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Internal subnanosecond timescale motions are key for the func-
tion of proteins, and are coupled to the surrounding solvent envi-
ronment. These fast fluctuations guide protein conformational
changes, yet their role for protein stability, and for unfolding,
remains elusive. Here, in analogy with the Lindemann criterion
for the melting of solids, we demonstrate a common scaling of
structural fluctuations of lysozyme protein embedded in different
environments as the thermal unfolding transition is approached.
By combining elastic incoherent neutron scattering and advanced
molecular simulations, we show that, although different solvents
modify the protein melting temperature, a unique dynamical
regime is attained in proximity of thermal unfolding in all sol-
vents that we tested. This solvation shell-independent dynam-
ical regime arises from an equivalent sampling of the energy
landscape at the respective melting temperatures. Thus, we pro-
pose that a threshold for the conformational entropy provided by
structural fluctuations of proteins exists, beyond which thermal
unfolding is triggered.

neutron scattering | molecular dynamics simulation | protein dynamics |
Lindemann criterion | cell thermal stability

Local subnanosecond timescale structural fluctuations are
needed for proteins to function (1). A prototypical case is

myoglobin, where correlated sidechain motions take place while
carbon monoxide moves from its primary docking site into sec-
ondary pockets (2). Without fast structural dynamics, proteins
could not even fold in their native structure. In fact, inherent
rearrangements of protein backbone and sidechains allow, in the
earliest phase of folding, for searching of small local metastable
structures and eventually the lowest-energy native conformation
in a local-to-global process (3, 4) as interpreted in terms of
the conformational substate theory (5). Within this framework,
subnanosecond timescale motions correspond to jumps among
nearly equal minima in the multidimensional free energy land-
scape (EL) that defines the hierarchical dynamics of proteins.
Such motions are extremely sensitive to the amount and the
nature of solvent surrounding the protein surface (6–8). At room
temperature, both the amplitude and the rate of these dynamics
are dramatically reduced when proteins are embedded in sugar–
glass matrices (1). In these conditions, proteins also show much
larger melting temperatures, Tm , than in physiological aque-
ous media. This suggests that the external confinement restricts
both local and global dynamical processes, eventually leading to
unfolding (9). To some extent, such a picture is consistent with
the hypothesis that the structural rigidity of thermophilic pro-
teins grants their stability at extreme temperatures (10). Fast
internal dynamics are also important in the modulation of the
stability of proteins because they are a major component of the
conformational entropy (11–13).

Since subnanosecond protein internal motions are strongly
driven by the temperature, it is relevant to follow the changes
of their amplitude along the pathway toward the thermal unfold-
ing. Proposed several years ago, borrowing the Lindemann cri-

terion for crystal melting (14), an oversimplified but insightful
view is that thermal unfolding of proteins corresponds to the
crossover from a solid-like to a liquid-like character of native
proteins’ core (15). Considerable experimental and theoretical
efforts have been made to characterize the microscopic details
of protein melting events (16–18), yet the atomic traits of the
dynamic mechanisms leading to protein structural destabilization
are still elusive.

Precise information on the fast structural dynamics in pro-
teins can be effectively obtained by incoherent neutron scat-
tering (NS). This experimental technique is highly sensitive to
motions of hydrogen atoms that are in turn distributed almost
homogeneously within the biomolecules and can be contrasted
with respect to perdeuterated solvent (19). Elastic incoherent
NS (EINS), which we exploited in this work, provides a quantita-
tive measure of the amplitude of protein internal motions in the
experimentally accessible timescale (from pico- to nanosecond)
in terms of the hydrogen mean-square displacements (MSD).
The MSD measured on approaching the protein melting tem-
perature result from the average over all of the possible confor-
mations acquired by the proteins, with contribution from folded
and unfolded states. Molecular dynamics (MD) based on atom-
istic models is a unique tool to dissect these separate contribu-
tions, provided that the temperature-dependent conformational
landscape is effectively sampled. To this purpose we deployed an
enhanced sampling method to assess protein thermal response
and melting in silico, i.e., replica exchange with solute tempering
(REST2) (20, 21), and support the EINS results.
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Here, we studied the amplitude of fast structural fluctua-
tions for a model globular protein, chicken egg-white lysozyme
(CEWL), in the presence of different solvent matrices, from
water to glassy networks, to sample increasingly stable systems in
a wide temperature range up to the melting. We show that, even
if the fast internal dynamics of the biomolecule are largely tuned
by its molecular environment, when the solvent-dependent melt-
ing temperature is approached, the protein MSD converge to a
common value. This trend indicates that the solvation environ-
ment preserves proteins from melting by controlling the ampli-
tude of their local fluctuations, until a certain critical value of
conformational entropy is reached, at high enough temperature,
and unfolding events become predominant.

