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Abstract

Macromolecular crowding influences protein mobility and stability in vivo. A precise

description of the crowding effect on protein thermal stability requires the estimate of

the combined effects of excluded volume, specific protein-environment interactions, as

well as the thermal response of the crowders. Here we explore an ideal model system,

the lysozyme protein in powder state, to dissect the factors controlling the melting of

the protein under extreme crowding. By deploying state-of-the art molecular simulations,

supported by calorimetric experiments, we assess the role of the environment flexibility and

of intermolecular electrostatic interactions. In particular, we show that the temperature-

dependent flexibility of the macromolecular crowders, along with specific interactions,

significantly alleviate the stabilizing contributions of the static volume effect.

Introduction

Proteins work in a crowded space1. In fact, depending on the location, up to 30% by volume

of the cell interior is occupied by various types of macromolecules, such as proteins, DNA, and

RNA. This crowded environment affects both the mobility and the stability of proteins, but the

finest details of this perturbation remain elusive. Indeed, an ideal excluded volume scenario

predicts a stabilization effect due to the reduced available space for the extended unfolded

conformations2,3. Experimental investigations report a far more complex situation whereby,

depending on the crowding conditions, intermolecular interactions weaken the excluded volume

contribution, and could lead to destabilization4–7.

For instance, NMR experiments at ambient temperature show that the B1 domain of protein

G (GB1) is destabilized by homogenous crowders such as lysozyme and bovine serine albumine,

but gains stability in a reconstituted cytosol7. On the contrary, the protein chymotrypsin in-

hibitor 2 (CI2) is always destabilized under similar conditions5,6. In-cell NMR measurements of

the monomeric lambda repressor λ6−85 assessed unperturbed stability in the cytoplasm with re-
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spect to a dilute condition in vitro4, while fluorescence microscopy experiments reports in vivo

destabilization of the cellular retinoic acid binding protein (CRABP)8. Recently, fast relaxation

imaging (FReI) experiments show that the destabilizing effect of the crowded environment on

a variant of superoxide dismutase (SOD1) can be reverted by a single-point mutation9. Alto-

gether, these findings indicate a critical modulation of the folding/unfolding free energy land-

scape by the complex cellular environment, including the presence of small osmolytes and ions.

Several model systems have been set up to address these aspects including self-crowding10–13.

The situation is even more intricate since the perturbation of the macromolecular crowding in

cells depends on the compartment where the target protein is localized14,15. It is important

to stress that, depending on the thermal response of the system, encoded for instance in the

specific heat of unfolding, a crossover between stabilization and destabilization can occur by

varying temperature16,17.

As the experimental essays face difficulties in probing the details of in vivo folding/unfolding,

a natural support may come from computer simulations18. Unfortunately also the in silico

modeling of realistic crowding is still a challenge due to the spread of length- and timescales

involved19. Therefore, some theoretical investigations have formally considered the excluded

volume effect on protein stability using simplified models3,16,20,21. In order to provide a more re-

alistic vision, McGuffee and Elcock have reported a landmark study of a large system modelling

the E. coli cytoplasm, utilising implicit solvent coarse-grained simulations22. The dynamics of

the system was used to sample configurational states of the macromolecular packing. These

states were then tested against the particle-insertion method23 to estimate the free energy of

unfolding of selected proteins. The calculations clearly shows that only when specific interac-

tions are included, do the data for the test proteins approach the experimental measurement;

weak stabilization for λ6−85 and destabilization for CRABP. In the same spirit but using an

expensive all-atom resolution, a simulation of a model of E. coli 24 reports the destabilization

of selected proteins monitored on a relatively short time scale (30 ns). Destabilization driven
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by specific interactions was also computed in all atom simulations of smaller model crowded

systems25,26. Recently, a multi-scale approach based on coarse-grained and atomistic simula-

tions has been pioneered to study the thermal stability of target proteins in different crowding

conditions and reproducing the experimental results, weak destabilization of SOD1 in bovine

serum albumin (BSA)27, and existence of a crossover temperature for CI2 in lysozyme17.

