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ABSTRACT: Studying protein interactions at low temperatures has important
implications for optimizing cryostorage processes of biological tissue, food, and
protein-based drugs. One of the major issues is related to the formation of ice
nanocrystals, which can occur even in the presence of cryoprotectants and can lead to
protein denaturation. The presence of ice nanocrystals in protein solutions poses
several challenges since, contrary to microscopic ice crystals, they can be difficult to
resolve and can complicate the interpretation of experimental data. Here, using a
combination of small- and wide-angle X-ray scattering (SAXS and WAXS), we
investigate the structural evolution of concentrated lysozyme solutions in a
cryoprotected glycerol−water mixture from room temperature (T = 300 K) down
to cryogenic temperatures (T = 195 K). Upon cooling, we observe a transition near the melting temperature of the solution (T ≈
245 K), which manifests both in the temperature dependence of the scattering intensity peak position reflecting protein−protein
length scales (SAXS) and the interatomic distances within the solvent (WAXS). Upon thermal cycling, a hysteresis is observed in the
scattering intensity, which is attributed to the formation of nanocrystallites in the order of 10 nm. The experimental data are well
described by the two-Yukawa model, which indicates temperature-dependent changes in the short-range attraction of the protein−
protein interaction potential. Our results demonstrate that the nanocrystal growth yields effectively stronger protein−protein
attraction and influences the protein pair distribution function beyond the first coordination shell.

■ INTRODUCTION
Organisms that thrive in cold environments have evolved
unique strategies to enable survival, including the accumulation
of osmolytes and the usage of specialized cryoprotectants.1

However, protein functionality at low temperatures remains
poorly understood due to experimental challenges related to
ice formation, which limits the investigation of biomolecules in
deeply supercooled environments. Understanding the effect of
cryoprotectants in low-temperature protein solutions is
important for elucidating the combined effect of the solutes
on the freezing point depression and has significant
implications for biotechnical cryostorage applications.2

At low temperatures and below what is known as the protein
dynamic transition (Td ≈ 230 K), proteins are believed to lose
their conformational flexibility required for biological func-
tion.3,4 Although the origin of this effect is still debated, it has
been reported for many biopolymers and is now accepted as a
generic feature of hydrated proteins, while it is absent in
dehydrated systems.5,6 Experimental studies suggest that this
effect stems from the crossover in proteins’ intrinsic dynamics
from harmonic to anharmonic motions above Td

3 and that
temperature-induced phenomena in the hydration shell and
the bulk solvent play a crucial role.7−14 An important
observation is that the transition temperature, observed in
the mean square displacement amplitude, depends on the

properties and the amount of the molecules surrounding the
protein surface.8,9 Such sensitivity of biomolecules to the
solvent implies the possibility to control both the onset and the
amplitude of the protein anharmonic motions related to the
dynamical transition by choosing a suitable environment,8,10

which can have various practical consequences in connection
with the development of biological cryogenic techniques.2

This aspect further emphasizes the importance to accurately
account for the critical phenomena in the solvent itself. For
example, glycerol is widely employed in studies of low-
temperature protein dynamics15−19 and structure20 due to its
ability to induce strong frustration against water crystalliza-
tion.21,22 This effect arises from the observation that the
glycerol molecules affect the local structure and hydrogen
bonding of water18,23 and suppress the tetrahedral compo-
nent.24 Furthermore, glycerol aqueous solutions have been
hypothesized to exhibit a liquid−liquid transition,22,25 although
the physical understanding for this phenomenon is still
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debated. Early experimental studies ascribe the observed low-
temperature transition in glycerol−water mixtures to the
genuine liquid−liquid transition,22,25 whereas follow-up
investigations suggest that the observed transition may be
due to nanocrystallite formation, which occurs due to the
demixing of glycerol−water mixtures at lower temperatures.60
Importantly, these effects in glycerol can be experimentally
observed in a narrow range of the glycerol concentration from
15 to 28 mol %,26−29 which is close to those typically used in
cryopreservation applications for biological molecules, cells,
and embryos.2,30 Hence, a unified understanding of the mutual
effects of the solvent on the proteins and vice versa at low
temperature remains of fundamental importance.
Here, we focus on the structural investigation of

cryoprotected protein solutions in a wide temperature range.
Using small- and wide-angle X-ray scattering (SAXS/WAXS),
we study lysozyme in glycerol−water solutions (23 mol %
glycerol). The combination of SAXS/WAXS allows us to
simultaneously follow the changes in the intermolecular
protein−protein and interatomic interactions within the
solvent. Measurements are performed over a broad range of
temperatures including thermal cycles cooling from room
temperature (T = 300 K) down to T = 195 K and warming
back up. We model the measured SAXS intensities with the
two-Yukawa potential describing the protein−protein inter-
actions to elucidate the origin of the observed temperature-
induced transitions.