Results
MSD of CEWL in Different Environments Up to Their Melting Temper-
atures. EINS experiments have been performed on CEWL in
the presence of the different perdeuterated matrices D2O, glyc-
erol, and glucose, at the backscattering spectrometer IN13 [Insti-
tut Laue-Langevin (ILL), Grenoble, France]. This instrument is
suitable to explore protein motions faster than ∼150 ps. Dif-
ferential scanning calorimetry (DSC) measurements have shown
that the melting temperature of CEWL is strongly affected by
the surrounding shell, passing from Twat

m,exp = 340 K for CEWL
hydrated with 0.4 g water per gram of dry protein (22) to
T gly

m,exp = 370 K and T glu
m,exp = 400 K for CEWL embedded in

1:1 (gram protein per gram solvent) matrices of glycerol (9) and
glucose (Fig. S1), respectively. In Fig. 1A we show the NS elas-
tic intensity Iel(Q ,T ) of the different samples as a function of
the wavevector transfer Q at 300 K and at the melting tempera-
tures. In the incoherent approximation, the decay of Iel(Q ,T ) vs.
Q comes from vibrational and diffusive reorientational motions
of protein hydrogen atoms, occurring within the experimentally
accessible timescale and thus not contributing to the elastic part
of the signal. The trend of Iel(Q ,T ) at room temperature is
indicative of thermal fluctuations whose extent increases more
and more when the protein is surrounded by progressively less
viscous matrices, i.e., going from glucose to glycerol and from
glycerol to water. Very interestingly, the elastic intensities of
CEWL in the different matrices collapse into a single curve at
their respective Tm,exp . This is clear model-independent evi-
dence of very similar protein dynamics approaching the ther-
mal unfolding in the different environments. The quantitative
assessment of the amplitude of protein thermal fluctuations is
reported in Fig. 1B in terms of MSD extracted from Iel(Q ,T )
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Fig. 1. Protein fast structural fluctuations from EINS. (A) Elastic intensity
of CEWL+D2O (blue), CEWL+glycerol (green), and CEWL+glucose (pink) at
300 K and at the respective melting temperatures. The curves are fits to the
data with the double-well model. (B) MSD of CEWL and melting tempera-
tures (arrows) in the presence of different environments (colors as in A). The
red hatched area highlights the region of critical MSD, corresponding to the
melting of CEWL in the different environments. Dashed lines are guides to
the eye.

in a wide temperature range from 20 K up to the melting tem-
perature (Materials and Methods and Double-Well Model). The
derived MSD account for the heterogeneous dynamics of pro-
tein hydrogen atoms within the timescale defined by the energy
resolution of the spectrometer (23). It is commonly accepted that
above 100 K, various protein local relaxations give rise to anhar-
monic onsets (24). The most evident of these contributions is the
protein dynamic transition (PDT), due to the so-called β relax-
ation of the solvation shell entering the experimentally accessi-
ble time window and triggering the reorientational dynamics of
protein sidechains (24–26). The solvent-driven character of the
PDT is clear, as we can qualitatively identify that it takes place at
quite different temperatures in the investigated systems, namely
at about 230 K, 280 K, and 360 K for, respectively, CEWL plus
D2O, glycerol, and glucose (Fig. 1B) (7, 24, 27). After this tran-
sition, the MSD increase with an environment-dependent rate,
up to a certain environment-dependent melting point. How-
ever, as expected from the surprising behavior of Iel(Q ,T ),
the protein MSD approach a common value in proximity to its
specific Tm .

