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Abstract

Protein dynamics display distinct traits that are linked to their specific biological function.
However, the interplay between intrinsic dynamics and the molecular environment on protein
stability remains poorly understood. In this study, we investigate, by incoherent neutron
scattering, the sub-nanosecond timescale of three model proteins: the mesophilic lysozyme,
the thermophilic thermolysin and the intrinsically disordered β-casein. Moreover, we address
the influence of water, glycerol, and glucose, which create progressively more viscous matrices
around the protein surface. By comparing the protein thermal fluctuations, we find that the
internal dynamics of thermolysin are less affected by the environment compared to lysozyme
and β-casein. We ascribe this behaviour to the protein dynamic personality, i.e. to the
stiffer dynamics of the thermophilic protein that contrasts the influence of the environment.
Remarkably, lysozyme and thermolysin in all molecular environments reach a critical common
flexibility when approaching the calorimetric melting temperature.

Researchers have long been fascinated by
the diverse functions of proteins within cells.
Protein function is intimately related to the
structure, dynamics, and environment of the
molecule. While experimental (X-ray crys-
tallography, nuclear magnetic resonance spec-
troscopy, and cryo-electron microscopy) and ad-
vanced deep-learning models (AlphaFold2 and
RoseTTAFold) give a wealth of information
about the structural characteristics of pro-
teins, our understanding of the dynamic as-
pects of biomolecules remains considerably lim-
ited. However, the true functions of proteins
are fundamentally influenced by their intrin-
sic dynamics.1 This intrinsic property, also re-
ferred to as dynamic personality, is encoded in
the protein fold.2,3 Dynamic thermal fluctua-
tions, which are observed at equilibrium and
even in processes far from equilibrium, play a
vital role in enhancing a protein’s flexibility to
achieve functional configurations.4 In essence,
these motions contribute to the unique dynamic
character of proteins.2 As a major component of
the conformational entropy5–10 protein thermal
fluctuations are supposed to be strictly related
to the biomolecule’s stability. Nevertheless, the
precise nature of this relationship remains elu-
sive.

When examining the dynamics of proteins in
the sub-nanosecond timescale, which primarily
consists in rearrangements of the protein back-
bone and sidechains, their behavior can be ex-
plained using the conformational substate the-
ory.11 This theory involves transitions between

similar energy minima in the multidimensional
free energy landscape, which governs the hierar-
chical dynamics of proteins, involving motions
that are strongly influenced by the character-
istics of the molecular environment that sur-
rounds the protein surface.5–8

At room temperature, both the amplitude
and rate of these motions significantly decrease
when proteins are embedded in sugar-glass ma-
trices.12 Moreover, under such conditions, pro-
teins may exhibit significantly higher melting
temperatures, Tm, compared to their values in
physiological aqueous environments.13

Interestingly, the thermal fluctuations of glob-
ular mesophilic proteins exhibit a common dy-
namical behavior in various environments as
they approach thermal unfolding.8 This simi-
larity draws a striking parallel to the Linde-
mann criterion, which governs the melting of
solids. According to this criterion, solids un-
dergo melting when the relative magnitude of
their thermal atomic fluctuations surpasses a
characteristic value in relation to the crystal
lattice parameter.14

Proteins exhibit considerable variability in
their biophysical properties, including compact-
ness, thermal stability, and hydropathy. These
factors can significantly influence protein dy-
namics, consequently impacting biological func-
tionality. Thermostable proteins remain sta-
ble and functional even at elevated tempera-
tures. Considering a proposed link between
function and flexibility,15 it has been suggested
that these proteins are intrinsically more rigid
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compared to their mesophilic counterparts at
low temperatures.16,17 This rigidity can be as-
cribed to a specific protein dynamic personality.
On these grounds, it seems key to obtain new
knowledge on how both the dynamic person-
ality and the external molecular environment
contribute to modulating protein stability.

