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Abstract: Proteins are inherently dynamic entities that rely on flexibility across multiple
timescales to perform their biological functions. The surrounding environment plays a
critical role in modulating protein dynamics by exerting plasticizing or stabilizing effects.
In order to characterize the conformational dynamics of Water-Soluble Chlorophyll-Binding
Protein (WSCP), we measured Quasielastic Neutron Scattering (QENS) spectra over a wide
temperature range between 100 and 300 K. The impact of glycerol, a common stabilizer, is in-
vestigated by comparing WSCP dissolved in a glycerol–water-containing buffer (WSCPW+G)
with WSCP in a water-containing buffer (WSCPW). The results indicate that conformational
protein dynamics are widely suppressed below 200 K but increase above this threshold,
with the appearance of localized protein motions on the picosecond timescale. Glycerol
appears to limit protein mobility between 280 and 300 K due to its high viscosity and hydro-
gen bonding in contrast to WSCP in water. Inelastic Neutron Scattering (INS) reveals the
vibrational dynamics of WSCP with pronounced low-energy protein vibrations observed
at about 2.5 and 6 meV. In the presence of glycerol, however, a stiffening of the vibrational
motions which shifts the vibrational peaks to higher frequencies is observed.

Keywords: water-soluble chlorophyll-binding protein (WSCP); quasielastic neutron
scattering (QENS); inelastic neutron scattering (INS); protein diffusion; vibrational
dynamics

1. Introduction
Proteins are dynamic entities that continuously fluctuate across multiple timescales

and length scales, transitioning among conformational states to execute their biological
functions [1]. These dynamic processes, which span from nanoseconds to milliseconds, are
essential to specific roles, such as catalysis, signaling, and molecular recognition, and they
are strongly influenced by the surrounding environment [2]. This environment—including
the nature and concentration of surrounding molecules—can act as either a plasticizer or a
stabilizer [3,4]. Plasticizers facilitate transitions between nearly isoenergetic conformational
substates, increasing flexibility but often lowering thermal stability [3]. In contrast, stabiliz-
ers restrict these transitions, thereby enhancing thermal stability by maintaining structural
integrity [4]. From a dynamic perspective, a protein’s ability to sample conformational
substates is a direct indicator of its flexibility and functional potential [5].
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Polyols such as glycerol and sugars are well-known stabilizers that increase the melt-
ing temperature of proteins and suppress denaturation [6]. Conversely, water, being
essential to biological activity, acts as a strong plasticizer by enabling conformational flex-
ibility and lowering the thermal threshold for denaturation [7,8]. This delicate balance
between stabilization and plasticization is central to understanding protein behavior in
varied environments. Molecular dynamics simulations and neutron scattering experi-
ments have demonstrated that fluctuations are integral to biological function and closely
linked with unfolding mechanisms [9,10]. A key indicator of this is the dynamical transi-
tion, a shift characterized by an anharmonic increase in mean square displacement (MSD)
above 200 K, which is sensitive to environmental factors such as hydration and cosolvent
composition [11,12].

Glycerol, a simple yet multifunctional polyol (Figure 1B), is widely used in structural
biology and biophysics to stabilize proteins, modulate dynamics, and preserve hydra-
tion [13,14]. Its hygroscopic nature attracts water molecules, forming a protective hydration
shell that prevents protein aggregation [15] and preserves solubility under stress conditions
like freezing and thawing [16,17]. Glycerol has been widely studied as a cryoprotectant,
with multiple mechanisms having been proposed to explain its protective effects at low
temperatures [18–21]. These include (1) preventing ice crystallization by forming a glycerol–
water matrix, (2) promoting protein compaction via preferential hydration at the protein
surface, (3) strengthening hydrophobic interactions under cold conditions, (4) acting as an
amphiphilic mediator between hydrophobic protein regions and the surrounding polar
solvent to inhibit aggregation, (5) reducing protein mobility due to its intrinsic high viscos-
ity, and (6) increasing the temperature at which protein dynamics begin, marking the shift
from a rigid, harmonic behavior to a more flexible, anharmonic regime [20].

At moderate concentrations, glycerol is preferentially excluded from the protein sur-
face, resulting in a hydration shell enriched with water molecules [22]. This phenomenon,
known as preferential hydration, thermodynamically favors the native folded state by
minimizing the protein–solvent interfacial energy and disfavoring the increased solvent-
accessible surface area of the unfolded form [16,17,23].

As glycerol concentration increases beyond ~50% v/v, the system transitions toward
neutral solvation, where glycerol partially replaces hydration-shell water without drasti-
cally perturbing the protein structure [24]. This transition enhances thermal stability and
structural cooperativity, as shown in both simulations and experiments [24]. Additionally,
glycerol’s impact on solvent viscosity and hydrogen bonding dampens global protein
dynamics while maintaining local flexibility, preserving structural integrity while allowing
for functional motions [24–26]. Electrostatic interactions between glycerol and protein
surfaces also contribute to its stabilizing effect by orienting glycerol molecules in a way
that limits further access, effectively “caging” the protein in a native-like state [24,26]. From
a thermodynamic perspective, these effects collectively modulate the chemical potential
of water and glycerol, creating osmotic stress that drives proteins toward compact, stable
conformations [27,28].

Temperature is another major factor in protein behavior. Elevated temperatures
increase molecular flexibility and catalytic potential but also increase the risk of un-
folding. In contrast, lower temperatures help preserve structure but may suppress
necessary dynamic processes [5,29,30]. Understanding how glycerol modulates these
temperature-dependent effects is critical to interpreting protein stability and function
under diverse conditions [5].
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QENS is particularly well-suited for studying protein dynamics in various environ-
ments and over large ranges of timescales and length scales [31]. It is most powerful
when combined with molecular dynamics (MD) simulations [32]. The method’s sensitiv-
ity to hydrogen atoms provides a unique advantage for tracking the subtle structural
fluctuations within the protein matrix that would otherwise be difficult to access. Most
importantly, QENS has revealed the impact of various cryoprotectants on protein dy-
namics. For example, trehalose, a non-reducing disaccharide, was shown by QENS and
MD to reduce protein dynamics by forming extensive hydrogen-bond networks with
hydration water, leading to structural rigidity [33]. Ethylene glycol was found to induce
temperature-dependent effects by stabilizing proteins at low temperatures due to reduc-
tion in hydration but promotes unfolding at higher temperatures [34]. In comparison,
QENS was used to show that glycerol has a dual impact on lysozyme dynamics. At low
hydration, it suppresses internal motions and raises the dynamical transition tempera-
ture due to strong coupling with its glassy matrix [35]. With increased hydration, protein
flexibility rises, and transition temperature decreases, reflecting glycerol’s role as both a
rigidifying agent and a medium permitting anharmonic motion. QENS investigations
on PNIPAM [36] and MD simulations [37] further support that glycerol alters both short-
and long-range dynamics in a concentration-dependent manner. Additional simulations
reveal that glycerol and trehalose modulate lysozyme dynamics via hydrogen bonding
and affect the glass transition temperature and molecular packing [38]. These studies
collectively underscore the significance of QENS studies, in part combined with MD, in
unraveling the effect of cryoprotectants on modulating protein dynamics. Understand-
ing the nuanced effects of different cryoprotectants on protein flexibility and stability is
essential to elucidating the fundamental principles governing protein behavior under
various environmental conditions.

