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ABSTRACT

Enhanced stabilization of protein structures via the presence of inert osmolytes is a key mechanism adopted both by physiological systems and in biotechnological
applications. While the intrinsic stability of proteins is ultimately fixed by their amino acid composition and organization, the interactions between osmolytes and
proteins together with their concentrations introduce an additional layer of complexity and in turn, a method of modulating protein stability. Here, we combined
experimental measurements with molecular dynamics simulations and graph-theory-based analyses to predict the stabilizing/destabilizing effects of different kinds
of osmolytes on proteins during heat-mediated denaturation. We found that (i) proteins in solution with stability-enhancing osmolytes tend to have more compact
interaction networks than those assumed in the presence of destabilizing osmolytes; (ii) a strong negative correlation (R = -0.85) characterizes the relationship
between the melting temperature 7,, and the preferential interaction coefficient defined by the radial distribution functions of osmolytes and water around the
protein and (iii) a positive correlation exists between osmolyte-osmolyte clustering and the extent of preferential exclusion from the local domain of the protein,
suggesting that exclusion may be driven by enhanced steric hindrance of aggregated osmolytes.

1. Introduction

Rigorous understanding of osmolyte-induced protein stability
changes is a long-standing aim across both applied and fundamen-
tal biology [11,26]. From an applied perspective, understanding the
stabilizing potential of therapeutically inert additives is key to develop-
ing sophisticated formulations for labile biologics; from a fundamental
standpoint, these interactions offer insight into the remarkable ability of
life itself to persist in extreme environments by osmolyte-related mech-
anisms [27,32,35,44].

Efforts to explain osmolyte-induced protein stability changes have
centered around several inter-related mechanisms which can be de-
scribed generally by the preferential exclusion theory [17,22,40]. This
theory, originally proposed by Serge Timasheff in the 1980s, attributes
osmolyte-derived stability to the preference for these molecules—
largely on account of an unfavorable interaction with the peptide
backbone— to be excluded from the protein surface [3,19,50-53]. The
thermodynamic drive to minimize solvent-exposed surface area results
both in compaction of the native state and enhancement of the energetic
barrier to unfolding, manifesting as an increase in protein denaturation
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temperature, 7,,. On the contrary, destabilizing osmolytes such as urea
are believed to behave in an opposite manner, inducing a more diffuse
structure and lower barrier to unfolding (suppressed 7},) via preferential
interaction with the protein [4,11,21].

Despite general acceptance, much of the molecular detail pertain-
ing to the preferential exclusion theory remains poorly understood or
hotly debated [11]. For example, the nature of the primary repulsive
forces between the protein and solute remains contentious as does the
role of osmolyte-mediated perturbations to the solvent network and con-
comitant perturbations to solvent-protein interactions [7]. Modern com-
putational techniques have helped to answer some of these questions,
whilst occasionally raising more. Molecular dynamics (MD) simulations
have produced mounting evidence attributing urea-induced denatura-
tion to preferential interaction with the protein, with variable degrees
of importance given to secondary mechanisms involving indirect in-
teractions through structural perturbations of the solvent [11,15,28,
30,47,48]. Simulations have also shed light on the driving forces be-
hind these interactions, providing evidence for steric and enthalpically
motivated preferential exclusion and interaction, respectively [1]. More-
over, molecular understanding of osmolyte-induced stability changes
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Fig. 1. Study overview and scope. MD simulations were performed for thirty-two systems in total; two model proteins f-Lactoglobulin, BLG, (PDB: 3BLG) and
Lysozyme, LYS, (PDB: 2YVB) were studied in aqueous solutions of four common protecting osmolytes: sucrose, trehalose, sorbitol, glycerol, and one denaturing
osmolyte: urea. All species were simulated at four concentrations: 0, 4, 17, and 37wt%. Protein thermodynamic stability changes in the presence of osmolytes
were measured experimentally by intrinsic tryptophan fluorescence (ITF) shifting. Simulations were analyzed from a graph-theoretical lens with respect to both
protein residue-residue interactions and osmolyte-osmolyte interactions as well as by residue dynamics, and osmolyte preferential exclusion coefficients. For more

information, see Methods.

has been greatly enriched through MD-based study of water destruc-
turing, hydrogen bonding network perturbations (water-peptide back-
bone, water-side chain), water-protein/water-water/osmolyte-protein
radial distribution functions (RDFs), protein hydration fraction, residue
mean square fluctuations (RMSFs), and protein/solvent relaxation times
among other parameters [31,33-36,42].