Inspired by the analysis of neutron scattering (NS) experiments that we recently per-

formed28, we examined the thermal stability of the chicken egg white lysozyme (CEWL) when

placed under the extreme crowding condition of a solvated powder state, where it experiences

an excluded volume of about 60%, a value much higher than that typical of the intracellular

packing, see Fig. 1.A. Surprisingly, calorimetric experiments reported that the melting tem-

perature of lysozyme in the fully hydrated powder state29,30 is quite similar to that of dilute

aqueous solutions31, and pointed out the limit of the excluded volume picture. However, when

in the powder-like state water is replaced by glycerol, a dramatic stabilization effect is ob-

served32. This shift is associated to an increase of the protein rigidity caused by the specificity

of the hydrogen bond connectivity and viscosity of the solvent28,33–35. Therefore, solvated pro-

tein powders are appealing model systems to dissect the effects of the excluded volume, of the

specific protein-protein interactions, and of solvation, and thus to clarify some aspects that are

ubiquitous under the crowding condition beyond the specific molecularity of the system. Even

if such model systems may appear not realistic with respect to the cellular environment, we

recall that hydrated protein powders have been already used in the past to investigate and shed

light on crucial biophysical protein properties, e.g. the dynamical transition36, the relationship

among hydration and functionality37, and the link among vibrational motion and melting28.

Moreover, our approach may give a significant contribution also in the pharmaceutical field,

where therapeutic proteins are often stabilised in solid-state-like sugar- or polyol-based envi-

ronments38.

Here, we have performed enhanced sampling molecular simulations to assess the thermal
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Figure 1: Lysozyme in a solvated powder. Top panel. Pictorial representation of a solvated
powder of lysozyme proteins. A target protein (green lysozyme represented with the secondary
structures) experiences the crowding effect of the surrounding proteins (orange lysozyme pro-
teins represented with their secondary structures and via their external surface). The solvent
molecules (blue water) percolate the interstitial space of the powder. Bottom panel. Specific
heat of unfolding measured for the lysozyme protein in dilute water solution (black line), in the
hydrated powder h=0.4 (red line), and in a powder solvated with glycerol (blue line). In the
main graph the baselines of the curves are explicitly represented (dashed lines) so to show the
change of Cp upon unfolding. The experimental setup is described in the section Method and
SI.
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stability of the lysozyme protein in a powder state solvated either by water or glycerol. In

addition, we also compare these systems to the reference dilute condition. To overcome the

possible experimental ambiguities found in the literature concerning the investigated systems,

we performed in-house calorimetry measurements to support the results from simulations and

to allow consistent comparison of crowding and solvation effects for protein powders.

In order to estimate the contribution of excluded volume and environment plasticity, a set of

virtual experiments were conducted by modifying the simulation conditions. Our results clearly

show that the temperature-dependent flexibility of the crowding environment, in conjunction

with protein-protein electrostatic interactions, dramatically reduce the effect of the extreme

excluded volume of the powder state, in agreement with calorimetric experiments. The results

obtained in this work for the powder systems complement the recent results concerning binary

crowded solutions (CI2 in BSA and lysozyme) where the stabilising / destabilising contribu-

tions from excluded volume and quinary interactions were quantified via the same molecular

simulation approach as a function of temperature17,27.

Methods

Molecular Dynamics Simulations

Molecular Dynamics simulations were performed on a lysozyme protein in dilute water solution,

and on several lysozyme powder systems solvated in water and in glycerol. The system setups

match exactly the experimental samples described in Ref.28. The simulations were performed

with the CHARMM22/CMAP force-field for proteins39, CHARMM36 for the glycerol40 and

TIP3P CHARMM for water. We exploited a Hamiltonian replica exchange method with solute

scaling (REST2) method41,42 to enhance the sampling of the unfolding process by using 24

replicas. For each replica, the simulation was extended up to 500 ns. We achieved good replica

energy overlap and high exchange rate (> 30%) in all the REST2 calculations. The details of
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the system set-ups and simulations protocol are provided in SI.