Returning to the functional importance of protein dynamics, photosynthetic light-
harvesting flexible protein residues in the vicinity of pigment molecules are known to affect
transition energies, while protein vibrations mediate energy transfer processes (see [39]
and references therein). However, photosynthetic pigment–protein complexes are typically
highly complex entities and are functionalized by binding multiple pigment molecules,
thus rendering investigations of specific pigment–protein interactions difficult to almost
impossible. In comparison, Water-Soluble Chlorophyll-Binding Protein (WSCP) appears as
a rather minimal but still naturally abundant model system for pigment–protein complexes
in photosynthesis [40]. WSCP is a unique plant protein that binds chlorophyll in a soluble
and stable form, even outside the chloroplast environment [41,42]. WSCP can be isolated
from various plants and distinguished according to its response to illumination. While
class-I WSCP exhibits a spectral shift upon excitation, no photoconversion is observed for
class-II (for a review, see [43]). Class-II WSCPs are water-soluble and possess a molecular
weight of about 20 kDa. Crystal structures obtained by X-ray diffraction are available
for WSCP from Lepidium virginicum [44] and for WSCP from Brassicae [45]. According
to these studies, WSCP occurs as a tetramer binding four chlorophylls per tetramer (see
Figure 1). Recombinant class-IIa WSCP may bind two or four chlorophylls. It has been
used to investigate pigment–protein interactions and excitation energy transfer by several
spectroscopic techniques, including time-resolved absorption and fluorescence experiments,
spectral line narrowing, and 2D electronic spectroscopy [46–49]. WSCP plays a role in
chlorophyll metabolism and photoprotection and serves as a model for pigment–protein
interactions, with potential applications in biotechnology, such as stabilizing chlorophyll in
non-plant systems and designing light-harvesting complexes [13,41,50].
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Figure 1. (A) X-ray structures of WSCP tetramer according to [44] (PDB: 2DRE), with each monomer
depicted in different gray shades. Chlorophyll molecules are represented as green balls and sticks.
(B) Structure of glycerol from BioMagResBank (BMRB), with carbon atoms depicted in amber, oxygen
in red, and hydrogen in white spheres. Figure 1 was created by UCSF ChimeraX [51].

However, direct studies of protein dynamics of photosynthetic protein complexes
including WSCP using QENS are so far very rare. This means that effects stemming from
a flexible protein environment and the impact of cryoprotectants established by QENS
for many other proteins (see above) are only indirectly visible in functional/spectroscopic
studies on WSCP [40].

In the present study, we intend to close the latter gap in our knowledge about WSCP
by studying its protein dynamics in two different solvent environments: a water-based
buffer (WSCPW) and a buffer containing water and glycerol (WSCPW+G). In the first part of
our study, we use QENS to investigate the temperature dependence, the effect of solvent
melting, and the impact of glycerol as a stabilizer on the conformational protein dynamics
of WSCP. In the second part, we employ INS to examine how glycerol affects the vibrational
dynamics of WSCP across a broad temperature range.

2. Materials and Methods
2.1. Sample Preparation

For QENS experiments, WSCP samples were prepared as previously described [47],
with minor modifications. In brief, recombinant WSCP (recWSCP) from cauliflower (Bras-
sica oleracea var. botrytis), UniProt ID Q7GDB3, was expressed in the E. coli strain JM101
by using a modified pDS12/RBSII expression vector in which the maltose-binding protein
tag was replaced by an N-terminal hexahistidyl (His) tag introduced via synthetic oligonu-
cleotides. Bacterial cultures were induced with IPTG and grown overnight at 28 ◦C. Cells
were lysed using a French press, and the lysate was centrifuged (25 min, 10,000× g, 4 ◦C).
Although some recWSCP was recovered in the supernatant, the majority was present in the
pellet as inclusion bodies.

The pellet was resuspended in 10 mM sodium phosphate buffer (pH 9.0) and treated
with DNase I to degrade nucleic acids. After incubation at room temperature and 37 ◦C, the
inclusion bodies were pelleted again and redissolved in 50 mM sodium phosphate buffer
(pH 7.4) with solid guanidinium hydrochloride (Gnd) to denature the protein.

Pigments (total chlorophyll extract or purified Chl a/b) were obtained from pea plants
and stored dry under nitrogen at −20 ◦C. A 10-fold molar excess of pigment (typically
100 µg) was solubilized in ethanol and mixed with octyl-β-D-glucopyranoside (OG) in
reconstitution buffer (100 mM lithium borate at pH 9.0 and 12.5% sucrose). The pigment and
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denatured protein were combined, vortexed, and incubated briefly at room temperature to
allow for reconstitution.

For column-based reconstitution and purification, recWSCP was immobilized on a
Ni2+-charged Chelating Sepharose™ Fast Flow column equilibrated with 100 mM sodium
phosphate buffer (pH 7.8). Pigments (5-fold molar excess) solubilized in ethanol and OG-
buffer were added to the column and incubated for 45 min at room temperature in the dark.
Unbound pigments were removed by extensive washing with OG-buffer. Detergent was
removed by further washing with phosphate buffer alone. Pigmented, refolded recWSCP
was eluted with 300 mM imidazole in 10 mM sodium phosphate (NaP) buffer (pH 7.8). The
reconstituted WSCP complex had a chlorophyll a/b ratio of 2.7:1, determined by HPLC
after pigment extraction with 2-butanol and SDS. Final WSCP samples were concentrated
to ~80 mg/mL using a 30 kDa MW cutoff Centricon device.

The integrity of the protein was verified using spectroscopic means as described in [45],
and no protein heterogeneity was detected.

For QENS measurements, the purified WSCP was buffer-exchanged into 300 mM imi-
dazole and 20 mM NaP prepared in D2O (pD = 7.5) to minimize solvent scattering. This sam-
ple is referred to as WSCPW. To prepare WSCP in the water–glycerol solution (WSCPW+G),
50% (w/v) glycerol was added to the same buffer. In all cases, the final sample volume was
2 mL, and equivalent buffer conditions were used for comparative measurements.