Interestingly, many of these studies have observed self-aggregated
clustering behavior amongst stabilizing osmolytes [33,34,36,42]. These
clusters have been studied in the absence of protein on various occa-
sions. Lee et al. showed that applying spectral graph analysis to three bi-
nary water-osmolyte simulations (water-urea, water-sorbitol, and water-
trimethylglycine) could reveal distinct morphological differences be-
tween the graph networks formed by the protecting (sorbitol and TMG)
and denaturing (urea) osmolyte classes. In the former case, the authors
observed the formation of extended networks, descriptively similar to
that of water, whereas even at high concentrations, urea failed to form
a continuous network and instead assembled only into small, segregated
clusters [29]. Similarly, persistent homology-based topological charac-
terization of urea and TMAO aggregates by Mu and colleagues revealed
morphological differences in aggregates formed by the chaotropic and
protective osmolyte species [2,56]. Seo et al. [45] estimated the micro-
heterogeneity of osmolyte-water mixtures via molecular dynamics sim-
ulation, graph theory, and spatial distribution analysis in four osmolyte
solutions of trimethylamine-N-oxide (TMAO), tetramethylurea (TMU),
dimethyl sulfoxide, and urea. A work by Sundar et al. presented an ex-
haustive graphical analysis of seven aqueous osmolyte solutions and
found no significant perturbations to the water network when properly
accounting for the contribution of water-osmolyte interactions. From
their analysis, the authors attributed osmolyte-induced protein stabil-
ity changes to direct interaction between the protein and osmolyte.
Unfortunately, however, the absence of protein in the simulated so-
lutions precluded direct assessment of this hypothesis [49]. Over the
past two decades, graph representations of proteins have proved pow-
erful models for unearthing molecular origins of stability. Analyses of
residue interaction networks (RINs)— or energy-weighted networks of
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non-covalent interactions between non-adjacent amino acids (nodes)—
have shown success in identifying stability-linked residues, structural
elements, and network descriptors [8,16,20,39,43,55]. In addition to
providing mechanistic insight into stability, RINs have been used ex-
tensively in a predictive context, particularly relating to the effect of
mutations on protein stability; indeed, the first example of ab initio
structure-based stability predictions were reported in 2019 using a RIN
framework [13,37,38].

Encouraged by both the success of RINs in elucidating protein sta-
bility at a molecular level and the distinct morphological differences
in graphical networks of protecting and denaturing osmolytes, a series
of protein-osmolyte systems were investigated from a graph-theoretical
perspective [29]. As far as the authors are aware, this is the first graph
theoretical study of protein-osmolyte solutions. Herein, the thermal sta-
bility of two model proteins in a series of industrially and biologically
relevant osmolyte solutions is described. Each system is probed by a
combined experimental-computational approach encompassing intrin-
sic tryptophan fluorescence, molecular dynamics (MD) simulation, and
graph analysis of both protein residue interactions and osmolyte inter-
actions. These results are discussed in reference to modern osmolyte
theory; a graph-theoretical descriptor is introduced to predict osmolyte-
induced stability changes.

2. Results and discussion

To investigate the effects of osmolyte-induced protein thermal sta-
bility with generalizability, two model proteins were studied— a mainly
alpha species, Lysozyme (LYS, PDB:2YVB), and a mainly beta species,
p-Lactoglobulin (BLG, PDB:3BLG). Both model proteins were relatively
small (LYS: 14.3 kDa, BLG: 18.4 kDa) in the interest of computational
efficiency. LYS and BLG were studied by experiment and MD simula-
tion (100 ns) in the presence of both protecting (sucrose, trehalose,
sorbitol, glycerol) and denaturing (urea) osmolyte solutions of 0, 4, 17,
and 37 wt%. An overview of the study discussed herein is provided in
Fig. 1.
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Fig. 2. Experimental stability data for LYS and BLG in the presence of osmolytes. a) Example of experimental ITF unfolding curve for lysozyme in water and
in the presence of urea. Dots represent experimental data while continuous lines represent the best-fit solution of Eq. (1). b) Same as in panel a, but for BLG ITF
unfolding curves. ¢) Measured melting temperatures for lysozyme in the presence of different osmolyte concentrations. d) Same as in panel c) but for BLG’s T,,. See

the Methods section for details on measurement and 7, calculation.
2.1. Characterization of protein thermal stability

Osmolyte-induced thermodynamic protein stability changes were
studied by ITF. (see Fig. 2). In particular, Fig. 2a-b report measured
ITF for LYS (panel a) and BLG (panel b) in the absence of osmolytes
(red dots) and the presence of urea (blue dots) at a relative concentra-
tion of 17% with respect to water. Curves exhibit sigmoidal behaviors
as a function of the temperature, serving as a proxy of the progressive
tryptophane exposure due to protein unfolding. Defining the melting
temperature as the one corresponding to the flex of the sigmoid (see
Methods and in particular Eq. (1) for details), we found that the melting
temperature of lysozyme and flactoglobulin in the absence of osmolytes
are 80.2 +£ 0.1 and 96 + 2 °C, respectively. In the presence of urea, the
melting temperatures decreased at 55.8 + 0.1 and 80.8 + 0.4 °C, respec-
tively (in accordance with literature).