Differential Scanning Calorimetry

Calorimetry Experiments have been done on solid-state samples lysozyme+glycerol (1:1 in

weight) and hydrated lysozyme (from 0.2 to 9 g water/g dry protein) by using the Perkin-

Elmer Pyris Diamond Differential Scanning Calorimeter, while the Nano-DSC III Differential

Scanning Calorimeter (TA instruments) has been used for lysozyme in water solution (1 mg/ml,

pH=6). For futher details see SI.

Results

Thermal stability in crowded powder systems

The thermal stability of a lysozyme protein in dilute aqueous solution and embedded in a

solvated powder (with water or glycerol) was assessed by performing enhanced sampling MD

simulations based on the REST2 technique41,42. In the powder systems, the enhanced sampling

was performed by scaling the potential energy (which is equivalent to a thermal excitation at

an effective temperature42) of only one of the protein molecules forming the powder, while the

remainder ones, along with the solvent, evolved at unperturbed conditions in a reference bath

temperature, Tbath. For these large systems, this strategy is a necessary short-cut in order to

make the sampling computationally affordable by avoiding too many excited degrees of freedom,

and thus a large number of replicas. Each replica is then associated to an effective temperature

by a mean-field approach42.

A first set of calculations was performed considering Tbath = 300 K28. By using the carbon-

α root mean square displacement (Cα-RMSD) with respect to the lysozyme crystallographic

structure, and fixing a threshold value of 4.0 Å to distinguish folded and unfolded states28, we

determined the fraction of folded and unfolded conformations sampled by the lysozyme as a
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function of temperature42. The obtained protein melting curves are reported in Fig. 2.A. For

powders, the calculated melting temperatures show an increase ∆T simm = T simm,glyc−T simm,water of ∼

70 K on passing from water to glycerol, thus qualitatively reproducing the experimental trend

where the stabilizing action of glycerol produces a ∆T expm = T expm,glyc − T expm,water of ∼ 20-30 K,

see Table 1 and Refs.29,32. However, each system’s T simm , and the shift of the melting ∆T simm ,

are much higher than the experimental values. In particular, the lysozyme in the hydrated

powder is much more stable than in the dilute aqueous solution. On the contrary, when the

environment is a pure aqueous solution as the lysozyme in the dilute condition, the melting

temperature obtained from simulation T simm,sol = 355K is very close to the experimental one (see

Table 1 and Ref.31,43), as already observed for other proteins42,44.

These results indicate that the protein environment, including both the solvent molecules

and the surrounding proteins, does play a key role to determine the thermal stability. Partic-

ularly, as we mentioned above, in the calculations of the powder systems, only one protein is

affected by the thermal excitation while the rest of the environment evolves at the reference

temperature Tbath = 300 K. Therefore, in this system, the bath temperature Tbath = 300 K

does not allow the surrounding crowding proteins to perform the conformational jumps that

actually take place upon heating. The effect of this sort of frozen environment is similar to

what is observed in solids upon surface coating that shifts melting at higher temperatures45.

In order to prove the impact of the bath reference temperature, and therefore of the envi-

ronment thermal response, we have performed a new set of simulations for the powder systems

with Tbath = 350 K, a temperature close to the melting of the lysozyme in dilute aqueous so-

lutions. The extracted stability curves are reported in Fig. 2.B, and show striking features.