■ METHODS
Materials and Sample Preparation. For the cryopro-

tective solvent, glycerol (49770, purchased from Honeywell)
was mixed with MilliQ water to obtain a glycerol concentration
of 23 mol % (corresponding to 55 vol % or 60 wt %).
Lysozyme from hen egg white (14.3 kDa) was purchased from
Sigma-Aldrich (L6876) and was used without further
purification. The protein powder was dissolved in the 23 mol
% glycerol−water solution with protein concentrations of 10
and 200 mg/mL. The resulting pH of the protein solutions was
measured to be 4.1 ± 0.1 at room temperature, similar to the
pH range used in previous studies of lysozyme in glycerol−
water mixtures.31−34 Since lysozyme is known to exhibit a
maximum thermal stability at pH ≈ 5, while high pH values
promote the aggregation of unfolded lysozyme,35,36 no
additional salt was added to the system. The resulting
solutions were filled in quartz capillaries of 1.5 mm in diameter
for X-ray scattering studies.
Experimental X-ray Parameters. SAXS and WAXS

experiments were carried out at the high-energy X-ray
diffraction beamline P21.1 at PETRA III (DESY, Hamburg),
using the experimental parameters as detailed in Table 1. The
measured two-dimensional (2D) X-ray scattering patterns were
azimuthally averaged to obtain the I(Q) curves. The resulting
scattering curves were corrected for solvent and background
scattering by subtracting the scattering intensity measured on a
capillary filled with a glycerol−water solvent of the same
concentration. A Linkam scientific instruments stage (model
HFSX350) was used to control and vary the sample
temperature within a broad range from T = 300 K to T =
195 K. For all measurements, the temperature was varied with
the rate of 4 K/min and the SAXS/WAXS scattering patterns
were measured simultaneously and continuously as the
temperature was varied (see the Supporting Information).
Measurements of the temperature cycles were performed on

different capillaries filled with identical samples of the same
solution. Each temperature cycle was measured on a single
spot of the sample.
Data Analysis and Modeling. The scattering patterns

acquired with the 2D detectors were normalized by the
intensity of the transmitted beam, azimuthally averaged using
the pyFAI python library37 followed by the subtraction of the
solvent scattering.
The scattering intensity I(Q) as a function of the

momentum transfer Q sin4= , where 2θ is the scattering
angle and λ is the wavelength of the X-ray radiation, was
modeled by the following expression

I Q V P Q S Q c( ) ( ) ( )2= + (1)

Here, Δρ is the averaged contrast term, and V and ϕ are the
volume and the volume fraction of an individual protein,
respectively. The orientation-averaged form factor ⟨P(Q)⟩ is
related to the protein size and structure, while the structure
factor S(Q) provides information about the protein−protein
interactions, which for dilute solutions of non-interacting
proteins corresponds to S(Q) ≈ 1. c is the background offset,
which was determined based on the large Q asymptotic value
at about Q ≈ 3.5 nm−1. The volume fraction is ϕ ≈ 0.15 for the
200 mg/mL lysozyme solution and was used as a fixed
parameter for the data analysis.
For lysozyme in solution, the form factor can be described

by that of an ellipsoid of revolution38−40 as
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where ra and rb are the ellipsoid semi axes. In this work, the
experimental I(Q) curves for the lowest protein concentration
were fitted with a normalized radially averaged scattering
function of an ellipsoid with a fixed aspect ratio of ra/rb =
1.538,41 calculated with Jscatter,42 while keeping the major semi
axis as a fitting parameter.
The S(Q) is related to the effective interaction potential

U(r) through the direct correlation function, which in turn can
be obtained within the mean spherical approximation.39,41

Here, we use the two-Yukawa (TY) potential to describe the
protein−protein interaction, which has been previously used
successfully to describe the lysozyme structure factor at highly
concentrated conditions.38,41,43 The TY potential comprises a
short-range attraction and a long-range repulsion term as
follows

