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In the current study, ANS fluorescence was established as a powerful tool to study proteins in solid-state. Silk
fibroin from Bombyx mori cocoons was used as a paradigm protein. ANS incorporated into the films of silk fibroin
exhibits fluorescence with two-lifetime components that can be assigned to the patches and/or cavities with
distinct hydrophobicities. Decay associated spectra (DAS) of ANS fluorescence from both sites could be fit to the
single log-normal component indicating their homogeneity. ANS binding sites in the protein film are specific and
could be saturated by ANS titration. ANS located in the binding site that exhibits the long-lifetime fluorescence is
not accessible to the water molecules and its DAS stays homogeneously broadened upon hydration of the protein
film. In contrast, ANS from the sites demonstrating the short-lifetime fluorescence is accessible to water mole-
cules. In the hydrated films, solvent-induced fluctuations produce an ensemble of binding sites with similar
characters. Therefore, upon hydration, the short-lifetime DAS becomes significantly red-shifted and inhomoge-
neously broadened. The similar spectral features have previously been observed for ANS complexed with
globular proteins in solution. The data reveal the origin of the short-lifetime fluorescence component of ANS
bound to the globular proteins in aqueous solution. Findings from this study indicate that ANS is applicable to
characterize dehydrated as well as hydrated protein aggregates, amyloids relevant to amyloid diseases, such as

Alzheimer’s, Parkinson, and prion diseases.

1. Introduction

8-anilino-1-naphthalenesulfonic acid (ANS), as an extrinsic fluores-
cent probe is widely utilized to characterize proteins in various states
[1]. In a molten globule state, enhancement of ANS fluorescence in-
dicates that the hydrophobic clusters of proteins are exposed [2-5]. The
time-resolved fluorescence of ANS bound to proteins provides a more
detailed description of the hydrophobic clusters. Long- (10-15 ns) and
short- (2-5 ns) lifetimes of ANS correspond to the solvent shielded and
exposed hydrophobic clusters, respectively [5-10]. Fluorescent probes
thioflavin T (ThT) and ANS are used together to study kinetics and
mechanisms of amyloid fibril formations relevant to the serious diseases,
such as Alzheimer’s, Parkinson’s, prion diseases, etc [11-15]. ANS
fluorescence has also been used to study the pH- and urea-dependent
structural transitions as well as to characterize the multiple binding
sites of the proteins [16,17].

Mechanisms by which ANS contributes to fluorescence enhancement
processes are broadly studied. ANS free in aqueous solution demon-
strates a negligible fluorescence intensity with a maximum of around
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540 nm. It has been suggested that both restricted mobility and hydro-
phobicity of the nearest environment of ANS contribute significantly to
the blue shift of the fluorescence spectra and increased fluorescence
intensity and lifetime. The application of steady-state fluorescence
provides limited information about hydrophobic sites of the proteins. In
the presence of multiple binding sites, the contribution of external hy-
drophobic sites exposed to solvent is masked by more intense fluores-
cence from buried sites. The time-resolved fluorescence of ANS offers a
more detailed description of the hydrophobic sites associated with
different degrees of solvent exposure.

ANS fluorescence depends on ion pairing with positively charged
side chains, a variation of solvent polarity and viscosity [18-21]. Two
distinct excited states contribute to the emission of ANS [22,23].
Non-polar (NP) state localized on the naphthalene moiety of ANS is the
first step of the excitation event. NP state is the fluorescent state for ANS
in hydrophobic solvents. The wavelength of fluorescence maximum of
ANS from this state moderately depends on polarity. In polar solvents,
NP state relaxes to form the intramolecular charge-transfer state (ICT),
which is dynamically stabilized through molecular distortion and
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solvent relaxation. Along with intermolecular electron transfer (ET),
ionization and subsequent electron salvation were also detected in the
aqueous solution of ANS. ET is considered to be a major quenching
mechanism for ANS fluorescence yielding a very low quantum yield [22,
23]. Fluorescence of ANS in polar solvents is attributed to the emission
from charge transfer state (CT).