A Lindemann-Like Criterion for the Melting of Proteins. In the case
of solids, the Lindemann criterion states that crystals liquefy
when the amplitude of atomic thermal vibrations exceeds a frac-
tion of the interatomic spacing, typically in the range around
0.15 (14). This venerable and old, but very useful, idea has been
generalized to be applied to inhomogeneous systems (28) and
proteins (15), where the Lindemann parameter ∆L has been
redefined as the ratio between the root of the mean-squared
fluctuations (MSF) and the most-probable nonbonded near-
neighbor distance a in the system; i.e., ∆L =

√
MSF/a . Here,

in analogy with that generalization, we estimate the Lindemann
parameter from the hydrogen MSD, by using the relationship

∆L = 1
a

√
MSD

2
, taking into account the fact that in the harmonic

approximation MSD = 2MSF . In CEWL, the most-probable
nonbonded near-neighbor distance, calculated from the simu-
lated structures, is a = 4.75 Å. In Fig. 2 we show that the experi-
mental Lindemann parameter ∆exp

L approaches a common value
of ∼0.17 at Tm,exp , regardless of whether the protein surface is
surrounded by water or by glassy matrices.

This value results from the combined amplitudes of fluctua-
tions from folded and unfolded states, with the contribution from
the latter becoming predominant as the melting temperature is
crossed. To dissect the separate contributions from native and
unfolded states we exploit an in silico approach based on MD
simulations.

Probing the Melting Temperature in Silico. To study the melt-
ing process for two of the investigated systems, i.e., CEWL in
powder in the presence of water and glycerol solvents (Fig.
S2), we performed enhanced sampling via the REST2 method.
To distinguish the folded and the unfolded states, we used
the root-mean-square distance (Cα-RMSD) computed for Cα
backbone atoms as a reaction coordinate, benchmarking the
temperature-dependent protein structure trajectories against an
equilibrated structure at T = 300 K. As shown in Fig. 3A, Cα-
RMSD is an appropriate choice, since it provides a measure
of the biomolecule deformation in response to thermal excita-
tion. Based on the distribution of the Cα-RMSD in the trajecto-
ries (Fig. 3A, Inset), we chose the threshold Cα-RMSD = 4.0 Å
as the surface separating the folded and the unfolded states
and determined the fraction of the folded state f as a function
of temperature by applying a smoothing function to the Cα-
RMSD values (Fig. 3B). From the stability curves we inferred
the melting temperatures for the two systems, with Twat

m,sim =

444 K and T gly
m,sim = 524 K. As expected, the in silico melting
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Fig. 2. Scaling law of protein fast fluctuations by EINS. Shown is the
experimental Lindemann parameter for CEWL in the presence of different
environments as a function of the reduced temperature T/Tm,exp. The red
hatched area highlights the region of critical MSD, corresponding to the
protein melting in the different environments.

temperatures are much higher than the experimental ones, due
to two concomitant factors. First, besides convergence issues
that are always difficult to assess, we should recall that atom-
istic force fields generally overestimate the melting tempera-
ture (30). In addition, and probably more important, in our
enhanced sampling calculations only one protein in the system is
thermally excited to explore folding/unfolding events, while the
remaining proteins act as stable crowders. This is a necessary
strategy to make the calculation feasible. Conversely, in the
experimental samples all of the proteins are destabilized in prox-
imity to melting, thus making the effective confinement felt by
a single protein softer than in simulations. However, despite the
intrinsic limits of the current numerical methods, the recovered
Tm,sim for CEWL embedded in glycerol is considerably higher
than that of the hydrated protein, in qualitative agreement with
DSC (9, 22).