2.2. QENS Experiments

QENS spectra for the WSCP in the water–glycerol mixture were collected across a wide
temperature range between 100 and 300 K using the time-of-flight spectrometer TOF-TOF at
Heinz Maier-Leibnitz Zentrum (MLZ) in Garching, Germany. The experiment was carried
out by employing neutrons with a wavelength of 5 Å. These neutrons provided an elastic
resolution ∆E with a full width at half maximum (FWHM) of 75 µeV corresponding to an
observation time window between 0.1 ps and 26 ps, while the Q range for this wavelength
was 0.25 to 2.3 Å−1. The choppers were operated at 14,000 RPM with a frame-overlap
chopper ratio of 4. Each QENS spectrum at a given temperature required four hours of data
acquisition. The experimental resolution function was determined by fitting the vanadium
spectrum. To account for solvent effects on scattering intensity, measurements were also
taken for the buffer solution without the protein at all temperatures.

The Mantid software package [52] (version is v6.11.0) was employed for data process-
ing. After collecting the raw data, all runs were normalized, corrected for the empty cell
contribution and detector efficiency, and then transformed to the energy and momentum
transfer scales.

2.3. INS Experiments

INS experiments to characterize vibrational protein motions [53] were performed
using the time-of-flight spectrometer FOCUS at the Paul-Scherrer Institute in Villigen,
Switzerland. The measurement was performed with an incident neutron wavelength
of 5 Å, an elastic energy resolution ∆E of 0.123 meV, and a scattering vector Q range
of 0.35−2.25 Å−1. The data were corrected for empty cell contribution, normalized, and
converted to the energy transfer scale by using the program package DAVE [54].

2.4. QENS Data Analysis

The data analysis followed the procedure described in [55] and involved the determi-
nation of an experimental scattering function Sexp(Q, ω) (see Equation (1)) by convolving
the theoretical scattering function for a protonated scatterer Stheo(Q, ω) with the instrument
resolution function and fitting it to the data by varying the parameters of its elastic and
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quasielastic components. The analysis allows us to distinguish between different types of
dynamics characterizing the investigated protein.

The function Sexp(Q, ω) consists of a normalization factor FN , the detailed balance
factor exp (− ℏω

2kT ), and the convolution of the resolution function R (Q, ω) with the theoreti-
cal scattering function Stheo(Q,ω) , both of which depend on the energy transfer ℏω and
momentum transfer Q:

Sexp(Q, ω)=FN exp
(
− ℏω

2kT

)
R(Q, ω)⊗ Stheo(Q, ω) (1)

The theoretical model for protein dynamics can be expressed as

Stheo(Q,ω) = e−⟨u2⟩Q2
{

A0(Q)δ(ω) + ∑n An(Q)Ln(Hn,ω) + Sin(Q,ω)
}

(2)

This equation includes a Debye–Waller factor (e−⟨u2⟩Q2
, where

〈
u2〉 is the mean square

displacement of vibrational motions), an elastic term (A0(Q)δ(ω)), a quasielastic contri-
bution (∑n An(Q)Ln(Hn,ω)), and an inelastic component (Sin(Q,ω)). For the quasielastic
part, a Lorentzian function Ln(Hn, ω) is used with a half width at half maximum (HWHM),
Hn, linked to the characteristic residence time τR. Generally, a broader line shape (a wider
HWHM) corresponds to a shorter residence time. Note that after convolution with a Gaus-
sian resolution function, Lorentzians effectively become Voigt line shapes. The pre-factors
A0(Q) and An(Q) represent the elastic and quasielastic incoherent structure factors (EISF
and QISF), respectively, which sum up to unity satisfying the equation

∑n An(Q) = 1 − A0(Q) (3)

Following the latter approach, each QENS spectrum is fitted using one elastic com-
ponent and two Voigt functions, representing slow (narrow linewidth) and fast (broad
linewidth) motions, respectively, to describe the data for 260 K, 280 K, and 300 K. At
temperatures below 260 K, attempts to fit the QENS spectra by using two Voigt functions
resulted in high residual errors, indicating that the model did not adequately capture the
observed dynamics. Consequently, a single Voigt function was used for data analysis at
these temperatures, which better represented the experimental results.

The slow components can be interpreted using the jump diffusion model according to
Singwi and Sjölander [56], so that the Lorentzian HWHM is expected to follow

HWHM(Q) =
DQ2

1 + DQ2τ
(4)

Here, τ is the residence time during which a proton oscillates around its equilibrium
position, and D is the diffusion constant, representing the jump diffusion of protons between
equilibrium sites. This model has been widely applied in studies in protein dynamics.

The elastic incoherent structure factor (EISF) provides insights into the geometry of
proton motions and the fraction of hydrogen atoms involved. The EISF, which measures
the ratio of elastic-to-total intensities, can be calculated as

EISF =
A0(Q)

A0(Q) + A1(Q)
(5)

This EISF was compared with various theoretical models. The data analysis followed
an unbiased procedure: the scattering law was convolved with the instrument resolution,
and elastic and quasielastic components were extracted at all Q values by using least
squares fitting. The best fit was achieved using a 4-fold jump model, which assumes a
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uniaxial rotational jump between four sites arranged in a circle with radius r. The EISF for
this model is given by [57]

EISF = f
1
4

[
1 + 2j0

(
Qr

√
2
)
+ j0(2Qr)

]
+ (1 − f) (6)

Here, j0 is the spherical Bessel function of the first order, and r is the radius of the
circle. An additional parameter f accounted for the mobile fraction of hydrogen atoms in
the given observation time window. The QENS spectra were analyzed using OriginPro 8
(OriginLab Corp.) [58].

In order to analyze the INS part of the data, the inelastic function Sin(Q,ω) was fitted
with suitable line shapes as described below.

2.5. Buffer Subtraction

The scattering signal of a protein sample in solution generally includes contributions
from both the protein and the solvent. Therefore, buffer subtraction is essential to obtaining
an accurate assessment of the protein’s scattering function. The first step in this process is
to measure the pure solvent. Once the solvent’s contribution is known, the protein’s contri-
bution can be isolated by subtracting the solvent data. Buffer subtraction was performed
following the procedure described in [55].

Figure 2 illustrates the angular spectrum (or diffractogram) of WSCPW+G, along with a
separate buffer measurement. In the sample spectrum, a strong correlation peak is observed
at a 2θ angle of approximately 90◦, which is also evident in the buffer data. This peak is
primarily due to the coherent scattering of D2O, while no similar intensity modulation
should be present in an incoherent scatterer, such as the protein or vanadium standard. The
WSCP contribution was estimated by applying a buffer subtraction using a scaling factor k,
ensuring that the correlation peak disappears and the diffractogram becomes flat.