Until now, however, ANS has been applied only to characterize the
various protein states in solution. No efforts have been made to show the
feasibility of ANS to characterize protein in solid states. In this study,
ANS was incorporated into silk fibroin (SF) films to characterize the
hydrophobic cluster of the protein in solid-state. The time-resolved
fluorescence of ANS incorporated into the SF film indicates that it has
the potential to characterize protein sites with different hydrophobic-
ities linked to the distinct fluorescence lifetimes. Partial hydration of the
SF films further discriminates hydrophobic sites by accessibility to the
water molecules. The results unambiguously reveal the origin of the
protein sites where ANS fluorescence shows inhomogeneously broad-
ened spectra with the lifetimes of about 2-5 ns. These hydration induced
spectral features have also been demonstrated for globular proteins in
solution. SF was used as a paradigm protein. Steady-state and time-
resolved fluorescence can be utilized with ANS to characterize other
proteins in fiber, film, and dehydrated amyloid fibril forms. The appli-
cation by using the ANS fluorescence can also be used to monitor the
hydration dynamics of amyloid fibrils that are relevant to neurodegen-
erative disease propagation.

2. Materials and methods
2.1. Preparation of aqueous solution of silk fibroin

Silk cocoons from the silkworm of Bombyx mori were used to obtain
silk fibroin using a widely employed degumming procedure [24,25].
Silk cocoons cut into small pieces boiled for 30 min in 0.02 M NayCOs3
(Fisher Sci.) and then rinsed extensively with deionized water to remove
sericin. The air-dried SF was dissolved in 9.5 M LiBr (Sigma-Aldrich)
solution and then dialyzed (molecular weight cut-off 10 kDa) against
deionized water 48 h at 4 °C. Then the silk solution was centrifuged for
10 min at 9000 rpm, and the supernatant was collected and stored at
4 °C. The concentration of the stock solution of SF was determined by
spectrophotometer using 375, = 1.064 em™! (mg/ml)’1 [26]. The
molar concentration of the solution was calculated using 390 kDa for the
molecular weight of SF. The final concentration of the stock solution of
SF was determined to be 95 pM.

2.2. Preparation of ANS incorporated films of silk fibroin

The stock solution of ANS was prepared with deionized water and its
concentration was determined using the molar extinction coefficient of
£350nm = 4950 M lem! (provided by Sigma-Aldrich). The solution of
SF (95 pM) was used to prepare the mixtures with various molar ratios of
SF:ANS (1:0.13, 1:0.35, 1:0.72, 1:0.87, 1:1). The films were obtained by
slow evaporation of the mixture solutions on polystyrene substrates. The
formation of ANS aggregates is not expected in the films with SF:ANS
above shown ratios. Aggregate formation of the ligand (rhodamine 6G)
in the SF matrix was examined previously. It has been shown that the
ligand binding to the protein prevents aggregate formation even in mM
concentrations of the ligand [25]. Besides, the lifetimes of DAS com-
ponents of ANS fluorescence are not changed much in the films with
various SF:ANS ratios. Usually, aggregate formations of the chromo-
phores result in decreased fluorescence lifetimes.

Hydration of the films was performed using two quartz plates sealed
with a spacer. The film was placed in the vertical position between the
quartz plates. The bottom of the quartz plates was filled with water that
did not touch the film. The system was left to equilibrate for one day.
The hydration value was determined immediately after the experiment
by weight.
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2.3. Absorption spectroscopy

UV absorption spectra of fibroin solutions and films with various SF:
ANS ratios were measured using Shimadzu UV-2700 spectrophotometer.
Spectral bandwidth was set to1.0 nm.

2.4. Steady-state and time-resolved fluorescence spectroscopy

Steady-state and time-resolved fluorescence were recorded using a
spectrofluorometer FluoTime 300 (PicoQuant, Germany). The steady-
state measurements were performed in front-face mode using an exci-
tation wavelength of 375 nm. Bandwidths for excitation and emission
were 3 nm. In the time-resolved experiments, a picosecond laser with a
wavelength of 375 nm was used for excitation. The emission bandwidth
was 2.5 nm.

2.5. Construction of decay-associated spectra (DAS)

To construct DAS for various SF:ANS films, the ANS fluorescence
decay measurements were performed for the wavelengths across the
emission spectra with a 5 nm interval. The emission intensity was
measured with a front-face setup. The instrument response function
(IRF) was determined by measuring scattered light from pristine SF film.
The intensity decay data were analyzed using the software supplied with
the PicoQuant instrument. For a multiexponential decay law:

1(r)= Zaiexp( —1/7)

where I, a; and 7; are fluorescence intensity, the normalized pre-
exponential factors, and decay time, respectively. The fractional fluo-
rescence intensity of each component is defined as f; = ai7;/ > gj7.

Decay-associated spectra were assembled using global multi-
exponential decay analysis across the emission spectra of the films
with various SF:ANS ratios [27].