A

C

B

Fig. 3. Definition of folded and unfolded states
in silico. (A) Average Cα-RMSD values obtained
from REST2 simulations at different effective
temperatures for CEWL+water (blue circles) and
CEWL+glycerol (green circles). Inset shows proba-
bility distribution of the Cα-RMSD values at room
(orange) and high (red) temperatures. (B) Stability
curves of CEWL in silico. Data shown in circles are
derived from RMSD distributions and the two-state
model, while the dashed lines represent fits to the
data (29). (C) The conformational states sampled
by the CEWL protein are represented as networks
of states with the size of the nodes proportional
to the state occupancy and with darker colors for
the native-like conformations and lighter colors for
unfolded-like conformations. The data correspond
to selected temperatures and are represented in
the T/Tm,sim scale.

On approaching the melting, the number of conformational
states visited by the proteins suddenly increases, due to the acti-
vated mobility of specific unfolded fragments. In Fig. 3C the
expansion of the visited conformational space is represented by
the network of configurations clustered according to Cα-RMSD.
At any temperature the number of backbone substates visited by
the protein is smaller in glycerol than in water. This is probably
due to the distinct steric hindrance and to the different number
of hydrogen bonds the solvents can form with the protein. Both
these effects influence directly or through the sidechains dynam-
ics the backbone rearrangements. However, a common rescal-
ing for the visited conformational substates, similar to the MSD
trend, is recovered on approaching Tm,sim when they are nor-
malized with respect to the number of substates sampled at ambi-
ent conditions (Fig. S3).

According to secondary structure calculations, in both systems
the unfolded state is mainly characterized by the systematic dis-
ruption of the native β-strand [Thr40-Gly54] and unwinding of
helices [Trp108-Gly117] and [Asp119-Arg125] at the C termi-
nus (Fig. S4). Although the fine molecular details of unfolding
depend on the solvation and on the crowding condition, we find
weak spots consistent with those revealed in wide-angle X-ray
diffraction (31) and circular dichroism, FTIR, and NMR (32)
experiments. The disruption of the β structure anticipates the
complete melting of the protein, and in agreement with experi-
mental data (32), at Tm,sim , the system has lost half of its helical
content.

MD Simulations Provide Insight into Protein Fluctuations in Folded
and Unfolded States. From REST2 simulations, representative
unfolded configurations were extracted for the two systems and
used to reconstruct the thermal scaling of the MSD for both
folded and unfolded states; see Fig. 4A and Fig. S5 for details.
The MSD for the unfolded state are slightly larger than for the
folded state, and the difference increases with temperature. This
is a signature of a comparable packing of the folded and the
unfolded conformations under the strong confinement in the
powder environment. In fact, in the present systems, the fraction
of volume occupied by the biomolecules is φ ∼ 65%, an extreme
crowding condition even compared with the typical value of the
intracellular space (φ ∼ 30%) (33).
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A B
Fig. 4. Scaling law of protein fast fluctuations
by simulations. (A) MSD from MD trajectories
started from folded and unfolded configura-
tions of CEWL in the presence of water and
glycerol. The data for the unfolded state are
obtained as the average over four independent
runs initiated from different configurations of
the unfolded CEWL extracted from the REST2
enhanced sampling. (B) Lindemann parameter
obtained by combining the folded and unfolded
states MSD, MSD = f ·MSDf +(1−f)MSDu, with f
the fraction of folded states. In the same graph
we report the folded-state contributions. The
colored stars indicate the experimental points
for the two systems.