Firstly, the melting temperatures of the powder systems downshift to values closer to the ex-

periments. Secondly, the protein melting temperature in the hydrated powder approaches that

for the protein in the dilute solution, with a relative shift of ∆T simm ' 25 K, being more in

line with the experiments (Table 1). These findings suggest that the weak perturbation of the
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lysozyme thermal stability under the extreme crowding of the hydrated powder state relates to

the temperature-dependent flexibility of the crowder agents. Clearly, the environment flexibility

is controlled by the solvent as well, e.g. passing from water to the glycerol the environment gets

rigidified34,35,46, and the resulting lysozyme melting temperature is higher than in the hydrated

powder. We will discuss this aspect later on.
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Figure 2: Lysozyme stability curve. Fraction of folded and unfolded states for a lysozyme
protein in dilute condition (black circles), in a hydrated powder (orange/red circles), and in
a powder solvated with glycerol (cyan/blue circles). The stability curves are obtained from
REST2 simulations where the reference temperature of the protein crowders and the solvent is
set to 300 K (Panel A) and 350 K (Panel B). The dashed lines correspond to a sigmoid fit to
guide the eye.

Dissecting the crowding and electrostatic contributions

An important piece of information on the role played by the molecular environment in affecting

the protein thermal stability can be obtained by considering separately the effect of electrostatic
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interactions, considered the essential source for destabilization under crowding6,7,22, from that

of the excluded volume. To this purpose, we compare the thermal stability of CEWL in solution

and in hydrated powder with that of a virtual hydrated powder system where the biomolecules

acting as crowders were depleted of electrostatic intra- and intermolecular interactions (their

charges were set to zero). In this way, the target lysozyme protein experiences an inert crowded

environment interacting only via short-range Van der Waals potentials. The associated stability

curves for the melting of the target lysozyme are reported in Fig. 3 (CEWLV dW .powder.H2O).

At both bath temperatures, the extracted melting of the lysozyme in CEWLV dW .powder.H2O

is T simm ' 390 K. However, when considering the rigid environment (Tbath = 300 K) the ex-

cluded volume effect accounts for half of the stabilization, and the intermolecular electrostatic

interactions add up providing extra-stabilization. The scenario is completely different when the

thermal flexibility of the environment is accounted for (Tbath = 350 K). In this case, while the

melting temperature is the same as that of the system with full electrostatics, see Table 1, in

a range of temperatures up to the melting, the target protein is more stable under the inert

crowding than in the standard powder. This result confirms the idea explored in experimental

and theoretical studies that specific interactions between proteins under crowding alleviate the

excluded volume stabilising effect6,7,9,17,22,25–27.

Flexibility of the crowders

We now examine how the dependence of the melting temperature upon the changes of the

powder solvent, bath temperature, and electrostatic interactions is related to the crowders flex-

ibility. Indeed, when thermalizing the protein crowders at a temperature close to the lysozyme

melting, Tbath = 350 K, it is expected that the flexibility of the crowders increases in a such

a way that they do not behave as static obstructing objects. Similarly, when removing the

intramolecular electrostatic interactions, the molecular mechanics of the force field is unbal-

anced, and the crowder proteins are expected to lose their intramolecular structural rigidity.

10



A

B

bath=300 K

bath=350 K

200 300 400 500 600
T

eff
[K]

0

0.2

0.4

0.6

0.8

1

fr
a

c
tio

n
 f

o
ld

e
d

 s
ta

te

CEWL
CEWL.powder.H2O

CEWL
(vdw)

.powder.H2O

200 300 400 500 600
T

eff
[K]

0

0.2

0.4

0.6

0.8

1

fr
a

c
tio

n
 f

o
ld

e
d

 s
ta

te

CEWL
CEWL.powder.H20

CEWL
(vdw)