In general, as expected, as the concentrations of protecting osmolytes
were increased, protein 7,, followed; addition of urea, in contrast, in-
duced deleterious effects on the thermal stability of both proteins as
shown in Fig. 2¢,d) again in a concentration-dependent manner. This
was more pronounced in the case of BLG, for which high urea concen-
trations (37 wt%) induced denaturation in the absence of heating (see
Fig. 2d). For this sample, T,, was approximated as 20 °C (room temper-
ature).

Interestingly, the relative efficacy of protecting osmolytes in raising
protein 7, was found to depend on concentration. In the case of LYS,
sucrose conferred the best stabilization at 4 and 17 wt%, however at the
highest concentration studied (37 wt%), the effects of sucrose, sorbitol,
and trehalose on LYS’ T, fell within error (ATm = +1 °C) of one another.
In contrast, in the case of BLG, sorbitol conferred the best stability across
all three concentrations. For both BLG and LYS, glycerol exhibited the
poorest stabilization of all protecting osmolytes studied. Furthermore,
in both cases, variance in 7,, amongst all protecting osmolyte systems
was roughly 10 °C, indicating comparable magnitudes of stabilization.

Interestingly, room temperature ITF measurements— indicative of
the extent of structural perturbation induced by the osmolyte in the ab-
sence of heat— do not provide direct clues on the effect of the different
osmolytes of the protein melting temperature changes (see Figure S4).
This was particularly evident in formulations containing sorbitol, for
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which relatively high red shifting at room temperature was observed
together with high T,,. This may suggest that sorbitol stabilizes proteins
in a manner that is mechanistically distinct from the other osmolytes.

2.2. Protein dynamics in osmolyte solutions

To predict the effect of osmolytes on protein thermal stability, we
performed a set of full-atom short molecular dynamics simulations of
proteins in mixed solutions of water and osmolytes at various concentra-
tions at room temperature. As described in detail in the Method sections,
we carried out simulations for lysozyme (LYS) and beta-lactoglobulin
(BLG) in the presence of the five osmolytes used in experiments at four
concentrations, i.e. 0, 4, 17, and 37% of osmolytes over water solvent.
Note that we opted to run 100 ns-long MD simulations to reduce as
much as possible the computational cost of the simulations as our ulti-
mate goal is to reach a predictive method to select stabilizing osmolytes
for a given protein.

In this framework, we first checked that both protein and osmolytes
reached equilibrium within the simulated time window monitoring the
Root Mean Squared Deviation (RMSD) of the system as a function of the
simulation time (see Figure S2). The RMSD trends show that neither LYS
nor BLG showed a significant change in structure (secondary or tertiary)
when modeled in the presence of osmolytes at room temperature.

Surprisingly, this was even the case when proteins were simulated
for a microsecond in 37 wt% urea, despite BLG being fully denatured
under these conditions when studied by experiment (see Fig. 2). Simi-
lar observations of unperturbed LYS and BLG native structure simulated
in the presence of concentrated urea at room temperature have been
reported by both Biwas et al. and Eberini et al. [6,15]. This may re-
flect a limit of the force fields in reproducing the experimental systems’
global dynamics. To monitor the local motion of the protein residues,
we measured the Residue Mean Square Fluctuation (RMSF), a common
metric for assessing the relative stability of simulated proteins below the
threshold of detectable secondary or tertiary structural change [14].

We studied the relationship between protein mean RMSF and T,
to discover if room temperature protein dynamics— unlike structural
changes- could predict the thermodynamic stability of proteins in the
presence of osmolytes. For systems containing protecting osmolytes,
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Fig. 3. Mean RMSF v. T, for proteins in the presence of osmolytes. Example of raw RMSF data at various trehalose concentrations for a) LYS and b) BLG. Mean
RMSF v. T,, considering protecting and destabilizing (inset) osmolytes for ¢) LYS and d) BLG. Red dots in the plots (respectively, green) represent systems with
osmolyte concentrations higher (resp. lower) than 18%. Similarly, the sizes of the dots increase with system osmolyte concentrations.

negative correlations (R = -0.81 and -0.37 for LYS and BLG, respec-
tively, with p-values of 0.02 and 0.4 for 8 points) were found to relate
mean RMSF and T,, for systems at low osmolyte concentration (4 and
17 wt% data are shown as green dot in Fig. 3c,d]). This relationship,
however, broke down at high concentrations of protecting osmolyte
(387 wt%); indeed, when data points corresponding to this concentra-
tion were included in the model (red data points in Figs. 3a and c), the
correlations between mean RMSF and 7, for both proteins were con-
siderably weakened (R = -0.20, p-value: 0.5 for 12 points and -0.19,
p-value: 0.5 for 12 points for LYS and BGL, respectively).