From the numerical amplitude of protein structural fluctu-
ations we provide an estimate of the protein conformational
entropy difference between the folded and unfolded states, aris-
ing from the protein dynamics in the 150-ps timescale. We
apply a simplified model where the protein sidechains behave
as identical noninteracting classical moving particles (34). The
entropy difference per residue between the unfolded and the
folded states is estimated from the simulated MSD to be
∆Su/f = 3

2
kb ln(MSDu/MSDf ). At ambient conditions ∆Su/f =

3.5 J·(mol K)−1 and 2.5 J·(mol K)−1, for CEWL in the presence
of water and glycerol, respectively. Similar values are determined
at the melting temperatures. A tentative experimental assess-
ment of ∆Su/f for powder-like systems can be done by exploit-
ing data reported by Weik and coworkers, where the MSD of
the τ intrinsically disordered protein are compared with those
of well-known globular proteins (35). Considering the intrin-
sically disordered protein as a model system for the unfolded
state, at 300 K the ratio between the MSD of the τ protein and
those of globular proteins gives a common per residue value of
∆Su/f ' 4.7 J·(mol K)−1, in good agreement with our estimates.
This estimated entropy change is three to four times smaller
than the value of ∆Su/f = 10.85 J·(mol K)−1 found in aque-
ous solution for α-amylase protein using the same model (34).
Again, this gap is not surprising considering that crowding condi-
tions in powders restrict the conformational space accessible to
disordered chains, thus biasing unfolded conformations toward
more compact states. For the sake of comparison, from MD
simulations of folded and unfolded CEWL in aqueous solution
we obtain ∆S f /u ' 9 J·(mol K)−1 in much better agreement
with the experimental value. All these data confirm that the per-
formed sampling of the unfolded states in the powder condition

A B Fig. 5. HW model applied to protein dynamics
close to melting. (A) Logarithm of bulk viscosity
of the environments surrounding CEWL vs. recip-
rocal of MSD for CEWL in the different environ-
ments: CEWL+D2O (blue), CEWL+glycerol (green),
and CEWL+glucose (pink). Values of viscosities for
water and glycerol have been taken from ref. 41,
while the data for glucose come from ref. 42. The
red hatched area highlights the region of critical
MSD, corresponding to the melting of CEWL in the
different environments. (B) Schematic representa-
tion of protein sidechains caged by the solvation
shell. The average local rattling of hydrogen atoms
in a conformational substate is sampled by NS and
quantified by MSD. The magnitude of the displace-
ment from a localized substate a toward a substate
b can be accessed by fitting the HW model (38),
relating MSD and the solvent viscosity η.

is reasonable and that the decomposition of the experimental
MSD via a two-state model is well grounded.

The Lindemann Criterion in Silico. According to the two-state
model, the ensemble combination of the MSD allows us to derive
the in silico Lindemann parameter ∆sim

L , to be compared with
the one measured by EINS. As shown in Fig. 4B, ∆sim

L converges
at melting for both systems to about 0.28. This value is larger than
∆exp

L , owing to the shift of the in silico melting point with respect
to the experimental one. This situation, due to a more rigid con-
finement performed by the unperturbed surrounding proteins in
the simulations, mimics what is observed in solid superheating
(36), where by suppressing surface melting by external coating,
the crystal can be heated to much higher temperatures. At the
new higher melting point the Lindemann parameter for bulk
atoms is about 80% in excess of the equilibrium melting point,
i.e., 0.22. vs 0.12, and approaches the value reported for the
superficial atoms in standard surface-driven melting.

If we assume that the thermal scaling of the MSD is well
reproduced by the molecular force field for a given protein con-
formational state, we can determine the Lindemann parameter
from simulation data also at temperatures lower than Tm,sim ,
namely at the experimental melting. At Tm,exp we find a value of
∆sim

L ' 0.17−0.19 for CEWL in the presence of water and glyc-
erol, in excellent agreement with the EINS experimental assess-
ments (star symbols in Fig. 4B) and previous estimates from
simulations (15).