.powder.H20

Figure 3: Effect of inert crowders. Fraction of folded and unfolded states for a lysozyme
protein in dilute condition (black circles), in a hydrated powder (orange/red circles), and in a
hydrated powder where the crowder proteins are modelled as apolar molecules (light and dark
green circles). The stability curves are obtained from REST2 simulations where the reference
temperature of the protein crowders and the solvent is set to 300 K (Panel A) and 350 K.
(Panel B). The dashed lines correspond to a sigmoid fit to guide the eye.
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Figure 4: Environment flexibility. The floppiness of the crowding environment is quantified
by different observables measuring local and global conformational flexibilities. In the bottom
part of the figure we report in histograms the values of the average number of states obtained
by conformational cluster analysis, the average fluctuations of the RMSD with respect to the
X-ray lysozyme structure, and the RMSF. The average is carried out over the seven protein
chains acting as crowders in the REST2 calculation. For the number of clusters, for each chain,
the data are calculated from the first four replicas where the target lysozyme in the REST2
calculation is found folded. RMSD and RMSF are calculated for the replica corresponding to
ambient temperature. The horizontal arrows on the side of the histograms indicate the average
values obtained for the powder solvated with glycerol at Tbath = 350K. In the upper part of the
graph, the histogram data are pictorially represented with a simplified scheme. For each system,
the circle radius is proportional to the value of the RMSD with respect to the X-ray structure,
the inner and outer circle (dashed lines) indicated the effect of RMSD fluctuations. The filled
small circles distributed along the main circumference represent the seven crowder chains. For
sake of clarity for only one crowding chain we represent the ensemble of conformational states
sampled during the simulations as a cloud of small filled circles.
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This working hypothesis is here extensively probed by computing observables with the aim to

monitor the crowder global and local flexibility, as shown in Fig. 4. We first focus on the global

flexibility by counting the conformational states visited by each of the crowder proteins during

the simulation. The sampled conformational states are distinguished by performing a cluster

analysis based on the Cα-RMSD with a cut-off of 2.5 Å. The average number of states visited

by the seven crowder chains is reported in form of a bar plot in the Fig. 4, see also Table S1-S6.

We clearly observe that for the system thermalized at Tbath = 300 K, the crowders are substan-

tially frozen in a given conformational state, while when the environment temperature is set to

Tbath = 350 K, or when their intramolecular interactions are altered (CEWLV dW .powder.H2O),

they start to visit different conformations. The different degrees of flexibility between the sys-

tems are also reflected in the fluctuations of the RMSD with respect to the crystal structure

(δRMSD), and the mean local fluctuations (RMSF), as we show in Fig. 4. As already discussed

in the previous section, the melting temperature of lysozyme in the inert powder state is very

similar at both the considered bath temperatures. This indicates that, once a flexible threshold

is attained, the excluded volume contribution is no longer tunable. In the figure we also rep-

resent with black arrows the values for the number of clusters, δRMSD, and RMSF extracted

for the powders solvated in glycerol at Tbath = 350K, see Table S5-S6 and Fig. S1. It is clear

from the data that the glycerol solvent dramatically damps the local fluctuations (RMSF) and

rigidifies the powder environment, and that even at high bath temperature Tbath, the sampled

number of protein conformations is very small, see SI Table S3-S4. The aforementioned results

are consistent with the picture emerging from neutron scattering investigations on the effect

of crowding on the protein internal dynamics. In very highly concentrated solutions of bovine

serum albumin protein, self-crowding has been shown to significantly reduce the rate of the

diffusive local dynamics of backbone and side-chains47. On the other hand, the presence of

osmolytes such as TMAO which are able to mediate soft interactions, may provide a decreased

protein flexibility and an improvement in protein stability11. As for the effect of the glassy
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molecular environment surrounding the protein surface, the behaviour of both the mean square

displacements and the sub-picosecond timescale relaxation times of proteins in the presence of

glycerol point towards a slowed-down and hindered internal biomolecule dynamics46,48.

Excluded volume and quinary interactions

We have anticipated in the introduction that the melting temperature of the lysozyme protein

in the powder state is almost identical -or slightly smaller- to that of the dilute solution11,29–31.

In Fig. 5 we report the Tms measured in a variety of experiments for lysozyme powder systems

at different level of hydration, from dry state to fully hydrated. When the protein powder

is dry the melting occurs at very high temperature (> 400K), but it decreases as hydration

increases. Above the threshold h ' 0.4, the melting temperature no longer depends on the

hydration level.