Furthermore, when studied in the context of urea, the relationship
between RMSF and T,, failed to extrapolate. In fact, while the correlation
between mean RMSF and T, for BLG was not significant (R = -0.07, p-
value: 0.93, points: 4), an opposite positive correlation was observed
between protein dynamics and 7,, for LYS/urea systems (R = 0.77, p-
value: 0.23, points: 4) (see insets in Fig. 3c,d).

This may be related to bonding between LYS surface residues and
urea, leading to reduced local flexibility of the protein. Independent of
origin, however, the inconsistent relationship between mean RMSF and
T,, confounds the interpretation of RMSF in osmolyte systems with re-
spect to protein stability. Thus, we sought a finer description of the pro-
tein structural organization able to capture the effect of the osmolytes.

2.3. Osmolyte-induced perturbations to protein graphs

Residue interaction networks (RINs) have recently been shown to
predict protein thermostability ab initio [13,38,39]. Thus, we hypothe-
sized that analyzing the RINs of L and LYS in the presence of different
osmolytes may afford a superior method for probing stability than con-
ventional methods (tertiary/secondary structure or mean RMSF analy-
sis).

The networks of non-covalent interactions amongst protein residues
were modeled as graphs wherein nodes were defined by the Ca atoms
of amino acids, covalent interactions were ignored, links between (non-
adjacent) nodes existed if the distance between them was < 9 A, and the
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weight of each link was defined by either the van der Waals or Coulom-
bic interaction energy. See the Methods Section for more details.

The RIN mean betweenness centrality (BC)— a measure of the fre-
quency with which a node appears amongst the shortest paths connect-
ing all other possible node pairs in the network (see Fig. 4a) — was found
to be more predictive of osmolyte-induced protein stability changes than
either RMSF or conventional structure measures. As shown in Fig. 4b-
c, left panels, a strong, positive correlation is present between mean
RIN BC and 7,,, suggesting that osmolyte-induced protein stability en-
hancement can be largely attributed to increased BC amongst protein
residues, a proxy for structural compaction. Like RMSF, however, in the
case of LYS, this trend was found to somewhat collapse at high osmolyte
concentration; the inclusion of data points corresponding to 37 wt% os-
molytes led to a dampening of the correlation coefficient from R = 0.82
(p-value 0.01 of for 8 points) to R = 0.07 (p-value of 0.82 for 12 points).
A strong positive correlation of 0.80 (p-value of 0.002) is shown by the
BC of the BLG systems.

Despite this, unlike RMSF, mean RIN BC demonstrated good pre-
dictability of T, across all osmolyte concentrations for BGL. In addition,
a concord trend is observed for the denaturing agent (urea) for which a
consistently strong positive correlation was observed for both proteins
(R = 0.83, p-value of 0.37, and R = 0.98, p-value of 0.12, for the three
urea concentrations fo r LYS and BLG, respectively, as shown in Fig. 4b,
¢, right panels).

These results suggest that mean RIN BC offers an alternative descrip-
tor for monitoring osmolyte-induced room temperature perturbations to
protein thermodynamic stability often too subtle to detect by conven-
tional metrics.

2.4. Protein-osmolytes interaction network

To check whether the stabilizing/destabilizing effect of osmolytes is
protein-dependent, we moved to consider the interaction between pro-
teins and osmolytes more directly. To this aim, we first evaluate the
disposition of the osmolyte around the protein structure.
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Fig. 4. Mean RIN BC v. 7,, for proteins in the presence of protecting and denaturing osmolytes. a) Illustration of RIN BC for protein stability monitoring
mechanism. b) Mean RIN BC v. T,, for LYS in solutions of protecting osmolytes (left panel) and urea (right panel). ¢) Mean RIN BC v. T,, for BLG in solutions of

protecting osmolytes (left panel) and urea (right panel).

Fig. 5a,b depicts an example of the radial distribution functions
(g(r))— the relative density of osmolyte molecules as a function of dis-
tance from the protein center— for sucrose, urea, and water around
LYS. See Supplementary Information for all studied systems. Compara-
tive inspection of these graphs reveals several key distinctions among
osmolyte-protein interactions. First, in general, it is evident that glyc-
erol and urea present well-defined peaks with high proximity to the
protein core relative to other osmolytes; the intensity and position of
these peaks, however, appear to be protein-dependent. Furthermore,
poor conservation of the shape of g(r) across various concentrations
of a single osmolyte suggests a concentration dependence of protein-
osmolyte interactions; this is least apparent for urea, in the case of which
minimal peak shifting or emergence is observed. Finally, it is interesting
to note that in disaccharide (trehalose, sucrose) systems, several well-
defined peaks are evident at a distance > 15 A from the protein. These
suggest the presence of ordered osmolyte structures around the protein
surface.