Figure 2. (A) Buffer subtraction for the case of WSCPW+G: Angular spectra (diffractograms) of
WSCP+ buffer (red line), with a separate buffer measurement (black line), collected at 300 K. Each
data point represents the scattering intensity at a specific angle, averaged across all neutron energies.
The protein contribution (blue line), is isolated by subtracting the buffer signal from the sample data,
ensuring that the coherent peak, which appears around 90◦, disappears from the final diffractogram
(it must be noted that subtraction with glycerol does not perfectly work, and we still see small peak
around 90◦). (B) QENS spectra of WSCPW+G +buffer (red line), buffer (black line), and the difference
spectrum corresponding to WSCP (blue line) at 300 K.

The buffer-subtracted protein scattering intensity can be calculated as follows [55]:

IProtein = ISample − k.IBuffer (7)
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WSCPW was treated analogously. In the present study, the scaling factors k for WSCPW

and WSCPW+G were determined to be 0.83 and 0.75, respectively. The resulting QENS
spectra are shown in Figure 2B for WSCPW+G at 300 K as an example. All further analysis
is restricted to the protein contribution obtained after buffer subtraction.

3. Results
Diffusive (conformational) protein dynamics: QENS is a powerful technique for

investigating the conformational dynamics of proteins [59]. It is particularly sensitive to
motions on the picosecond-to-nanosecond timescale and over distances of approximately
1 to 10 Å, making it ideal for probing side-chain flexibility and segmental motions [59].
QENS enables the extraction of important parameters such as the jump diffusion coefficient
(D) and the residence time (τ), which characterize localized atomic motions [60]. In this
study, we employed QENS to explore the temperature-dependent dynamics of WSCP in
water (WSCPW) and in a water–glycerol mixture (WSCPW+G) at different temperatures (see
Figure 3). At low temperatures (100 and 200 K), the QENS spectra are dominated by elastic
scattering, which reflects the static component of the protein structure. Elastic scattering
arises when neutrons are scattered without energy exchange, indicating that the atoms
within the protein remain essentially immobile on the timescale probed [61]. This suggests
that atomic motions are highly restricted, and the system behaves in a largely rigid manner.
In contrast, quasielastic broadening (typically observed at higher temperatures) indicates
energy exchange between the neutrons and the sample, corresponding to internal motions
such as side-chain fluctuations or backbone flexibility [61]. Therefore, the dominance of
elastic scattering at 100 and 200 K demonstrates that the dynamic, mobile fraction of the
protein is negligible, and the protein remains in a frozen state with suppressed internal dy-
namics. The QENS spectra obtained at temperatures above 200K clearly exhibit quasielastic
broadening corresponding to localized protein motions and can be fitted according to
Equation (1) by using two Voigt functions (see above). Representative examples of fits are
shown in Figure 4 for selected temperatures. The overall fit quality is excellent.

Figure 3. QENS spectra of WSCPW+G (A) and WSCPW (B) at different temperatures; see legends for
values. To be able to compare peak intensity and shapes, we normalized the data to a peak intensity
of one.
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Figure 4. Example of a theoretical fit for the case of the WSCPW+G QENS spectrum (black empty
spheres) at 280 K (A) and 300 K (B). The elastic contribution is shown as a blue line, and the two
quasielastic (Voigtian) contributions are displayed as gray short-dashed and dashed–dotted lines.
The final fit is shown as a red line.

The broader Voigt function observed at higher temperatures exhibits a constant
HWHM and thus most likely represents fast, localized motions, such as a methyl group or
other side-chain rotations [62–64].

The analysis of the half width at half maximum (HWHM) of the narrow Voigt function
(representing slow, localized motions) provides critical information about the D and τ of
hydrogen atoms within WSCP according to Equation (4) (see dashed lines in Figure 5). The
fit parameters are compiled in Table 1. As the temperature increases, the HWHM broadens,
indicating enhanced local atomic mobility [53]. This broadening at higher temperatures
(260 K, 280 K, and 300 K) reflects a faster diffusion process [53]. The HWHM values, plotted
as a function of the squared momentum transfer (Q2) for WSCPW+G, exhibit significant
dependence on temperature. The application of the jump diffusion model according to
Equation (4) reveals that the residence time (τ) of hydrogen atoms in WSCPW+G decreases
as the temperature rises (see Table 1), confirming increased mobility. The decrease in τ is
particularly pronounced between 260 K and 280 K, i.e., correlated with solvent melting,
while it becomes less significant when the temperature increases from 280 to 300 K. In
addition, there was a steep increase in the jump diffusion constant D upon solvent melting
when the temperature rose from 260 K to 280 K and from 280 to 300 K.

Figure 5. The HWHM of the Lorentzian function describes the internal motions as a function of Q2.
Magenta circles are the HWHM of WSCPW+G at 260 K, red triangles are the HWHM of WSCPW+G

at 280 K, and blue stars are the HWHM of WSCPW+G at 300 K. Dashed black lines are the jump
diffusion fits.
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Table 1. Dynamical parameters extracted from the fit of EISF and HWHM data of the narrow
Lorentzian component for WSCPW+G. The fraction of mobile hydrogen atoms (f), radius of motion
(r), jump diffusion constant (D), residence time (τ), and mean square displacements (〈u2〉) are listed.
Letters a, b, and c label parameters that are valid below solvent melting (a), change upon solvent
melting (b), and change due to temperature increase (c).

260 K 280 K 300 K

f 0.39 ± 0.02 a 0.41 ± 0.02 a 0.59 ± 0.02 c

r [Å] 0.92 ± 0.05 a 0.95 ± 0.05 a 1.06 ± 0.04 c

D [meVÅ2] 0.07 ± 0.01 a 0.11 ± 0.01 b 0.14 ± 0.02 c

Γ [meV−1] 9.0 ± 0.5 a 5.1 ± 0.3 b 4.8 ± 0.3 b

D [10−5 cm2/s] 1.05 ± 0.1 a 1.6 ± 0.2 b 2.1 ± 0.2 c

τ [ps] 5.9 ± 0.3 a 3.3 ± 0.2 b 3.1 ± 0.2 b

〈u2〉 [Å−2] 0.11 ± 0.01 a 0.12 ± 0.01 b 0.20 ± 0.01 c

The EISF (which measures the ratio of elastic-to-total scattering intensities) was deter-
mined according to Equation (5) and is plotted as a function of temperature in Figure 6.
This parameter provides insights into the fraction of hydrogen atoms involved in motion
(f) and the corresponding radius of motion (r). At lower temperatures, the EISF values are
relatively high, suggesting that a substantial number of hydrogen atoms remain immobile.
As the temperature increases, the EISF values decrease, reflecting a greater fraction of
mobile hydrogen atoms corresponding to a larger overall flexibility of the protein.