We have verified in silico that, once the thermal response of the environment is taken into

account in the simulations, the lysozyme is only mildly thermally stabilised by the extreme

crowding of the powder state compared to the dilute solution case. This is in agreement with

the experimental results discussed above.

The crowders ability to accommodate the conformational changes of the unfolded state is

therefore an essential aspect to include in the treatment of crowding effects on stability, espe-

cially for systems in which the target protein’s and crowders’ thermal responses are comparable.

As already clearly pointed out by Zhou16 the enthalpy/entropy compensation plays an essential

role. In fact by using the experimental calorimetric data for the unfolding of lysozyme in pure

water solution and in the hydrated powder (see Table 1), and the Gibbs-Helmholtz equation54,

we have verified that, even if the measured melting temperatures T expm s are very close when

moving from solution to hydrated powder, the powder state provides a stabilization free energy

of ∆∆Gf/u = 1.5 kcal/mol at ambient temperature, see Fig. 6. By applying the Ideal Thermal

Protein model introduced by Ghosh and Dill55 (see SI), the stabilization due to the excluded
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Figure 5: Melting temperatures. Peak melting from thermograms obtained versus hydration
ratio h for a series of samples at different scan rates. Continuous and dashed lines are from
global fitting of literature data49, average and confidence bands, respectively. Data obtained
at scan rate 10 K/min are from this work (blue solid triangles), Ref.50 (black open squares),
Ref.51 (red solid stars), Ref.52 (black solid squares). Other data are from 5 K/min (gold solid
diamonds)30, 2.5 K/min (red open stars)29, 1 K/min (green solid star)53 and this work (blue
open triangle). Inset show an enlargement for the range h=0.1-1.0.

volume in the powder is expected to be much larger, ∼ 4 kcal/mol at T = 300K, and would

cause an increase in the melting temperature of about 13K (red-dashed-line in Fig. 6). The

experimental data therefore suggest that the pure excluded volume effect must be weakened by

other contributions.

To further assess the role of environment flexibility, we have shown that moving from water

to glycerol, the rigidity of the environment strengthens (see Fig. 4), and as a consequence,

the thermal stability of lysozyme increases in agreement with experiments. This stabilization

is associated with a larger change in the unfolding enthalpy in glycerol as compared to water

in both experiments and simulations. From our experiments, it is difficult to provide a neat
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Table 1: Thermodynamic Parameters of Protein Stability. The reported experi-
mental data have been extracted from calorimetry experiments (see SI for details
and a comparison with literature) . For the powder system in H2O we averaged
the Tms values obtained at h=0.42 and 0.45.

System (experiment) T expm [K ] ∆Hexp
m [kcal/mol]

CEWL 348 114±5
CEWL.powder.H2O 349.5 89±2
CEWL.powder.Gly 366 96±2

estimate of the specific heat of unfolding, but as indicated by others29,32, it is close to zero in

the powder states. The stabilization in the powder state induced by the glycerol solvent when

compared to water, is therefore mainly due to an upshift of the stability curve as visible in Fig.

6, and relates to the specific interactions of the solvent with the protein, e.g. hydrogen-bond

connectivity.

In the REST2 scheme, the enhanced sampling is exact (in the statistical mechanical sense) at

the bath reference temperature, Tbath, while it is approximated for other replicas whose effective

temperature is assigned via a mean field formulation42. By analysing the simulations performed

at Tbath = 350K, we can quantify at this temperature the free energy contribution due to

exclude volume effect, and the modulation stemming from the electrostatic interactions. From

the curves reported in Fig. 3.B, the stability contribution is deduced by comparing the fraction

of folded ([f ]) and unfolded states (1 − [f ]) for the different systems. For instance, in order

to estimate the effect of inert excluded volume, we compared the CEWLV dW system ([f ]V dW )

with the dilute condition ([f ]0), and obtained ∆∆Gf/u = −kbT (ln[[f ]V dW/(1 − [f ]V dW )] −

ln[[f ]0/(1 − [f ]0)]) ' 1.7 kcal/mol. On the contrary, for the CEWL hydrated powder system

where the electrostatic interactions are included in the calculations, the crowding stabilization

with respect to the dilute condition reduces by a factor of two, ∆∆Gf/u ' 0.9 kcal/mol.