Protein-osmolyte preferential interaction coefficients were calcu-
lated from the protein-osmolyte and protein-water radial distribution
functions as described in the Methods Section. Positive preferential in-
teraction coefficients indicate an excess of the osmolyte in the local
domain of the protein, whilst a negative preferential interaction coeffi-
cient indicates exclusion of the osmolyte from the direct surroundings of
the protein. Preferential interaction coefficients for all protein-osmolyte
systems are presented in Fig. 5c-d.

Consistent with previous findings [11,46], urea presented a positive
preferential interaction coefficient with both proteins at all concen-
trations (Fig. 5). The preferential interaction coefficient characterizing
urea/BLG was higher than that characterizing urea/LYS across all con-
centrations; this difference was most dramatic at 37 wt%, however,
reflecting the relative magnitude of 7,, depression observed amongst the
two systems (BLG: Ay = -65,LYS: Ap = -26). The origin of the differ-
ential extent of preferential interaction amongst urea/BLG and urea/LYS
(as well as differences amongst coefficients characterizing interactions
between the two proteins and protecting osmolytes) was not the primary
focus of this study and was thus not investigated. Nonetheless, a system-
atic investigation into the relationship between protein size, degree of
backbone solvation, surface residue composition, or three-dimensional
shape/topology, and preferential interaction coefficients could be a fas-
cinating area of future research.
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Amongst all protecting osmolytes studied, the degree of exclusion
increased with concentration. Generally, sucrose and trehalose were
most strongly excluded from the local environment of the protein; in-
terestingly, the protein-osmolyte radial distribution functions of these
species also showed the greatest degree of structural organization at
distances > 15 A from the protein (Figure S2). Such an observation
might suggest the exclusion of relatively ordered disaccharide assem-
blies; this hypothesis is investigated in detail in the following. It is
also noted that glycerol— the least effective protecting osmolyte by
concentration-dependent melting temperature elevation— is the only
protecting species not preferentially excluded at high concentrations (37
wt%).

To more quantitatively assess the relationship between osmolyte-
induced thermal stability changes and preferential exclusion, the prefer-
ential interaction coefficients of all osmolyte-protein combinations were
plotted against protein melting temperatures. A strong negative correla-
tion (R = -0.76, p-value < 0.001 on 30 points) was found to characterize
the relationship between T7,, and preferential interaction coefficient of
both proteins, consistent with preferential exclusion theory [11,19,53].
Dividing the two systems, we obtained a correlation of -0.88 (p-value
< 0.001 on 15 points) and -0.80 (p-value < 0.001 on 15 points) for LYS
and BLG, respectively.

Correlations between osmolyte-protein preferential interaction coef-
ficients and T,, were further disaggregated by osmolyte/protein pair; Ta-
ble 1 reports R values for the relationships between 7,, and preferential
interaction coefficients across all ten protein/osmolyte combinations.

In all cases, the relationship between 7,, and preferential interaction
was consistent (negative R-value). Interestingly, the osmolyte-protein
pairs for which the largest (by absolute value) preferential interaction
coefficients were calculated (BLG/urea, BLG/trehalose, BLG/sucrose,
and LYS/sucrose) were also characterized by the strongest correlations
between T, and preferential interaction. This suggests that when a sig-
nificant difference in osmolyte preference for the local (protein) and
bulk domains is absent, secondary factors likely become the predomi-
nant predictors of 7,,,.

2.5. Preferential exclusion of osmolyte clusters

To better understand the relationship between osmolyte clustering
and preferential exclusion, osmolyte-osmolyte networks were analyzed
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Table 1

T,, v. Preferential Interaction
Correlation Coefficients (R)
by Osmolyte-Protein Pair.

LYS BLG
Glycerol -0.59  -0.51
Sorbitol -0.75 -0.72
Sucrose -0.99 -0.98
Trehalose -0.77 -0.95
Urea -0.58 -0.80

as unweighted graphs since osmolytes are of the same kind in each
considered system (see Methods). To quantify the organization of the
network, we evaluate the cliques, i.e. subsets of vertices of the undi-
rected graph that have the property that any two distinct vertices in the
clique are adjacent. Measuring the mean clique size provides a proxy
of the average size of the clusters in the network. Interestingly, the
mean clique volume (i.e. the volume of fully connected subgraphs or
clusters) was found to be predictive of the protein thermal stability
(Fig. 6) This relationship was characterized by positive correlation coef-
ficients for both proteins of R = 0.42 (p-value of 0.02 for 30 points)
and 0.32 (p-value of 0.08 for 30 points) for LYS and BLG, respec-
tively.