Table 1. Experimental X-ray Parameters Used for the
Experiment, Including the Photon Energy, Beam Size, Flux,
Sample Environment, Detector, and Sample-Detector
Distance (SDD) for SAXS and WAXS Geometries

photon energy (keV) 52.5
beam size (μm2) 500 × 500
flux (×109 ph/s) 12.5
sample environment Linkam stage
SAXS detector Pilatus3 X CdTe 2M
SAXS SDD (m) 14.6
WAXS detector Varex XRD4343CT
WAXS SDD (m) 1.0
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Here, kB is the Boltzmann constant, T is the temperature, r is
the protein−protein distance, and σ is the effective diameter.
Moreover, Z1 and Z2 determine the range of the attractive and
repulsive Yukawa potential terms in units of σ, respectively,
while K1 and K2 correspond to the attractive and repulsive
interaction strength in units of kBT.
In the modeling of interactions, the attraction strength K1 is

used as a fitting parameter, while the parameters Z1 = 21, K2 =
3.2, and Z2 = 3.5 are fixed.

38 The shape parameters, such as the
particle diameter, which in terms of the ellipsoid parameters is

r r2( )a b
2 1/3= , were obtained independently from the form

factor analysis.

■ RESULTS AND DISCUSSION
Figure 1 shows the variation of the SAXS scattering intensity
measured for a dilute (panel A, 10 mg/mL) and concentrated

(panel B, 200 mg/mL) lysozyme glycerol−water solution upon
cooling the sample from room temperature (T = 300 K) down
to T = 195 K. The scattering patterns were recorded
continuously during the temperature sweep with a cooling
rate of 4 K/min, and here we show the I(Q) curves averaged
over the temperature interval of ≈10 K.
As seen in Figure 1A, the scattering patterns at the lowest

protein concentration (10 mg/mL) exhibit negligible interfer-
ence effects and are adequately fitted with the computed
scattering intensity of an ellipsoid of revolution with a fixed
aspect ratio of ra/rb = 1.5. The resulting fits to the data are
shown as solid lines in Figure 1A for various temperatures. As
shown in the inset in Figure 1A, no significant variation is
observed in the radius of gyration Rg in the entire temperature
range, suggesting that we do not observe any significant
changes in the protein size related to cold denaturation.44,45

For all temperatures, the gyration radii are determined to be
Rg = 1.78 ± 0.07 nm, which reasonably agrees with the

literature values for lysozyme.38,46 In the presence of glycerol,
lysozyme is known to slightly compactify33 while still
remaining in its quasi-native state.47

We can attribute the absence of major structural changes at
low temperatures to the stabilizing action of glycerol. While
water has been shown to be a key player in cold
denaturation48,49 which occurs for many proteins at 210−
250 K, the addition of an organic co-solvent has been shown to
dramatically attenuate low-temperature unfolding.49,50 Fur-
thermore, since many of the structural effects of organic
solvents on proteins are due to the dielectric constant,51 the
combination of low temperature and high glycerol concen-
tration is in fact advantageous, as it brings the dielectric
constant value close to ambient conditions in water.52,53

Additional stabilizing influences include the high enthalpy of
activation for protein denaturation51,54 and preferential
exclusion55,56 from specific patches on the protein surface,
both of which will contribute toward the preservation of the
native form at low temperatures. A more comprehensive
discussion of the effects of subzero temperatures and organic
solvents on the protein structure is presented elsewhere.57

The scattering patterns for higher protein concentration
(200 mg/mL) shown in Figure 1B exhibit an interference peak
close to Q ≈ 1 nm−1 at room temperature, related to the
intermolecular protein structure factor. With decreasing
temperature, the peak shifts to lower Q values in the entire
temperature range accessed here. This behavior is consistent
with the temperature trends reported for lysozyme in buffer
solutions under ambient conditions in previous studies.38,40,58

The solid lines represent the fits of the I(Q) curves using the
TY model in order to extract the structure factor, as described
in the Methods section. The calculated structure factor S(Q)
using the best fit parameters is shown in Figure 4A, and the
temperature dependence of the fit parameter is shown in
Figure 4B, which are discussed in the following paragraphs.
Figure 2 shows the variation of the WAXS scattering

intensities of the 200 mg/mL lysozyme glycerol−water
solution upon cooling down to 195 K (panel A) and warming
back to room temperature (panel B). The insets in both panels
represent the data in contour plots zoomed in around the first
peak in the I(Q) where the ice signal is expected. The peaks in
this Q-range are known to arise from scattering on interatomic
length scales.
One can see that upon cooling, the Q position of the first