Our finding is consistent with the idea that repulsive protein/protein interactions are prone to

counterbalance the excluded volume stabilising effect6,7, and with the fact that each lysozyme

molecule in the powder carries a net positive charge.
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Figure 6: Stability curves. Stability curves reconstructed using the Gibbs-Helmoltz equa-
tion54. The thermodynamic parameters for the thermal unfolding of lysozyme in dilute solution
(black line), in the hydrated powder (red line) and in the powder solvated with glycerol (blue
line) are extracted from our calorimetry experiments. The shadow region in each curve indi-
cates the uncertainty associated to the ∆Hm’s error. The stability curve deduced from the
Ideal Thermal Protein model55, see below, to account for the excluded volume in the hydrated
lysozyme protein is also reported (dashed red line).

Notably, by moving from standard to inert crowding, the number of contacts between the

target lysozyme and the crowder proteins increases of about 11%, and correspondingly, the

number of contacts with the water molecules decreases. As a net effect, the crowders become

more sticky and the lubrication action of the hydration layer is reduced. Similar stabilizing

effects are observed e.g. for protein dimers that are more thermally stable as compared to

the isolated monomers56,57, but they are to contrast with the effect of denaturing osmolytes,

that are in fact widely accepted to accumulate at the protein interface and lead to protein

unfolding58. In fact, the size of the crowder is of special importance, with a large sticky crowder

hindering protein unfolding, while small crowders can accumulate at the protein interface and
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then penetrate into its structure to unfold it.

Conclusions

In this work, we have inquired how the crowded molecular environment of a powder state affects

the stability of the lysozyme protein. We have performed advanced in silico experiments in order

to assess the thermal unfolding of lysozyme as well as to dissect the role of crowding rigidity on

the excluded volume effect, and to inspect the role of electrostatic intermolecular interactions

and solvation. We have shown that protein stability can be modulated by the flexibility of the

crowding agents and specific interactions between the protein and its surrounding environment.

The results from this and other investigations17,24,27 show that the present computational savoir-

faire is mature to provide systematic insights on the crowding effect on protein thermal stability

in cell-like conditions and support experiments5–7,9,15,16. Namely, the REST2 approach has been

proved to be a powerful tool to study thermal unfolding under crowding where the system size

discourages the use of other techniques (e.g. standard REMD). For example, it was recently

applied to quantify the contribution of quinary interactions on the destabilisation of the SOD1

protein in a crowded BSA solution9,27, and to estimate the delicate balance among quinary

interactions and excluded volume contributions acting on the stability of the CI2 protein under

different crowding conditions (BSA vs lysozyme)17. In the present study we have shown that

the environment flexibility controlled by its thermal response modulates the crowding excluded

volume effect, complementing our finding in previous studies. Therefore, the thermal response

of the bath can be taken into account in the REST2 simulations of crowded solutions when

the stability of the crowders and of the target protein are comparable. For instance, we are

exploring a protocol where a series of independent REST2 simulations with different reference

temperatures are run in parallel; alternatively it is possible to generate solution states where

the crowders are either placed in folded or unfolded conformations so as to mimic the extreme

two-state environmental conditions.

18



The investigation of the role of the solvent, metabolites, as well as the fluctuations of the

crowding environment in vivo59, represent future research prospects. Our approach may give

a significant contribution also in the pharmaceutical field, where therapeutic proteins are often

stabilised in solid-state-like sugar- or polyol-based environments
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Supporting data on calorimetry experiments, excluded volume model, observables relating to

protein crowders flexibility.
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