Interestingly, the mean clique volume (i.e. the volume of fully con-
nected subgraphs or clusters) was found to be predictive of the osmolyte-
protein preferential interaction coefficient (see Fig. 6¢-d). This relation-
ship was characterized by negative correlation coefficients for both pro-
teins (R = -0.67 and -0.49 for LYS and L, respectively), suggesting that
preferential exclusion may be driven to a significant extent by steric ex-
clusion of osmolyte clusters— rather than discrete molecules— from the
local domain of the protein. Furthermore, the relationship between pref-
erential interaction coefficients and mean osmolyte clique volume was
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Table 2
Mean Clique Volume v. Preferential Interaction
Coefficient Correlation (R) by Concentration.

Osmolyte Concentration (wt%) LYS pL

4 -0.67  -0.61
17 -0.71 -0.73
37 -0.66  -0.61

consistent across all concentrations of protecting osmolytes, however
failed to linearly extrapolate to systems containing high urea concen-
trations (17 and 37 wt%).

We hypothesized that this inconsistency in trend observed at high
urea concentrations could be accounted for by increasing node den-
sity, and in turn, node-to-node proximity. Thus, to disentangle the ob-
served correlation from the effect of concentration (and concomitant
effect of changes to global node density), the correlation between mean
clique volume and preferential interaction was analyzed across concen-
tration normalized data (Table 2). Indeed, a moderately strong, negative
correlation (-0.61 < R < -0.71) was observed amongst all concentra-
tions.

Additionally, the correlation between preferential exclusion and
osmolyte clustering could be visually comprehended. Fig. 6e depicts
MD snapshots of systems (37 wt% osmolyte) exhibiting preferential
interaction (left) and preferential exclusion (right). In general, pref-
erentially interacting osmolytes did not aggregate; instead, they ap-
peared to diffuse across the entirety of the simulation space with lit-
tle preference for one region of the bulk domain over another. In
contrast, strongly excluded osmolytes (sucrose, trehalose) formed ex-
tended structural networks around the protein, failing to diffuse into
the whole simulation space. In particular, looking at the cluster size
distributions, one clearly sees that these osmolytes form many, smaller
clusters, which dispose around the protein structure (see Table 3 for
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Fig. 6. Osmolyte clique volume v. preferential interaction coefficient. a) Mean osmolyte clique volume v. melting temperatures for LYS. b) Same as in a) but
for BLG. ¢) Mean osmolyte clique volume v. Preferential Interaction Coefficient for LYS. d) Same as in ¢) but for BLG. e) MD snapshots of osmolytes with positive
(glycerol, urea) and negative (sorbitol, sucrose, trehalose) preferential interaction coefficients at 37 wt%. Preferentially excluded osmolytes tend to form osmolyte-
osmolyte clusters whilst preferentially interacting species lack ordered domains within the bulk phase, appearing to exhibit no preference for one region of the
bulk domain over another. Furthermore, unlinked osmolytes (unimers and dimers) are visually apparent in preferentially interacting systems, while preferentially

excluded osmolytes appear as subunits of extended networks.

the average number of formed clusters and Supplementary Informa-
tion).

Sorbitol, weakly excluded from both proteins, in contrast, fell some-
where between these two morphological scenarios, reflective of the
osmolyte’s aberrant experimental behavior.

Closer inspection of the snapshots in Fig. 6e reveals yet more gran-
ular distinctions between the two classes of osmolytes. Examination
of the osmolyte-protein system boundaries reveals the presence of iso-
lated unimers and dimers in preferentially interacting species, whilst
those characterized by preferential exclusion appear linked to a larger
network. Lastly, it is interesting to note the strong dependence of the
morphology of aggregates formed by strongly excluded osmolytes (su-
crose, trehalose) on the protein identity. This could suggest that the
protein itself governs osmolyte assembly, perhaps by indirectly acting
as a scaffold via the first hydration layer.
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3. Conclusions and outlook