1(2,0)=">ai(d)exp(—1/ 1))

Then a;(2) values were used to construct the DAS for each global z;
parameter
a;(A)TI(A)
L) =220 ()2
O I
DAS components were fit to the bi-parametric log-normal function.
The parameters specific for ANS fluorescence were established previ-
ously [6].

3. Results and discussion

3.1. The absorption spectra of ANS bound to proteins in film and solution
states show similar features

Properties of the ANS absorption band positioned in the longer
wavelength side of the spectrum have been studied in solvents with
various polarities. This band is composite and can be characterized by
the superposition of two spectra with the absorption maximum of about
375 nm and 355 nm. The substitution of solvent from water to dioxane
leads to an increase of the ratio of intensities R = Apmax(1)/Amax(2) (—375
nm and ~355 nm, respectively) from 0.90 to 1.17 [22]. In aqueous
solution, the absorption band of ANS can be characterized by two
Gaussian components with Apax(1) = 377.3 nm and Apax(2) = 338.3 nm
(Supplementary Fig. 1). The inclusion of ANS molecules into SF films
exhibits a significant red-shift for both absorption bands (377.3 nm-385
nm and 338.3 nm-348.9 nm). The ratio of intensities Amax(1)/Amax(2)
increases from 0.95 to 1.20, which closely matches the changes observed
from the substitution of water with dioxane (Supplementary Fig. 1).
Almost identical spectral changes have been observed between ANS free
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and bound to the protein in solution [28]. Observed changes in the
absorption spectra are most likely to have resulted from the modification
of the electron density distribution of ANS molecules. This indicates a
complex formation between ANS molecules and some groups of protein
molecules. ANS binding characteristics in the film are strikingly similar
to the binding in aqueous solution. ANS in the SF film can be described
as ANS molecules bound to binding sites of the protein. Below we show
the evidence for two distinct specific binding sites for ANS binding in the
SF film.

3.2. Steady-state fluorescence and DAS components of ANS

ANS fluorescence spectra in various solvents can be satisfactorily
characterized by the single log-normal component indicating the ho-
mogeneous nature of the ANS environment [6]. A single log-normal
component, also named as an elementary component, is characterized
by two parameters, wavelength of fluorescence maximum and scaling
factor. Other parameters of the log-normal function are fixed and
satisfactory for all ANS fluorescence spectra in different solvents [6].
The log-normal function was used to characterize the DAS components
of ANS fluorescence in the films with different SF:ANS ratios (Fig. 1).
Three lifetimes were necessary for satisfactory fitting in the global
analysis. Fig. 1A-E shows the steady-state fluorescence spectra and
resolved DAS components for ANS fluorescence in the representative SF:
ANS films with ratios of 1:0.13, 1:0.35, 1:0.72, 1:0.87 and 1:1, respec-
tively. As an example, the global triple-exponential decay fits are shown
for the SF:ANS (1:0.35) film at various wavelengths (Fig. 1F). The dis-
similar contributions of the fast decay components are evident at the
beginning of the decay curves. The decay curves for selected wave-
lengths are plotted separately for better judgment (Supplementary
Fig. 2). All films with different SF:ANS ratios show a similar set of life-
times (Fig. 2). To test the validity of the triple-exponential decay model,
a representative ANS fluorescence decay was also analyzed by a
model-free maximum entropy method (MEM). In the MEM, a series of
200 exponentials, logarithmically spaced lifetimes and variable
pre-exponential terms were used. The goal of the fitting procedure was
to have the minimized y?> and maximized Shannon-Jaynes entropy
function [29]. The results of the ANS fluorescence decay analysis by the
MEM are shown in Supplementary Fig. 3. The lifetime components from
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Fig. 2. The steady-state and time-resolved fluorescence parameters of ANS in
the films with various SF:ANS ratios. The concentration of ANS indicates their
corresponding values in the solution from which films were made. Actual
concentrations are about x40 as estimated previously. Open squares, triangles
and circles represent the parameters of the DAS corresponding to the very short-
, short- and long lifetimes shown in (C). Solid symbols show the parameters of
the DAS of the hydrated samples of the corresponding counterparts.

the MEM analysis can be grouped into three classes with the maximum
values of 1.0 ns, 8.6 ns and 15.6 ns. These data are in good agreement
with the fluorescence lifetimes obtained from the triple-exponential
decay model (1.1 ns, 7.8 ns, 15.2 ns). Thus, MEM analysis validates
the use of the triple-exponential decay model for ANS fluorescence
decay and DAS in the different SF:ANS films.