Figure 6. Comparison of EISF from Lorentzian fits of QENS spectra of WSCPW+G at different
temperatures (100 K, green squares; 200 K, black stars; 260 K, magenta circles; 280 K, red tringles;
300 K, blue stars) as a function of Q. Dashed black lines are fits according to Equation (5).

The radius of motion (r), derived from the EISF data by fitting a 4-fold jump model
according to Equation (6), indicates that the protein’s hydrogen atoms exhibit a larger
effective range of motion at elevated temperatures (Table 1), suggesting increased flexibility
and dynamics in WSCPW+G. However, while the transition from 280 K to 300 K results in a
noticeable increase in mobile hydrogen atoms and their motion radius, the change is less
pronounced when the temperature increases from 260 K to 280 K.

In the next step, we characterize the protein dynamics of WSCPW+G by using mean
square displacement (MSD or 〈u2〉). MSD can be obtained as the slope of the natural
logarithm of the EISF (lnEISF) as a function of Q2 at different temperatures [65]. The 〈u2〉
values visible as the slopes of the dashed lines in Figure 7 increase with temperature (see
also Table 1), indicating greater atomic displacements and increased protein dynamics at
higher temperatures. Similar to the general EISF trend, the 〈u2〉 values for 260 K and 280 K
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show minimal differences, whereas a stronger increase is observed when the temperature
rises from 280 K to 300 K.

Figure 7. Determination of MSDs of WSCPW+G at different temperatures (260 K, magenta circles;
280 K, red triangles; 300 K, blue stars). Linear fits of the data are shown as black dashed lines.

Origin of temperature dependence of protein dynamics: Several factors contribute to
the temperature dependence of the flexibility of WSCPW+G. The increase in flexibility with
the increase in temperature can be generally explained by the increasing thermal energy,
which allows hydrogen atoms to overcome energy barriers that otherwise restrict their
motion [12,66]. At 260 K, the thermal energy is relatively low, meaning that many hydrogen
atoms remain confined to their initial positions [12]. Between 260 K and 280 K, the melting
of the solvent allows for a noticeable enhancement in mobility, which is especially visible
in the decrease in the residence time obtained from fits of the Q-dependence of the HWHM.
However, from 280 K to 300 K, the additional thermal energy becomes sufficient to break
more hydrogen bonds and disrupt local interactions, leading to a stronger increase in
atomic motion. This is reflected in the pronounced decrease in EISF values, indicating a
larger fraction of mobile hydrogen atoms, and the significant rise in MSD 〈u2〉 [30,67].

Furthermore, the protein itself undergoes structural changes with the increase in tem-
perature. At lower temperatures, hydrogen-bond networks and van der Waals interactions
stabilize a relatively rigid conformation. As the temperature rises, these non-covalent
interactions weaken, allowing for greater conformational fluctuations and an expansion
of the protein’s dynamic range [66]. This results in a larger effective radius of motion for
hydrogen atoms, as observed from the EISF-derived radius values. The structural flexibility
of WSCPW+G increases notably between 280 K and 300 K, whereas the transition from 260 K
to 280 K shows a more gradual change.

Effect of glycerol: Another factor influencing the protein’s flexibility is the presence of
glycerol in the solvent. At lower temperatures, the high viscosity of glycerol creates a rigid
environment, which limits the diffusion of protein side chains, especially of those exposed
to the solvent at the surface of the protein, and thus restricts the conformational flexibility
of the protein. This viscosity effect effectively traps the hydrogen atoms in localized
positions, leading to higher EISF values and smaller mean square displacements (〈u2〉). At
temperatures below 280 K, the solvent remains highly viscous, acting as a molecular “cage”
that slows down atomic motion. However, as the temperature rises, glycerol’s viscosity
decreases significantly, reducing its resistance to diffusion and allowing for increased
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atomic displacement. This explains the steep increase in the jump diffusion constant D, as
the hydrogen atoms can transition between different positions more frequently and with
lower residence time [30,67].

Effects upon solvent melting: Between 260 and 280 K, a complex interplay among
jump diffusion D, residence time τ, and 〈u2〉 is observed, which likely reflects changes
in protein–solvent interactions upon solvent melting and, consequently, in the internal
dynamics of WSCP as the temperature increases. On one hand, 〈u2〉 remains rather similar,
indicating that the overall amplitude of atomic motions is rather constrained. However, the
observed increase in D suggests that local jump motions become more frequent. This be-
havior implies that at lower temperatures, the protein is largely trapped in energy minima,
and as the temperature increases within this range, the system begins to overcome small
energy barriers, allowing for more localized diffusivity without significantly impacting
the total displacement seen in 〈u2〉. Alongside this, the significant decrease in τ from
260 to 280 K confirms that jump motions happen more frequently, supporting the notion
that the system transitions into a more flexible state while still mostly residing within
localized energy wells.

In contrast, from 280 to 300 K, a significant increase in 〈u2〉 is observed, suggesting that
larger-amplitude protein motions are activated, leading to enhanced flexibility. The contin-
ued rise in the D indicates that at higher temperatures, not only jump motions occur more
frequently, but they may also span larger distances, further contributing to the increase in
〈u2〉. Interestingly, despite the persistent increase in jump diffusion, the residence time does
not significantly decrease beyond 280 K, suggesting that the system has already transitioned
from an activated barrier-crossing regime to a state where mobility is no longer restricted
by local energy traps. This shift implies that the energy barriers that previously governed
motion have been largely overcome, allowing diffusion to become more continuous rather
than being dictated by residence times in local potential energy minima.

These findings suggest that below 280 K, motion remains constrained, and transitions
occur as the system gradually overcomes local barriers, leading to a decrease in residence
time and an increase in jump frequency. However, beyond 280 K, most barriers have been
surpassed, and further temperature increases primarily enhance jump length. This decou-
pling of local dynamics and diffusion is evident in the distinction between the 260–280 K
and 280–300 K regimes. In the lower-temperature range, localized motions increase, while
in the higher-temperature range, protein diffusive dynamics become more fluid-like. A
potential explanation for this transition lies in the role of the solvent, particularly glycerol,
which stabilizes WSCP through a structured hydrogen-bond network. As temperature
rises, viscosity decreases, facilitating larger-amplitude protein motions, which explains the
observed increase in 〈u2〉. However, glycerol’s network may still moderate the frequency
of local jumps, leading to the stabilization of residence time beyond 280 K.