peak located at QmWAXS ≈ 16.4 nm−1 at room temperature shifts
to higher values and the peak shape narrows. The temperature
trend observed for the glycerol−water mixture with the given
glycerol concentration is opposite of what is known for pure
water.59 In other words, while the Q spacing between the first
and the second peaks in water is known to increase with
decreasing temperature, Figure 2 shows that both peaks move
together to higher Q values. We also note that even at the
lowest temperatures (195 K), there are no detectable ice peaks,
indicating that the system is not in its crystalline state even at
such low temperatures thanks to the presence of glycerol.
Upon heating, however, ice peaks start to be discernible in

the WAXS intensities, as seen in Figure 2B. Here, the black
arrows indicate the Q positions of several ice Ih Bragg peaks.
The 2D scattering patterns recorded by the detector at T = 197
and 245 K are presented in panels C and D, respectively. One
can see several sporadic ice Bragg peaks at 197 K, which are
already absent at 245 K.

Figure 1. SAXS intensities of 10 mg/mL (panel A) and 200 mg/mL
(panel B) lysozyme in 23 mol % glycerol−water solution as a function
of temperature while cooling down from room temperature, T = 300
K (red) to T = 195 K (blue). Here, an offset has been added to
facilitate the comparison. The symbols represent the experimental
data, while the solid lines are the fits from the model. The inset (panel
A) shows the radius of gyration Rg as a function of temperature as
extracted from the fits in panel A during cooling and heating.
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For further analysis, we focus on one of the ice Bragg peaks
highlighted in Figure 2C by a white rectangle and follow its
evolution at different temperatures during cooling and heating.
This peak corresponds to the ice Ih [002] diffraction peak
centered at ≈17 nm−1 in the I(Q) curves shown in panel B. We
calculate the contribution from the ice peak by subtracting the
diffuse part of the WAXS scattering. The resulting ice peak
intensities Iice as a function of the momentum transfer Q (i.e.,
radial direction of the 2D scattering patterns) are shown in
Figure 2F during heating. We note that this ice peak is absent
during the cooling down until 195 K (Figure 2E).
One can see that the ice peak starts to develop already at

T ≈ 197 K and disappears at T ≈ 245 K, which is slightly
above the expected melting temperature for the 23 mol %
glycerol−water mixture.25,60 From the width of the ice peak,
we can estimate the ice crystallite size based on Scherrer’s
equation,61,62

cos
= , where δ is the apparent crystallite’s

size, λ is the wavelength, and β is the breadth of the Bragg peak
at scattering angle θ. In this case, β is calculated as the integral
area beneath the peak divided by its maximum amplitude.
Using this approach, we estimate that the ice crystallites
starting from 197 K are ≈12−15 nm in size. Furthermore, the
formation of ice nanocrystals of comparable sizes upon heating
is also observed in the pure glycerol−water mixture as well as

in the 10 mg/mL lysozyme in glycerol−water solution as
discussed in the Supporting Information. From the observed
increase of the Bragg peak intensities during the warm-up, the
number density of these nanocrystallites also increases until T
≈ 240−245 K after which no ice peaks are visible anymore.
The formation of ice nanocrystallites upon heating is
attributed, for pure glycerol−water mixture of similar
concentrations, to the phase separation of the saturated
glycerol−water domains and the excess water that eventually
arranges into growing ice crystals.60

We also note that under the present experimental
conditions, we are limited to the smallest size of the crystallites
we can resolve in the order of 10 nm. Below this, the peaks
become very broad and comparable to the background.63

Thus, we cannot exclude that the nanocrystals nucleate already
during the cooling, although no ice Bragg peaks are observed
(see Figure 2A).
In Figure 3 (top row), we present the temperature

dependence of the SAXS I(Q) peak position QmSAXS as a
function of temperature. Interestingly, as seen in panel A, the
interference peak at ≈1 nm−1 at room temperature in the
SAXS I(Q)s corresponding to the protein−protein interactions
shows different trends depending on whether the sample is
being cooled (blue) or heated (red). Furthermore, the
magnitude of the observed hysteresis depends on the final
quench temperature. Starting from room temperature, the peak
gradually shifts toward lower Q values until T ≈ 245 ± 1 K.
When cooling past this temperature, the slope increases
significantly. Upon reheating the sample, however, the
temperature dependence in Figure 3 exhibits a different path,
corresponding to lower QmSAXS values for the same temperature.
On the other hand, for the shallow quench shown in Figure
3C, i.e., for Tquench = 245 K, the hysteresis is reduced.
The bottom row in Figure 3 shows the temperature