The steady-state fluorescence spectra of ANS in various SF:ANS are
inhomogeneously broadened and, therefore, could not be fit to the single

Fig. 1. Steady-state emission spectra and DAS
components of ANS incorporated into SF films at
various SF:ANS ratios. (A)—(E) represents SF:ANS
films with ratios of 1:0.13, 1:0.35, 1:0.72, 1:0.87
and 1:1, respectively. Solid circles represent
steady-state fluorescence spectra. Open square,
triangle and circles denote DAS components for
very short- (0.19 ns- 1.08 ns), short- (5.62 ns-
7.79 ns) and long (14.41 ns- 15.18 ns) lifetime
components. The solid lines of DAS components
show the best fit to the single log-normal function
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cence intensity decay curves of ANS in SF:ANS
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experimental data points. The dashed line is an
instrument response function. Solid curves
denote the best fit for global triple-exponential
decay.
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log-normal component. As an example, a single and double log-normal
component fit of the ANS fluorescence spectrum in the film SF:ANS
(1:0.35) is shown in Supplementary Fig. 4. At least two log-normal
components are required for satisfactory fitting of the spectrum. The
values of the wavelength of fluorescence maximum obtained from the
log-normal fit do not match that of DAS components (Fig. 1B and Sup-
plementary Fig. 4.). Therefore, the multicomponent log-normal fit is not
adequate to resolve a DAS component. However, it is valuable to show
the presence of the inhomogeneous broadening in the ANS fluorescence
spectra.

Individual DAS of ANS fluorescence in the films with various SF:ANS
ratios can be satisfactorily fit the single log-normal component. This is in
contrast to the data observed for ANS bound to the protein in solution
[6]. ANS bound to apo-tear lipocalin (apo-TL) and its mutant apo-G59W
shows two DAS components relatively short (4.09 and 4.64 ns) and the
longer lifetime (17.33 and 15.82 ns) components, respectively [6]. In
both cases, relatively short lifetime DAS could not be fit to a single
log-normal component. However, long lifetime DAS of ANS-apoG59W,
but not ANS-apoTL, can be satisfactorily fit a single log-normal
component. It has been concluded that the heterogeneous nature of
ANS binding sites necessitates the fitting of the DAS to double
log-normal components. Interestingly, both short- and long lifetime DAS
components of ANS fluorescence in the films with various SF:ANS ratios
can be characterized by single log-normal components. This indicates
that in the solid protein film, ANS is bound to the sites with two different
hydrophobicities, but environments of the binding sites in both cases are
homogeneous.

The steady-state spectra and the resolved DAS components of ANS
fluorescence in the films with various SF:ANS ratios reveal the nature of
ANS-SF interaction. Despite significant differences in wavelengths of
fluorescence maxima of between DAS, the same DAS component ex-
hibits a minor variation at different ANS concentration (Fig. 2). The
same statement is also true for the lifetime components of DAS. Data
indicate that even in solid-state ANS binding sites of SF are distinct and
specific. The increased concentrations of ANS saturate the specific
binding sites (Fig. 2 and Supplementary Fig. 5). Thus, as in solution
studies, ligand (ANS)- protein (SF) interaction in solid states can be
described in similar terms, saturations of specific binding sites.
Compared to solution studies, SF in solid-state assumes much less
conformational states that are supported by homogeneous DAS com-
ponents of ANS fluorescence.

ANS bound to proteins in solution shows blue-shifted fluorescence
maxima, the increase fluorescence intensity and lifetimes that are
attributed to the hydrophobicity of a protein site and restriction of
mobility of ANS. Incorporation of ANS into the solid film of SF elimi-
nates one of these factors, i.e., mobility. In the solid protein film, the
mobility of all sites is significantly restricted. Therefore, it is expected
that the lifetimes of ANS incorporated into the solid protein films will be
mainly influenced by the hydrophobicity of the sites. ANS in the SF:ANS
films shows fluorescence with three lifetimes, very short- (0.19 ns- 1.08
ns), short- (5.62 ns- 7.79 ns) and long- (14.41 ns- 15.18 ns). Very short-
lifetimes are associated with very low fluorescence intensities. There-
fore, DAS and the lifetimes for these components were not consistent in
the films with various SF:ANS ratios. The short- and long-lifetime
components could be compared to that of ANS bound to TL and beta-
lactoglobulin in solution [6,9,10]. The long-lifetime of ANS in the SF:
ANS films (14.41 ns- 15.18 ns) are very similar to that of ANS-TL and
ANS-G59W (17.33 ns and 15.82 ns, respectively, and ANS-BLG (~14 ns)
complexes. Thus, long-lifetimes of ANS report high hydrophobicity and
restricted mobility in both incorporated into the protein films and
complexed with globular proteins in solutions. The situation is different
with the short-lifetimes. In the solid protein matrix, the short-lifetimes of
ANS fluorescence are in a range of 5.62 ns — 7.79 ns. It can be compared
with the short-lifetimes of ANS-TL and ANS-G59W (4.09 ns and 4.46 ns,
respectively) and ANS-BLG (~3 ns) complexes in solution [6,9,10].
Short-lifetimes of ANS in the SF:ANS films are appreciably higher than
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that of the proteins in solution (Figs. 1 and 2). This fact can be ratio-
nalized by the solvation of the ANS binding sites responsible for short
fluorescence lifetimes in solution. ANS is expected to have relatively
higher mobility in the solvated states.