These findings support a two-phase transition in WSCPW+G: an initial phase between
260 K and 280 K where motion becomes more frequent but remains spatially limited,
followed by a second phase between 280 K and 300 K where both the amplitude and
frequency of motion increase. This decoupling of residence time and amplitude of motion
underscores the complex interplay of thermal activation, solvent viscosity, and structural
flexibility in governing protein dynamics.

Comparison of WSCPW and WSCPW+G: The temperature-dependence of the QISF
averaged over all Q is shown in Figure 8 for both WSCPW and WSCPW+G. Although data
are not available for the same temperature values for both samples, a drastic increase
in protein dynamics is visible above about 240 K, which was previously referred to as
the “dynamical transition” and is observed in approximately the same range for several
photosynthetic proteins [5,12,68,69].
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Figure 8. Temperature dependence of QISF for WSCPW (empty red squares) and WSCPW+G (blue-
filled circles).

At 100 K, the system is in the harmonic regime, where all motions are essentially
frozen except for vibrational ones, resulting in negligible protein or solvent dynamics. As
a result, the QISF values for WSCP in both pure water and water–glycerol are identical,
indicating similar amplitudes of localized motions in both environments. This observation
is consistent with the findings obtained by Caliskan et al. [70], whose study demonstrated
that as the temperature decreases, the quasielastic scattering in the lysozyme–glycerol
system decreases more rapidly than in the lysozyme–trehalose system. Their results
suggest that protein dynamics in glycerol are more effectively suppressed upon cooling,
leading to a sharper transition from a dynamic to a rigid state.

At 200 K, glycerol’s high viscosity and its extensive hydrogen-bond network act to
more effectively restrict protein motions [24–26] compared to water, resulting in a lower
QISF for WSCP in the glycerol-containing solution. This indicates reduced atomic displace-
ments and suppressed internal dynamics in the presence of glycerol. This observation is
consistent with previous findings, where the onset of solvent-coupled protein motion was
found to occur at a higher temperature in glycerol solutions than in water [71]. Such behav-
ior reflects glycerol’s greater ability to constrain molecular motions at low temperatures,
contributing to its effectiveness as a cryoprotectant. This reduced QISF value at 200 K may
also be attributed to the fact that the system is near the glass transition temperature (Tg)
of glycerol, which is around 190 K [72]. Around this temperature, glycerol still behaves
as a glassy matrix, suppressing molecular motions. As the temperature increases beyond
200 K, glycerol transitions into a supercooled viscous liquid, and by 260 K, it has fully
melted. In this dynamic regime, β-relaxations begin to activate, allowing for enhanced
internal flexibility within the protein. In contrast, water may still maintain a more struc-
tured hydration shell that slightly limits internal protein mobility. This results in a higher
QISF for WSCPW+G compared with water at 260 K. Finally, at 300 K, the thermal energy is
sufficient to overcome the restraining effects of both solvents, leading to a convergence of
QISF values as protein mobility becomes comparable in both environments.
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One way to rationalize this effect is by considering the local solvation effects and
entropic contributions revealed by simulations [22]. In water–glycerol mixtures, glycerol
molecules are not completely excluded from the protein solvation shell, even at moderate
concentrations. Instead, they coexist with water near the protein surface, with their distri-
bution being influenced by protein surface topology [22]. Glycerol is generally excluded
from narrow cavities but tends to accumulate in broader surface regions. This selective
distribution modulates the structure and dynamics of the hydration shell. Notably, glyc-
erol disrupts the more ordered hydrogen-bond network of water, leading to faster local
hydrogen dynamics. This manifests as an increase in the QISF, reflecting enhanced local
mobility. At lower temperatures, this effect becomes more pronounced: although the bulk
solvent remains viscous, the altered hydration environment near the protein promotes
local flexibility. The heterogeneous interactions between the protein surface and the mixed
solvent thus sustain mobility through the facilitated jump diffusion of hydrogen atoms,
despite the otherwise restrictive conditions.

An alternative explanation may be found in a drastic restriction of molecular dynamics
as it has been reported for PSII membrane fragments upon the freezing of the solvent below
~276 K [68]. This effect was associated with a substantial aggregation of PSII membrane
fragments induced by the formation of ice. Then, it is reasonable to assume that the
motional freedom of a protein or membrane becomes restricted due to the congestion with
neighboring molecules causing a suppression of the observed MSD. In the present case
of WSCP, such suppression of mobility at low temperatures would primarily affect the
QISFs of WSCPW, where the formation of structured or even partially frozen hydration
layers may reduce internal dynamics. In contrast, glycerol in the WSCPW+G sample acts as
a cryoprotectant, preventing ice formation and maintaining the protein in a more hydrated
and flexible environment. This behavior is particularly relevant around the glass transition
temperature of glycerol (~190 K), where glycerol transitions from a rigid to a more dynamic
matrix. As a result, lower QISF values are observed for WSCPW+G at 200 K, while higher
QISF values are measured for WSCPW+G once glycerol has entered its melted, dynamic
state. These findings highlight the importance of using cryoprotectants such as glycerol
for low-temperature QENS studies of proteins in solution, as they help preserve internal
mobility and provide a more physiologically relevant dynamical picture.

This adds to the complexity of low-temperature studies in proteins that cold denat-
uration or damage due to ice crystals may generally be possible [73]. At this stage, we
do not have indications for such effects in the case of WSCP. Data from various types
of optical spectroscopy indicate that the protein remains intact at very low temperature,
although this can only be concluded using the pigment molecules bound by WSCP as a
probe for structural integrity [45–48]. While most of the latter studies were performed
using cryoprotectants as glass formers (especially glycerol), fluorescence spectroscopy [45]
does not require glycerol and would be sensitive to changes in the tertiary structure of
proteins. Therefore, we assume that both WSCPW and WSCPW+G are not affected by cold
denaturation nor by damage due to ice crystals.

INS experiments: INS is a crucial technique for probing the vibrational dynamics
of proteins based on their vibrational spectra [53]. It is particularly valuable for studying
proteins like WSCP, as it allows us to examine how different environments—such as water
and glycerol—and variations in temperature influence protein dynamics. The INS spectra
of WSCPW and WSCPW+G are compared in Figure 9 for four selected temperature values.
A closer inspection of the data reveals that the INS spectra do vary with temperature but
also with the environment.
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Figure 9. (A–D) INS spectra of WSCPW (black) and WSCPW+G (pink) at different temperatures for
comparison. To be able to compare peak intensity and shapes, we normalized the data to 1. The
INS spectra were collected on the energy gain side, though they are presented here with a positive
energy axis.