Two major conclusions can be drawn from this work; the first is that
RIN BC is a high-performing metric for monitoring subtle osmolyte-
induced, room-temperature structural perturbations by MD. RIN BC
shows a consistent, moderately strong negative correlation with exper-
imental thermal stability across systems containing protecting or dena-
turing osmolytes; in contrast, conventional methods such as mean RMSF
and secondary/tertiary structure analysis fail to predict 7,, with gener-
alizability across both osmolyte classes. Future investigations into the
mechanistic relevance/predictive power of RIN BC in protein systems
lacking osmolytes (i.e. proteins at high temperature or in the presence
of other classes of stabilizers, etc.) would be necessary to elucidate the
generalizability of this metric and to test whether, alongside offering
predictive utility, analysis of RIN BC may also offer insight into the
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Table 3
Mean values of the distribution of max clique size and of
the number of clusters for the considered protein-osmolyte

systems.
2YVB 3BLG
osmolyte  conc[%] <Cpax> <85> <c>  <s>
sorbitol 4 3.1 31.1 2.8 23.2
17 4.5 44.8 4.3 34.3
37 5.3 18.3 5.1 14.5
sucrose 4 3.0 15.4 3.2 10.9
17 3.9 17.4 3.7 12.7
37 4.4 15.7 4.3 12.7
trehalose 4 2.6 12.4 3.1 10.5
17 3.3 13.5 3.8 8.4
37 4.4 8.8 4.4 9.7
glycerol 4 3.3 57.1 3.1 42.8
17 5.1 44.8 5.3 39.2
37 6.4 3.3 6.4 3.4
urea 4 4.1 67.2 4.3 50.2
17 8.3 20.3 8.2 16.5
37 10.6 2.9 10.3 2.5

mechanistic origins of osmolyte-induced protein stability— structural
compaction— consistent with preferential exclusion theory [11,52].

Second, it has been shown that a positive correlation exists between
an osmolyte’s clustering and the extent to which it is preferentially ex-
cluded from the local domain of the protein. This correlation is further
shown to be dependent upon cluster size, with clusters of larger volume
being more strongly excluded from the protein.

These results suggest that the preferential exclusion phenomenon—
to which thermodynamic protein stabilization by protecting osmolytes
is attributed— is likely, at least in part, motivated by the steric exclusion
of molecular networks rather than unimeric species.

Finally, it is noted that the morphology of clusters formed by ex-
cluded osmolytes appears to be protein-dependent. This is intriguing,
as— by nature of being preferentially excluded— these species do not
significantly interact. Thus, the relationship between the structure of
osmolyte aggregates and protein identity is likely rooted in indirect re-
lations, e.g. via the first hydration layer. Such an explanation would
suggest that the shape of the protein and in turn, the architecture of the
primary hydration layer, governs the morphology of osmolyte clusters
via a scaffolding effect.

Finally, we want to stress that while the set of studied descriptors
has the potential to be used as effective predictors of the effect of os-
molyte kinds/concentrations on the protein melting temperatures, the
link to the stabilizing/destabilizing mechanisms could be affected by
the specifics of the molecular dynamics simulations we chose. In fact,
previous works pointed out a force-field dependence in the aggregation
properties of osmolytes in solution [18]. More studies will be required
to investigate whether the observed mechanism is supported by experi-
mental evidence.

An investigation into this hypothesis could serve as a fascinating
premise for future study.

4. Materials and methods
4.1. Materials

All materials were purchased from Sigma Aldrich unless otherwise
noted.

4.2. Measurement of protein thermal stability

Protein conformational changes were monitored in duplicate by
tryptophan fluorescence using a Cary Eclipse Fluorimeter. Samples were
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excited at 295 nm (slit width = 2 nm) to avoid excitation of tyrosine. An
emission scan was collected from 300 to 400 nm and the ratio of Emis-
sion Intensities at 350 nm (I350) to 320 nm (I320) was plotted against
temperature. In the case of lysozyme, the data was then fit to a sig-
moidal distribution using the Boltzmann function, and 7,, was obtained
from x,, the inflection point of the function,

— Ymax — Ymin
y= 1 A0

T 4o TTpjs + Vmin @

For f-Lactoglobulin, incomplete convergence of the 1350/1320 plot
over the experimentally feasible temperature range leads to poor sig-
moidal fits. As such, thermal stability was assessed by T,j,..sp0a> the
temperature at which a pre-determined extent of unfolding, as captured
by the ratio of 1350/1320 was reached. T,j,.sn0¢ Was chosen based on
the midpoint of the thermal transition in the absence of osmolyte.

4.3. Simulated systems

Computational analyses were performed on the same systems studied
by experiment. Crystallographic structures of Hen egg white lysozyme
(PDB ID: 2YVB) and bovine f-lactoglobulin (PDB ID: 3BLG) were re-
trieved from the Protein Data Bank [5]. In addition, five osmolyte
molecules were considered, i.e. trehalose (PubChem ID: 7427), sucrose
(PubChem ID: 5988), sorbitol (PubChem ID 5780), glycerol (PubChem
ID: 753), and urea (PubChem ID: 1176). Starting systems were built with
one protein in an osmolyte-water environment, with osmolyte concen-
trations at either 0%, 4%, 17%, or 37% by weight.