Fig. 4B shows that the Lindemann parameter calculated for
the folded state alone is only slightly lower than the one result-
ing from the combination of folded and unfolded states. This is
because the difference among the MSD in folded and unfolded
conformations is small.
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Discussion and Conclusions
We inquired into the amplitude of fast structural fluctuations in
the high-temperature region up to the protein unfolding for the
model protein CEWL, in different molecular environments. We
found that, while the unfolding temperature changes significantly
on changing the molecular solvation shell, a common value for
the protein MSD is attained at the melting temperature. This
determines for all systems an experimental Lindemann parame-
ter ∆exp

L ' 0.17 close to the value found for superficial melting
in crystals (36).

In its original definition, the Lindemann criterion is based
solely on the behavior of the lattice constant and the atomistic
fluctuations of the crystal phase (14). When transposed to the
case of proteins, this criterion would correspond to the predic-
tion of the biomolecule unfolding starting from the knowledge
of thermal fluctuations in the folded state only. However, the
common rescaling we experimentally found results from mixed
contributions from the MSD in both folded and unfolded states.
At Tm , where these states are equally populated, the relation-
ship between the structural fluctuation amplitudes of proteins in
the presence of different solvation shells can be summarized as
follows: {MSDf +MSDu}wat = {MSDf +MSDu}gly = {MSDf +

MSDu}glu . To single out the contributions from the folded and
unfolded states, we exploited MD simulations. Notably, for both
the water and glycerol environments, the MSD of the folded and
unfolded states are close in value and scale similarly with tem-
perature (Fig. 4).

The roughness of the protein EL plays a key role in con-
trolling protein fast fluctuations. Our results supports a picture
where, close to the protein melting, the average landscapes of
the combined free energy surfaces of the folded and unfolded
states in the presence of different environments are very simi-
lar. In terms of simplified models of the local EL, this suggests
that, at the respective Tms, protein fast motions arise from an
effective quadratic potential with very similar curvature. On the
other hand, the trend of the protein dynamics on approaching the
thermal unfolding also depends on the environment local viscos-
ity, a quantity that cannot be accessed by experiments. Here we
approximate the local viscosity at the protein–solvent interface
with the bulk value of the solvent viscosity at the same thermo-
dynamic conditions (37) in the temperature range between the
PDT and Tm . In Fig. 5 we show that there is a linear relationship
between the logarithm of the bulk viscosity of the environment
surrounding the CEWL surface and the reciprocal of the protein
MSD. The slopes of the curves for the different environments
are very similar, thus indicating a common dependence of pro-
tein MSD on the viscous flow rearrangements of the surrounding
shells. This behavior is reminiscent of the Hall–Wolynes (HW)
model for glassy systems, relating viscosity and particle local fluc-
tuations (38).

The HW model describes the molecular diffusion in a liquid
as a series of local jumps between distinct minima in the EL
(38–40). The macroscopic viscosity thus depends on the magni-
tude of these elementary displacements and the fluctuations in
the local minima: η= η0 · exp[r20 /(2<δr

2>)], where η0 is a ref-
erence viscosity (e.g., at the glass transition), r0 is the displace-
ment to overcome the barrier, and <δr2> is the fluctuation in
the localized state that matches the MSD at the timescale sam-
pled in the EINS experiment (scheme in Fig. 5). In the present
case, the observed correlation allows us to link the local protein
conformational jumps to the bulk viscosity of the environment.
In the HW model, the height of the barrier between protein con-
formational substates is proportional to r0, and thus the simi-
lar slopes we obtain for the different environments indicate that,
on approaching the respective melting, both the magnitude of
local displacements and the rate-limiting barriers are similar in
the studied systems. The average distance covered along the ele-

mentary jumps in the high-temperature range is r0 = 2.9± 0.3 Å.
This value, which is twice as large as the protein MSD at the
melting, is likely related to the large-amplitude sidechain tor-
sional fluctuations. By exploiting the MSDu and the MSDf esti-
mated from the REST2 simulations, we could show that the
fast dynamics provide a significant contribution to the conforma-
tional entropy, thus affecting the protein thermal stability. The
fact that, at the melting, this protein subnanosecond dynami-
cal regime is environment independent strongly suggests that a
certain critical value of the structural fluctuation amplitude is
needed for triggering protein thermal unfolding.