Here, we investigate three different archety-
pal proteins: the mesophilic chicken egg white
lysozyme (LYS), the thermophilic thermolysin
(TLN) and the intrinsically disordered β-casein
(β-CAS). We compare their flexibility, as as-
sessed by the atomic mean square displace-
ments (MSD) obtained by elastic incoherent
neutron scattering (EINS), and their thermo-
dynamic stability, as obtained by differential
scanning calorimetry (DSC). We also study the
impact of three molecular environments with a
gradually increasing viscosity: water, glycerol
and glucose, all of them deuterated to limit
their EINS signal. The latter two serve as
stabilizing environments by creating a matrix
that enhances protein stability.18,19 This effect
is commonly employed in the biopharmaceuti-
cal field.19

EINS measurements (see figure S1) were
performed at the backscattering spectrometer
IN13,20 with an energy resolution of 8 µeV, cor-
responding to accessible protein motions with
characteristic timescale faster than 150 ps. By
using the double-well model21 (described in the
S.I.) we estimate the protein MSD, whose mag-
nitude quantifies the heterogeneous dynamics
of protein hydrogen atoms, which contribute
most to the measured intensity due to their
large incoherent cross-section.22 It is widely
acknowledged that above 100 K, multiple lo-
cal relaxation processes within proteins lead to
the emergence of anharmonic behaviour.23–25

The most prominent contributions arise from
methyl group re-orientations, cage-like motions
and the solvation shell’s β-relaxation entering
the experimentally accessible time window.21,23

These anharmonic motions are responsible for
altering the temperature dependence of the
MSD and are thought to play a crucial role in
the protein biological functionality.21,26

In Figure 1a) we show the MSD of LYS in
a wide temperature range and in the presence

Figure 1: MSD of a) LYS (closed circles) and
b) TLN (open circles) in water (blue), glycerol
(red), and glucose (green) environments. Both
LYS and TLN are hydrated at 0.4 g D2O per
gram of dry protein, or are embedded in 1:1
(gram protein:gram deuterated solvent) matri-
ces of glycerol and glucose.

of the three different environments. The on-
set of protein anharmonic motions is clearly
solvent-driven and takes place at higher tem-
peratures in glycerol and glucose compared to
water.6,8,25 Following this transition, the MSD
exhibit an environment-dependent increase. It
is worth noting that both glycerol and even fur-
ther glucose have the ability to lower the am-
plitude of the LYS dynamics at the same tem-
perature. After the melting process, the MSD
of LYS in glucose exhibits a noticeable dip (see
figure S2). This behavior is likely attributed to
the tendency of LYS to aggregate.27

On the other hand, as shown in figure 1b),
in the presence of water the MSD of TLN
are significantly smaller than those of LYS in
the whole temperature region, consistent with
the already proposed view that protein internal
flexibility is inversely proportional to thermal
stability.28 This behaviour underlines that, be-
fore unfolding, the protein’s dynamic personal-
ity plays a significant role.

Remarkably in the case of TLN, the effect of
the stabilizing environments is much less pro-
nounced than with mesophilic LYS. Indeed, the
MSD of the thermophilic protein in the pres-
ence of glycerol and glucose are rather close to
the ones of the hydrated system. This trend
suggests that the TLN intrinsic dynamics are
already rigid enough to not undergo further
stabilization through coupling with the exter-
nal matrix.
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Figure 2: Cexcess
p from DSC measurements of a)

LYS and b) TLN in water (blue), glycerol (red),
and glucose (green). The solvation conditions
of LYS and TLN are as specified in the caption
of Figure 1. For DSC no deuterated solvents
were used.