dependencies of the WAXS I(Q) peak position QmWAXS. Note
that the WAXS data were measured simultaneously with the
SAXS curves, i.e., during the same temperature cycles
discussed above for the SAXS data. Similarly, when the sample
is cooled down to T = 195 K, a crossover in the temperature
dependence of the peak position is observed at T ≈ 245 K
(Figure 3D) with a significant hysteresis upon the full
temperature sweep. The hysteresis becomes less apparent for
the middle quench down to T = 225 K (Figure 3E) and
disappears completely for the shallow quench to T = 245 K
(Figure 3F). We note that similar thermal hysteresis in the
protein structure factor has been observed before6 and
attributed to the formation of ice in hydration water for
moderately hydrated protein powders.
To elucidate the changes occurring in the system during the

temperature variation, we study the protein−protein structure
factor, S(Q), extracted from the fits of the SAXS data (Figure
1B). The obtained structure factor captures a pronounced shift
of the low-Q peak toward lower Q values upon cooling
observed in the experimental SAXS I(Q) shown in Figure 1B.
The temperature evolution of the structure factor upon cooling
the sample from room temperature down to T = 195 K is
shown in Figure 4A. The TY-potential parameters used are
fixed to Z1 = 21, Z2 = 3.5, and K2 = 3.2kBT, and the
interparticle attraction parameter K1 is the fitting parameter.
The K1 variation in the whole temperature range (blue for
cooling, red for warming up) and the resulting TY-potentials at
each temperature are plotted in panels B and C, respectively.

Figure 2. WAXS of a 200 mg/mL lysozyme in 23 mol % glycerol−
water solution as a function of temperature while cooling down from
T = 300 K to T = 195 K (panel A) and warming back up to room
temperature (panel B). The insets in both panels represent the data in
contour plots to emphasize that the ice peaks are absent during the
cooldown and manifest during the warm-up. The black arrows in
panel B indicate the peaks matching some of the Bragg peaks of
hexagonal ice. (C,D) representative 2D scattering patterns measured
upon heating at T = 197 K and T = 245 K, where ice peaks appear in
the former case. The white rectangle (panel C) highlights the ice peak
whose profile along the radial direction is plotted in panels E and F
upon cooling and warming, respectively. In panels E and F, an offset
has been added to facilitate the comparison between temperatures.

The Journal of Physical Chemistry B pubs.acs.org/JPCB Article

https://doi.org/10.1021/acs.jpcb.3c02413
J. Phys. Chem. B 2023, 127, 6197−6204

6200

https://pubs.acs.org/doi/suppl/10.1021/acs.jpcb.3c02413/suppl_file/jp3c02413_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02413?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02413?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02413?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpcb.3c02413?fig=fig2&ref=pdf
pubs.acs.org/JPCB?ref=pdf
https://doi.org/10.1021/acs.jpcb.3c02413?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


In agreement with the previous studies on lysozyme
solutions under ambient conditions,38,40 the effective attraction
increases upon cooling for the entire temperature range probed
here. Furthermore, the temperature dependence of the K1

parameter exhibits a crossover at T ≈ 245 K upon cooling, i.e.,
at a similar temperature where the crossovers in the
experimental I(Q)s are observed (see Figure 3A,D). Also,
here we present, shown in red, the extracted K1 parameter from
the fits of the SAXS data acquired during heating. Intuitively,
the hysteresis shape resembles that obtained from the analysis
of the peak in SAXS plotted in Figure 3A.
To further elucidate the physical mechanism responsible for

the observed changes of the protein−protein interaction at low
temperatures, we calculate the pair distribution function, g(r),
from the corresponding structure factor at different temper-
atures. The value of g(r) describes the probability of finding
another particle at a distance r from the reference particle.
Shown in Figure 4D is the variation of g(r) upon cooling from
room temperature down to 195 K. For all temperatures, when
r/σ < 1, g(r) = 0, consistent with the shape of the potential in
panel C. The peak at r/σ = 1 indicates the probability to find
particles contact pairs owing to high protein concentration in
the studied system.
Upon cooling, the intensity of the first maximum at r/σ ≈ 1

corresponding to the first coordination shell rises sharply,
resulting in a depletion in the range between r/σ ≈ 1.1 and
r/σ ≈ 1.2. The latter also suggests that the interstitial protein
molecules between the first and second coordination shell
rearrange toward a more regular structure. Consistent with the
observed increase in the attraction strength, the tendency for a
higher probability density of first-neighbors is expected at
lower temperatures. Furthermore, the second coordination
maximum located at r/σ ≈ 1.5 at room temperature gradually
shifts toward larger distances with decreasing temperature.
Eventually, at temperatures below 245 K, a pronounced feature
in the g(r) is developed at r/σ ≈ 2, characteristic of finding an
in-line configuration of three touching particles.41,43 Overall,
the observed behavior of the pair distribution function suggests