To test this hypothesis we performed the experiments with the hy-
drated SF:ANS films. Fig. 3 shows the steady-state and DAS component
of ANS fluorescence in the SF:ANS (1:0.83) film without and with hy-
dration. The hydrated samples demonstrate red-shifted steady-state and
DAS components. However, the shifts are not uniform among the DAS
components. The DAS component with long-lifetime shows the smallest
shift, the spectrum of which could be fit to the single log-normal
component (Figs. 2 and 3). Hydration of the film induces a slight
decrease (~9%) of the fluorescence lifetime, from 15.18 ns to 13.84 ns.
Consequently, it can be concluded that the hydrophobic sites responsible
for long-lifetimes of ANS fluorescence are not solvated and homoge-
neous. In contrast, upon the hydration, the DAS component with short-
lifetime shows a large red-shift and inhomogeneous broadening (Figs. 2
and 3). As a result, the short-lifetime DAS requires at least two log-
normal components for satisfactory fitting (Fig. 3). Compared to the
long-lifetime, upon hydration of the film the short-lifetime of ANS
fluorescence exhibits a considerable (~26%) decrease, from 7.27 ns to
5.4 ns. All parameters, spectral FWHM, lifetime and wavelength of
fluorescence maximum, of ANS fluorescence in the SF film corre-
sponding short-lifetime DAS upon hydration become similar to that of
ANS complexed with globular proteins in solution. The inhomogeneous
broadening of the short-lifetime DAS indicates that hydration generates
multiple conformational states. In the protein film, hydration disrupts
homogeneously distributed ANS binding sites responsible for the short-
lifetime DAS and fluctuation induced by hydration enables it to sample
an ensemble of patches and/or cavities with similar hydrophobicity.
Slow rate desiccation of the films removes hydration related dynamics
and an ensemble of substates becomes trapped into the energetically
minimum state. ANS incorporated into these states yields homoge-
neously broadened DAS (short-lifetime component).

Thus, the results observed for the partially hydrated (45%) films
reveal the origin of the inhomogeneously broadened DAS with lifetimes
of about 3-5 ns observed in solution studies. It is important to notice that
binding sites with different hydrophobicities revealed in the SF films by
ANS fluorescence are specific. Indeed, titration of SF films with various
concentrations of ANS exhibits saturation behavior for the steady-state
intensity and DAS of short- and long-lifetimes (Supplementary Fig. 5).
The DAS component for very short-lifetime does not saturate. Most
likely, this fluorescence originates from ANS molecules localized in void
volumes of the protein films, analogous to free ANS in solution.

The relationship between the wavelengths of fluorescence maximum
and lifetimes of ANS complexed with various proteins is revealing
(Fig. 4). It is evident that there is a linear relationship between the
wavelengths of fluorescence maximum and lifetimes for both short- and
long lifetimes in the desiccated SF films. However, in the solution and
hydrated protein films, only long lifetime components follow that trend.
The short lifetimes of ANS fluorescence do not depend on the wave-
lengths of fluorescence maximum values in the hydrated SF film and
globular proteins in solution.

4. Conclusion

Thus, ANS has the potential to characterize proteins in various solid
states to reveal the hydrophobic sites with distinct features. ANS in the
solvent accessible sites exhibits relatively short-lifetime DAS that in
hydrated states becomes very similar to that of ANS-globular protein
complexes in solution. ANS in binding sites characterized by long life-
time DAS is not solvent accessible. ANS fluorescence properties revealed
in the protein films indicate that it can be used to characterize dehy-
drated as well as hydrated protein aggregates, amyloids relevant to the
Alzheimer’s, Parkinson, and prion diseases.
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