To understand whether and how the specific
dynamic response of the investigated proteins
is related to their thermal stability in different
environments, we performed DSC experiments.
The heat capacity excess (Cexcess

p ) from DSC
measurements (see SI for details on its calcula-
tion) of LYS and TLN, respectively, is shown in
Figure 2a) and Figure 2b).
The melting peaks of both proteins are highly
asymmetrical. This shape resembles that of a
multi-step denaturation process, as already sug-
gested in the widely studied LYS.29,30 On the
much less investigated case of TLN, DSC mea-
surements have been done in the past only in
dilute aqueous solutions.31

When comparing Figure 2a) with Figure 2b),
it is evident that the DSC curve of TLN in water
exhibits both broadening and an upward shift
in temperature with respect to LYS. Moreover,
if we focus on the onset of denaturation peaks
(for better visualization see also Figure S3), it
is possible to note that TLN begins to unfold
at a lower temperature than LYS, but finishes
at almost the same temperature when embed-
ded in glycerol and glucose. This is consistent
with the lower unfolding rate of thermophilic
proteins compared to their mesophilic counter-
parts.32–35

In Table 1, that shows the thermodynamic
parameters obtained by DSC, we see that the
calorimetric melting temperature (Tm,exp) of
LYS is strongly affected by the surrounding
shell, passing from TLY Swat

m,exp = 347.8 ± 0.5 K
for hydrated LYS to TLY Sgly

m,exp = 366±0.5 K and

TLY Sglu
m,exp = 401.4 ± 0.5 K for LYS embedded in

matrices of glycerol and glucose, respectively.
The different thermostabilities of LYS and

TLN, that are in full display in aqueous en-
vironments (∆Twat

m,exp = T TLNwat
m,exp − TLY Swat

m,exp =
35 K), are strongly attenuated in glycerol
and glucose. Indeed, in the presence of
glycerol, the melting temperature difference
(∆T gly

m,exp=T TLNgly
m -TLY Sgly

m =5 K) indicates that
TLN is only marginally more stable than LYS,
while in glucose TLN is slightly less stable than
LYS (∆T glu

m,exp= T TLNglu
m -TLY Sglu

m =-3 K). This
behaviour might be ascribed to the interaction
between the protein and its environment, which
significantly influences the biomolecular ther-
mostability.36

Notably, the thermostability of TLN does
not exhibit a considerable increase as observed
with LYS in stabilizing matrices with respect
to the aqueous environment. Looking at the
behaviour of TLN across all environments, the
smaller spread of the melting temperatures
seems to reflect the reduced variation of its
MSD values. An analogy can be drawn between
the thermal stability and the fast dynamics in
the three different environments, where the sta-
bilizing influence of glycerol and glucose has
a lesser impact on TLN with respect to LYS.
These results suggest that protein’s dynamic
personality, in this case, the amplitude of its
MSD in the temperature range below the melt-
ing, is significantly related to its thermal stabil-
ity.
Although the dynamics of TLN and LYS are af-
fected differently by the three distinct environ-
ments, they both display the same thermal fluc-
tuations in proximity to their respective melt-
ing points, as shown in Figure 3. This indicates
that the dynamics of LYS and TLN resemble
each other in their unfolded state, a behaviour
which is reminiscent of the corresponding state
principle for homologous mesophilic and ther-
mophilic proteins under their respective opti-
mum conditions.16,37

Such behaviour had previously been observed
in the case of mesophilic proteins, where the
existence of a Lindemann-like criterion, i.e. a
common scaling of the protein structural fluc-
tuations at the Tm, was proposed.8 The present
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results demonstrate that also a thermophilic
protein exhibits a common dynamic regime in
the temperature range in proximity of its Tm in
different molecular environments. In addition,
the similarity of the dynamic regime around
the melting temperature of both LYS and TLN
implies that, irrespective of the coupling be-
tween the biomolecule and its environment or
the protein’s dynamic personality, a critical
threshold of protein structural fluctuations is
reached when the folded structure is lost. This
threshold corresponds to an amplitude for the
MSD of approximately 1.1 Å2. It is worth not-
ing that, for every comparative investigation,
this value is dependent on the energy resolution
of the employed spectrometer, to the protein
hydration, and to some extent on the model
used to calculate the MSD.38

Figure 3: MSD of a) LYS (closed circles) and
b) TLN (open circles) in water (blue), glycerol
(red), and glucose (green) environments as a
function of the respective reduced temperature
T/Tm,exp. The horizontal yellow band high-
lights the region of the critical MSD where LYS
and TLN unfold.