The vibrational spectra obtained in our study—often referred to as the Boson
peaks [5,16]—were fitted using appropriate models to extract the positions and intensities
of the peaks visible in the spectra (see Figure 10). It has to be mentioned that the vibrational
spectra are broad, asymmetric, and widely featureless, because they correspond to a large
manifold of individual, energetically closely spaced vibrational modes [5,16]. Nevertheless,
in the case of WSCP, the fitted spectra reveal up to two visible peaks, especially in the case
of WSCPW, referred to hereafter as Peak 1 and Peak 2. This means that the INS spectra of
WSCP are more structured than usually observed for proteins. As a consequence, all spectra
were fitted with two asymmetric line shapes consisting of a Gaussian and a Lorentzian
shape on the low- and high-energy sides, respectively. Key fitting parameters, such as peak
positions and line widths, were analyzed to assess the impact of temperature and glycerol
on the vibrational behavior of WSCP. The set of fitting parameters is presented in Table 2
for WSCPW and in Table 3 for WSCPW+G. These parameters include the peak positions
(Xc1 for Peak 1 and Xc2 for Peak 2), the Gaussian and Lorentzian width components (Wg
and Wl), and the integrated area under each peak (A). To improve the robustness of the
fitting process, Wg1 and Wg2 were held constant in both samples, along with the position
of the second peak.



Crystals 2025, 15, 569 16 of 23

Figure 10. Examples of theoretical fits for the cases of WSCPW (Frame (A)) and WSCPW+G (Frame
(B)) at 100 K. The model curves have been built as a superposition of two half Gaussian–half Lorentz
peaks (see text). To compare peak intensity and shapes, we normalized the data to unity.

Table 2. Boson peak parameters for WSCPW. Xc1: peak position for Peak 1; Xc2: peak position for Peak
2; Wl1: the Lorentzian width components for the first peak; H1: the peak amplitude for Peak 1; H2:
the peak amplitude for Peak 2; A1: the integrated area under the first peak. To enhance the robustness
of the fitting process, Wg1 and Wg2 were held constant at 4 and 3, respectively. Additionally, Xc2 was
set to 6.5, and the Lorentzian width component for the second peak, Wl2, was fixed at 4. Letters a–g
label parameters that reveal statistically significant changes upon temperature increase.

T
(K)

Xc1
(meV)

Wl1
(meV)

A1
(%)

20 3.1 ± 0.1 a 3.6 ± 0.3 a 54
60 3.1 ± 0.1 a 3.6 ± 0.2 a 54
100 3.1 ± 0.1 a 4.3 ± 0.1 b 55
140 3.0 ± 0.1 b 4.7 ± 0.1 c 58
180 2.9 ± 0.1 c 5.2 ± 0.1 d 60
200 2.8 ± 0.1 d 6.4 ± 0.1 e 66
220 2.8 ± 0.1 e 7.0 ± 0.1 f 69
240 2.6 ± 0.1 f 8.0 ± 0.1 g 73
260 2.4 ± 0.1 g 8.1 ± 0.1 h 77

Table 3. Boson peak parameters WSCPW+G. Xc1: peak position for Peak 1; Xc2: peak position for
Peak 2; Wl1: the Lorentzian width components for the first peak; A1: the integrated area under
the first peak. To enhance the robustness of the fitting process, Wg1 and Wg2 were held constant
at 3. Additionally, Xc2 was set to 6, and the Lorentzian width component for the second peak,
Wl2, was fixed at 4. Letters a–e label parameters that reveal statistically significant changes upon
temperature increase.

T
(K)

Xc1
(meV)

Wl1
(meV)

A1
(%)

100 3.4 ± 0.1 a 9.3 ± 0.3 a 75.5
200 3.2 ± 0.1 b 10 ± 0.6 b 82.7
260 2.5 ± 0.1 c 6.7 ± 0.9 b 91
280 1.8 ± 0.1 d 7.5 ± 0.1 b 92
300 1.5 ± 0.1 e 7.8 ± 0.2 b 95

In the INS experiments, the Boson peak corresponds to low-energy vibrational modes
associated with collective motions in disordered systems, such as proteins in solutions. A
key feature observed in our study was the presence of rather structured Boson peaks in
both WSCPW and WSCPW+G. However, their position and intensity differed significantly
depending on the temperature and on the solvent environment (see Tables 2 and 3).
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When comparing WSCPW vs. WSCPW+G, the first peak shifts to higher energy in
glycerol, meaning these low-energy vibrations become stiffer. This is likely due to glycerol’s
stabilizing effect, where its hydrogen-bond network restricts the protein’s flexibility and
increases the energy required to activate these modes. In contrast, water provides a more
dynamic hydration environment, allowing for greater vibrational flexibility and thus
lower Boson peak energy. In addition, the intensity of the Boson peak decreases in the
glycerol–water mixture compared with the water environment alone, suggesting again
that an aqueous environment permits greater vibrational flexibility and thus enhances the
scattering signal from low-energy vibrations.

When increasing the temperature in both WSCPW and WSCPW+G systems, the first
Boson peak shifts to lower energy (this trend is particularly evident in WSCPW+G, where
the peak position drops from 2.5 meV at 260 K to 1.5 meV at 300 K), indicating that the
vibrational modes are becoming softer as thermal motion increases. This suggests that
higher temperatures reduce the rigidity of the protein–solvent system, allowing for greater
atomic displacements and lower vibrational frequencies. Similar effects were reported for
PSII [5] and LHCII [39]. Simultaneously, the intensity of the first Boson peak increases
with temperature, which is expected due to the higher thermal population of vibrational
states [74], leading to increased inelastic scattering.

It is remarkable that the general positions of the two inelastic peaks observed for WSCP
at low temperatures, i.e., about 3 and about 6 meV, agree well with vibrational features
observed in selective optical spectroscopy [75]. However, the latter types of spectroscopy,
called Fluorescence Line Narrowing (FLN) [75] and Spectral Hole Burning (SHB) [48], are
restricted to temperatures below about 40 K and are mostly performed at 4.2 k or lower only.
This means that temperature dependence of vibrational dynamics—as observed here—-is
not accessible to these methods.

In general, in pigment–protein complexes like WSCP, vibrational features can arise
from both components, from the larger protein, or from the much smaller pigment
molecules. It is generally accepted that chlorophyl vibrations are mostly highly local-
ized and observed at rather high energies between about 800 and 2000 cm−1 (roughly
100–250 meV) [76], while the rather delocalized vibrations of the protein are found at
lower energies in the range of the Boson peak (roughly 1–20 meV) [77]. Therefore, the
two different peaks observed for WSCP were previously assigned to protein vibrations
delocalized either over all four or just two protein subunits of the WSCP tetramer [75].
This would also be consistent with the second peak at about 6 meV appearing like an
overtone of the first one at about 3 meV. While this interpretation still appears reasonable,
there may also be more delocalized vibrational modes of the pigment molecules, e.g.,
skeletal motions involving the whole chlorophyll macrocycle or stretching and bending
modes of the chlorophyll structure, which may extend into the 40–60 cm−1 frequency range
(approximately 5–7 meV) [78,79]. If so, the second boson peak in WSCP may reflect a
combination of intrinsic protein vibrations and delocalized chlorophyll dynamics. It has to
be added that proper knowledge about the vibrational density of states of photosynthetic
pigment–protein complexes is crucial to a decent understanding of light-harvesting and
energy transfer processes in photosynthesis.