Figure 3. Top row: temperature dependence of the Q-value of the SAXS I(Q) peak position for a 200 mg/mL lysozyme in glycerol−water solution
during different temperature cycles: (A) deep quench with Tquench = 195 K, (B) medium quench with Tquench = 225 K, and (C) shallow quench with
Tquench = 245 K. Bottom row: the temperature dependence of Q-value of WAXS I(Q) peak position during different temperature cycles: (D) deep,
(E) medium, and (F) shallow quench, simultaneously measured for the same sample. The colors indicate measurements performed upon cooling
(blue) or warming (red), as shown by the arrows.

Figure 4. (A) Protein−protein structure factor S(Q) obtained from
the fits using the two-Yukawa (TY) model shown in Figure 1B at
different temperatures upon cooling. (B) Temperature dependence of
the attraction strength parameter K1 extracted from fitting the SAXS
curves upon cooling down (blue) and warming up (red). The other
TY parameters were fixed to Z1 = 21, Z2 = 3.5, and K2 = 3.2kBT. (C)
Temperature evolution of TY potential upon cooling down. (D) The
pair distribution function g(r) derived from the modeled structure
factors shown in (A). The inset shows details of the g(r) second
coordination shell.
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an enhancement of the ordered arrangement of the protein
molecules in the intermediate range upon cooling.
Assuming the observed crossover upon cooling below

≈245 K occurs due to ice nanocrystallite formation (Figure
5), it can be deduced that the glycerol concentration in the
remaining solvent slightly changes due to the expelled glycerol
from the ice.28,29,60 As a result, the protein−protein
interactions below this temperature occur in an effectively
different environment at colder temperatures. This interpreta-
tion is consistent with the observed increase of the slope of the
attraction strength K1 after the crossover temperature, which
can be related to the decrease of the dielectric permittivity of
the medium.31

Furthermore, during the formation of the ice crystallites, the
structure of the solvation layer, i.e., the layer around the
protein, is expected to change as well. Previous studies suggest
that in aqueous solutions, as the glycerol concentration
increases above 50 vol %, glycerol molecules are more included
into the protein solvation shell,20 which otherwise is highly
disfavored from the vicinity of the protein.34,55 In turn, the
composition of the surface layer can affect the protein−protein
interactions,64 which in our case manifests in the kink in the
observed temperature dependence of the attraction strength
K1. Consequently, the restructuring is reflected in the changes
in the pair distribution function and the position of the
correlation peak in SAXS.

■ CONCLUSIONS
In conclusion, we present a simultaneous SAXS/WAXS study
of the lysozyme solution in glycerol−water mixture in a broad
temperature range from room temperature to ≈195 K. We
follow the temperature evolution of the protein−protein peak
in SAXS as well as the interatomic structure peak in WAXS
upon cooling down and heating. The hysteresis observed in
both SAXS and WAXS upon the full temperature cycle is
attributed to the formation of nanocrystallites with the size of
≈10 nm, which are evident by the Bragg peaks in the WAXS
during heating. Furthermore, the observed crossover at 245 K
upon cooling is found both in SAXS and WAXS, which
coincides with the melting temperature of the solution. We
attribute this effect to the ice nuclei formation occurring
already upon cooling down below the melting point of the
solutions.
Since we do not observe any significant temperature-

dependent changes in the protein radius of gyration Rg, we
tentatively conclude that this transition does not reflect cold
denaturation. Instead, we attribute this transition to changes in
the protein−protein interaction potential stemming from the

influence of the solvent due to the nanocrystals, which is
modeled by the two-Yukawa potential. The model indicates
that this effect is reflected in the protein−protein structure
factor peak and results in increased protein−protein attraction.
From the observed variation of the pair distribution function,
we infer that upon cooling the interstitial range in the
probability density between first and second protein−protein
coordination shell is depleted due to the increased attraction
term between the lysozyme molecules.
Our results shed light on the influence of nanocrystallites on

protein−protein interactions and the functional mechanisms of
cryoprotectants at low temperatures. These insights can
advance our understanding of protein stability in supercooled
environments, with important implications for biotechnical
cryostorage applications and for the development of new
technologies and materials to improve our ability to survive
and thrive in cold and icy environments.
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