To better understand the influence of a folded
structure on protein dynamics in different en-
vironments, we measured the MSD of β-CAS.
This biomolecule can be considered as an ap-
proximated model for a structureless protein,
with a GRAVY index39 of GI=-0.15 indicat-
ing an amphipathic character, with an almost
balanced distribution of hydrophobic and hy-
drophilic residues. Figure 4a) shows that the
dynamic onset of the β-CAS MSD in water oc-
curs in a similar temperature range as for LYS
and TLN, whereas in glycerol and glucose it
takes place at lower temperatures. This pecu-

liar behaviour might be related to the fact that
β-CAS is coupled with the molecular environ-
ment in a different way than LYS and TLN,
due to its amphipathic character as opposed to
the hydrophilic character of the other two pro-
teins (GI=-0.485 for LYS, GI=-0.409 for TLN).
Typically, the conformational behavior of in-
trinsically disordered proteins, like β-CAS, is
distinguished by the absence of measurable ex-
cess heat absorption peaks characteristic of the
melting of ordered proteins, indicating either
low cooperativity or the complete lack thereof
during temperature-induced unfolding.40 In the
case of β-CAS, the DSC thermograms shown
in Figure 4b) display quite weak and not well-
defined broad peaks, in analogy with the results
obtained for other types of casein.41,42 Since
β-CAS resembles a random coil, with minor
portions of the chain arranged in alpha helices
or beta sheets,43 the observed peaks are proba-
bly related to the unfolding of these secondary
structures. Obviously, in this case, one cannot
define an appropriate melting temperature for
the folded-to-unfolded cooperative transition of
the protein tertiary structure. The Cexcess

P of
β-CAS in the presence of water is quite similar
to that of glycerol, with the main peak cen-
tered at about 350 K. This similarity reflects
the analogous behaviour of the β-CAS MSD
in the presence of the aforementioned solvents.
On the other hand, in the presence of glucose,
the β-CAS Cexcess

P displays a further larger
peak at about 325 K. We speculate that such
a peak is due to the formation of less stable
secondary conformations promoted by glucose.
Finally, the melting enthalpies of β-CAS in the
three environments are of the order of tens of
kcal/mol, comparable with the energy of a few
typical hydrogen bonds in protein secondary
structures.44,45 This result further points out
that the calorimetric peak is related to very
small ordered portions of the protein.

The MSD of β-CAS can be taken as an
estimate of the thermal fluctuations ampli-
tude for a protein that interacts with the sur-
rounding molecular environment, with minimal
steric constraints ascribed to the presence of
a folded structure. It is worth noting that at
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their respective melting temperatures, LYS and
TLN have similar MSD as hydrated β-CAS at
about 360 K. This is confirmed in a model-
independent way by comparing the trend of the
EINS intensities for the mentioned systems, as
shown in figure 5a).

Figure 4: a) MSD of β-CAS in water (blue),
glycerol (red), and glucose (green) environ-
ments. The horizontal yellow band highlights
the region of the critical MSD where LYS and
TLN unfold. The temperatures where β-CAS
MSD enter the critical region in the different en-
vironments are represented by the narrow ver-
tical bands (blue for water, red for glycerol, and
green for glucose). b) Cexcess

p from DSC mea-
surements of β-CAS in water (blue), glycerol
(red), and glucose (green) environments. The
same solvation conditions as for LYS and TLN
were used for β-CAS.

Table 1: Melting temperatures and enthalpies
obtained with DCS measurements of LYS, TLN
and β-CAS in water, glycerol and glucose.