4. Discussion
The analysis of localized conformational and vibrational dynamics of WSCP in aque-

ous solution and a glycerol–water mixture highlights the crucial role of glycerol in shaping
the protein’s dynamical behavior. One of the most striking observations is that while
the jump diffusion constant D continues to change with the increase in temperature, the
residence time τ stabilizes between 280 K and 300 K. This apparent decoupling is a direct
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consequence of glycerol’s physical properties, particularly its high viscosity and strong
hydrogen-bond network [15], which remain relatively stable over this temperature range.
Diffusion is generally governed by the viscosity of the surrounding medium, with lower-
viscosity solvents like water allowing for greater molecular mobility. In contrast, glycerol
introduces significant resistance to diffusion due to its high viscosity and its dense, struc-
tured nature [80]. At lower temperatures (below 260 K), the system is largely frozen, and
only small-scale localized motions are possible [68]. As the temperature rises to 300 K,
thermal energy enables the protein to partially overcome glycerol’s viscosity, [81], resulting
in an increase in D and a concurrent decrease in τ, consistent with the expected effects
of thermal agitation. However, between 280 K and 300 K, τ stabilizes, indicating that
the protein’s mobility is no longer dictated purely by thermal energy but is increasingly
constrained by glycerol’s viscosity. Even as the temperature rises, the resistance imposed
by glycerol prevents further acceleration of the protein’s diffusion.

This restriction can be attributed to glycerol’s interaction with the protein surface.
Glycerol forms hydrogen bonds with water, effectively replacing water–water hydrogen
bonds and allowing water to retain its full hydrogen-bond capacity regardless of glycerol
concentration [82]. In doing so, glycerol alters the hydration dynamics around the protein
and limits its ability to diffuse freely by creating a more constrained and structured solvent
environment. This explains why jump diffusion appears suppressed while localized
internal motions persist. While the bulk solvent may limit diffusion, the protein retains
significant internal flexibility, as water molecules still mediate localized motions. This
observation aligns with the concept of preferential hydration, where water molecules
remain in specific regions of the protein despite the presence of glycerol, allowing internal
side-chain reorientations and other localized motions to continue. This selective impact of
glycerol is consistent with previous findings by Paciaroni [16]. A key factor contributing to
this behavior is the “caging” effect of glycerol, which arises from its extensive hydrogen
bonding with water and the protein’s surface residues [83]. This creates a microenvironment
where the protein experiences strong viscous resistance. At 280 K, the protein acquires
enough thermal energy to partially escape this “cage,” [83,84], allowing D to increase.
However, at higher temperatures, glycerol remains sufficiently viscous to prevent further
diffusion, leading to the stabilization of τ. This effect primarily influences the diffusive
molecular motions that are described in QENS experiments. Conversely, smaller-scale
localized dynamics, such as internal side-chain rotations and backbone fluctuations, remain
largely unaffected by glycerol’s viscosity. These motions, reflected in the f and r parameters,
continue to increase with temperature, as they are driven more by local hydration effects
than by bulk solvent viscosity.

This decoupling between diffusion and localized protein dynamics underscores glyc-
erol’s selective impact: it acts as a damping agent for diffusive molecular motions while
allowing internal flexibility to persist, particularly above its glass transition temperature.
It is important to note that in QENS experiments, the QISF primarily reflects hydrogen
atom dynamics [85], due to the dominant incoherent scattering cross-section of hydrogen.
Therefore, the observed increase in the QISF for WSCP in water–glycerol mixtures at 260 K
may not solely reflect enhanced protein mobility but could also arise from the contribution
of mobile hydrogen atoms in glycerol itself. Since glycerol contains multiple hydroxyl
groups and contributes significantly to the total hydrogen content in the sample, its local
motions (especially reorientational dynamics and internal rotations) can influence the
QENS signal. At 200 K, the lower QISF in the glycerol-containing sample may reflect the
fact that the system is near the glass transition temperature of glycerol (~190 K), where
molecular motions are still suppressed. Once glycerol enters its dynamic regime above Tg,
its combined effect (modifying the hydration shell and contributing mobile hydrogens) may
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account for the elevated QISF at 260 K. At 300 K, the convergence of QISF values between
both solvent systems likely reflects a regime in which protein and solvent dynamics are
both sufficiently fast and indistinguishable within the resolution of the experiment.

The INS spectra revealed significant shifts in the positions and intensities of vibrational
peaks, indicating that the protein’s vibrational behavior is strongly dependent on its solvent
environment. The first key observation is that Peak 1 in the INS spectra consistently appears
at higher energies in glycerol than in water (Figure 9). This suggests that the structured
glycerol environment imposes greater constraints on the protein’s flexibility, effectively
creating a stiffer vibrational landscape. Glycerol’s high viscosity and extensive hydrogen-
bond network restrict large-scale, low-frequency collective motions, leading to an overall
increase in vibrational frequencies.

In contrast, water provides a lower-viscosity, more dynamic environment, allowing the
protein to exhibit greater flexibility. The lower energy peaks observed in water correspond
to softer, low-frequency vibrations, reflecting a system where the protein–solvent interface
is more dynamic and the protein can undergo larger-scale atomic motions. These findings
underscore the crucial role of solvent choice in modulating protein dynamics. The interplay
of viscosity, hydrogen bonding, and hydration dynamics determines how proteins behave
in different environments, offering important insights into solvent effects on biomolecular
function and stability.
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Abbreviations
The following abbreviations are used in this manuscript:

NS neutron scattering
MSD mean square displacement
WSCP Water-Soluble Chlorophyll-Binding Protein
WSCPW WSCP in water
WSCPW+G WSCP in water and glycerol
INS Inelastic Neutron Scattering
QENS Quasielastic Neutron Scattering
FWHM full width at half maximum
HWHM half width at half maximum
EISF elastic incoherent structure factor
QISF quasielastic incoherent structure factor
τ residence time
D jump diffusion constant
f fraction of hydrogen atoms involved in motion
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r radius of motion
lnEISF logarithm of the EISF
Chl chlorophyll
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