One may wonder whether this behavior can be generalized to
proteins other than CEWL. Actually, in Fig. S6 we show that the
same value of the Lindemann parameter holds for hydrated myo-
globin that we measured in an extended temperature range up
to the melting, and it is reasonable also for other model proteins
when the trend of the MSD is extrapolated in the range T/Tm &
0.8. Particularly, it seems that ∆exp

L does not depend significantly
on the protein size, as crambin and BSA proteins, with quite
different masses of about 5 kDa vs. 66 kDa, respectively, show
the same trend. The similar behavior of hemoglobin suggests
that ∆exp

L is also independent of the presence of a quaternary
structure. However, investigations still need to be made to ver-
ify this common behavior for other case studies, such as proteins
from moderately thermophilic to hyperthermophilic organisms
and their mesophilic homologs.

Additionally, the proposed Lindemann criterion for proteins
could be used to predict the thermal stability of cells under the
hypothesis that the cell’s death temperature corresponds to the
denaturation catastrophe of its proteome (43). This intriguing
scenario is supported by the trend of the MSD from the pro-
teome of psychrophile, mesophile, thermophile, and hyperther-
mophile bacteria, measured by EINS experiments similar to the
ones of the present work (44). In Fig. S7 we show that, if we set
the critical threshold to the MSD value we found for the unfold-
ing of CEWL, i.e., 1.4 Å

2
, then the amplitude of the thermal

fluctuations of the bacterial proteome extrapolates to tempera-
tures that quantitatively match the relevant temperatures where
the organisms can no longer sustain growth, i.e., the maximum
growth temperature. The similar macromolecular flexibility of
organisms with largely different thermal stability at both their
respective optimum growth (44) and maximum growth temper-
ature marks a clear correlation of the protein stability/function
trade-off at the cellular level. In this context, the universal scal-
ing of the fast protein fluctuations at the melting is tantamount
to a corresponding state principle, similar to what is conceptually
used to explain the universal scaling of local hydrogen/deuterium
exchange dynamics at proteins’ functional temperatures (45).

In conclusion, the joined EINS and MD efforts allowed us to
disclose the molecular mechanism underlying the thermal scal-
ing of atomistic fluctuations at the unfolding temperature and
provided a renewed picture of the Lindemann criterion for melt-
ing when applied to the soft disordered medium of proteins.
The common value of MSD at the melting defines the critical
value of the protein conformational entropy before the unfolded
state becomes predominant. This principle might have practical
applications in biotechnological and biomedical fields, since the
knowledge of the thermal scaling of the protein atomistic fluc-
tuations above the PDT would allow one to predict the melting
temperatures in different environments, for instance in cell-like
conditions. For this purpose forefront NS experiments could be
designed to assess the stability of labeled cellular components by
measuring their fast dynamics in a small temperature window.

Materials and Methods
Preparation of Samples and NS Experiments. Dialyzed salt-free CEWL and
deuterated solvents were purchased from Sigma-Aldrich. The EINS mea-
surements were performed on the backscattering spectrometer IN13 (ILL).
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The elastic intensity (energy resolution with a half-width at half-maximum
of Γ = 4.5 µeV) has been described in terms of the double-well model
(25). For other details see Preparation of Samples for Neutron Scattering
Experiments.

MD Simulations. MD simulations were performed on two lysozyme pow-
der systems, one solvated in water and one in glycerol. The system setups
match exactly the experimental samples described above. The simula-
tions were performed with the CHARMM22/CMAP force field for proteins
(46), CHARMM36 for the glycerol (47), and TIP3-CHARMM for water. We

exploited the REST2 method (20, 21) to enhance the sampling of unfold-
ing. For additional details see In Silico System Preparation, REST2, and MD
Simulations.
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