Sample Tm (K) ∆H (Kcal/mol)
LYS wat 347.8 ± 0.5 107 ± 5
LYS gly 366.0 ± 0.5 93 ± 5
LYS glu 401.4 ± 0.5 181 ± 9
TLN wat 383.0 ± 0.5 202 ± 10
TLN gly 371.6± 0.5 802 ± 40
TLN glu 398.0 ± 0.5 76 ± 4
β-CAS wat 353.1 ± 0.5 13.1 ± 0.5
β-CAS gly 351.8± 0.5 20 ± 1
β-CAS glu 1 328.9 ± 0.5 24 ± 1
β-CAS glu 2 355.4 ± 0.5 8.7 ± 0.2

Remarkably, in the presence of glycerol and
glucose, the TLN MSD reach the critical thresh-
old of 1.1 Å2 at the same temperatures as LYS
and β-CAS, thus suggesting that in those en-
vironments the stiffer dynamics linked to the

thermophilic character are lost (see figure S2
for clearer visualization). Indeed, the EINS in-
tensities of the three proteins overlap approxi-
mately at 370 K in glycerol and 400 K in glu-
cose, as shown in figure 5 b) and c). This model-
independent result supports the view that the
dynamics of unfolded LYS and TLN are strictly
comparable with that of an intrinsically disor-
dered protein. Glycerol, and even more glucose,
seems to form a matrix capable of dampening
the amplitude of the protein’s thermal fluctu-
ations until the rigidity of the matrix itself is
compromised, which occurs at about the tem-
peratures of the calorimetric melting points of
LYS and TLN.

Figure 5: Elastic intensities of LYS (closed cir-
cles), TLN (open circles), and β-CAS (stars)
a) in water at 345 K, 380 K, and 360 K re-
spectively, b) in glycerol at ∼370 K and c) in
glucose at ∼400 K. The elastic intensities have
been translated to obtain I(Q∼0)=1.

In conclusion, we observe that the variation of
the dynamics of TLN in the different environ-
ments is significantly less pronounced than in
the case of LYS. This behaviour suggests that
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the TLN dynamic personality, i.e. the stiffness
associated with its thermophilic nature, might
restrict the influence of the interplay between
the protein and the surrounding solvent. Re-
markably, we extend to TLN the Lindemann-
like criterion, previously observed in mesophilic
proteins. Moreover, in their unfolded state,
LYS and TLN exhibit a flexibility similar to
that of the intrinsically disordered β-CAS. No-
tably, in glycerol and glucose, they show also
the same melting temperatures. This implies
that in those environments, TLN loses its char-
acteristic stiffer dynamics associated with its
personality. Based on these observations, we
may speculate that the structural and dynamic
features of thermolysin have evolved to opti-
mize its thermostability in the aqueous envi-
ronment. However, in the presence of glyc-
erol and glucose, these properties, as well as
its thermostability, appear to be quite simi-
lar to those of lysozyme. This suggests that
evolution may have employed specific physical
mechanisms to enhance thermal stabilization,
taking into account interactions with the phys-
iological environment, particularly in aqueous
environments. The present results provide new
insights into the way sub-nanosecond dynam-
ics of the protein and its stability are governed
by the delicate balance between its dynamic
personality and its interaction with the sur-
rounding environment. We acknowledge that,
since the deep understanding of the link be-
tween the protein fast dynamics and its stability
is a very challenging task, future advancements
in this field will be attained only through the
integration of neutron scattering, NMR relax-
ation studies,46,47 and molecular dynamics sim-
ulations.48,49 This kind of knowledge will be key
for both research and industrial scopes, for in-
stance for the design of properly stabilized pro-
teins in the fields of pharmacology and biotech-
nology.

Supporting information
Additional experimental details, materials, and
method. Figure S1: EINS intensities of LYS,
TLN, and β-CAS in water, glycerol, and glu-

cose at different temperatures, along with their
corresponding fits. Figure S2: MSD of LYS and
TLN in the different environments. Figure S3:
Specific heat capacity of LYS, TLN, β-CAS in
their respective solvents.
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