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b01687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biomac.7b01687?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/Biomac?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00637?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