To fix concentration we constructed a dodecahedral box so that each
atom of the protein structures was at a distance of at least 1.1 nm from
the nearest box face. We filled one copy of the box with only water
molecules and another copy with only molecules of an osmolyte; we
call w the ratio between the number of water molecules (W M) and the
number of osmolyte molecules (C M), that is r= W M /C M. Since the
molecular masses of water (m) and osmolytes (M) are known, we have
that the concentration is

_ N-M
" N-M+n-m
where w is the concentration, N is the final number of osmolyte
molecules and # is the final number of water molecules.

We can write a system of two equations, where the first equation is
(2), while the second equation is obtained by considering that in the
absence of an osmolyte, we have W M water molecules and that each
molecule replaces r water molecules, therefore

(2)

w

N
M

w

l—w.n

3)
N+n=t—rN

4.4. Molecular dynamics simulations

All simulations were performed using GROMACS [54]. Topologies of
the system were built using the CHARMM-27 force field [9]. The protein
was placed in a dodecahedral simulative box, with periodic boundary
conditions, filled with TIP3P water molecules [24]. The 2YVB and 3BLG
systems were neutralized with 8 Cl atoms and 9 Na atoms respectively.
We chose the CHARMM_27 force field and TIP3P water model; we ob-
tained the force field parameters of the osmolytes from SwissParam
[57]. Each dynamic extends for 100 ns (see next section for details).

The number of molecules used for each simulation is given in Table 4.
For all simulated systems, we checked that each atom of the proteins was
at least at a distance of 1.1 nm from the box borders. Each system was
then minimized with the steepest descent algorithm. Next, a relaxation
of water molecules and thermalization of the system was run in NVT and
NPT environments each for 0.1 ns at 2 fs time-step. The temperature was
kept constant at 300 K with v-rescale thermostat [10]; the final pressure
was fixed at 1 bar with the Parrinello-Rahman barostat [41].



M. Miotto, N. Warner, G. Ruocco et al.

Table 4
MD simulation details. N,g¢ = Total number of osmolyte molecules.
Ny argr = Total number of water molecules.

LYS BLG

Osmolyte Concentration Osmolyte  Ngg NwaTeR Nos NwaTER
(wt%)

4 glycerol 79 9060 56 6874
17 299 7754 231 5800
37 645 5582 482 4159
4 sorbitol 40 9078 29 6901
17 155 7808 116 5905
37 342 5412 241 4325
4 sucrose 21 9111 15 6908
17 80 8034 61 6006
37 170 5911 125 4574
4 trehalose 21 9134 15 6943
17 79 8037 62 5959
37 169 5901 126 4228
4 urea 122 9032 86 6891
17 467 7877 361 5880
37 1026 5720 769 4257

LINCS algorithm [23] was used to constrain bonds involving hydro-
gen atoms. A cut-off of 12 A was imposed for the evaluation of short-
range non-bonded interactions and the Particle Mesh Ewald method
[12] for the long-range electrostatic interactions. The described proce-
dure was used for all the performed simulations.

Interaction energy calculation

Intra-molecular interaction energies were computed using the pa-
rameters obtained from the CHARMM force field. In particular, given
two atoms a; and a,, holding partial charges ¢; and g,,, the Coulombic
interaction between them can be computed as:

1 94y

C =
ey 1y

Im

@

where r,, is the distance between the two atoms, and ¢ is the vacuum
permittivity. Van der Waals interactions can instead be calculated as a
12-6 Lennard-Jones potential:

12 6

1 m ) m
ELJ _ Rmin + Rmin Rmin + Rmin
im = VE€€m 5)
Tim Tim

where ¢, and ¢,, are the depths of the potential wells of 4, and q,, re-
spectively, an ., and R are the distances at which the potentials reach
their minima.

The total interaction energy between each couple of residues is de-
fined as:

Ni NI
atom atom
X _ X
EAA,‘/ - Z Z Elm (6)
I=1 m=1
where E f s the energy between two amino acids i and j, obtained
ij

as the sum of the interactions between each atom of the two residues
(N (’;T o> N ;: om)> X stands for the kind of interaction considered, either
Coulombic (X = C) or Lennard-Jones (X = LJ).

As for the distance between a pair of residues, this was assessed by

selecting the minimum distance between the atoms composing them.
4.5. Hydrogen bond calculation

For each of the dynamics, we extracted one frame every 1 ns for a
total of 101 frames. For each frame, using the Chimera software, we
counted the number of hydrogen bonds that each residue forms with
other residues, with water molecules, and with osmolytes.
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4.6. Calculation of radial distribution functions

Radial distribution functions (g(r)) for protein-osmolyte and protein-

water interactions were calculated by the equation below:
1 6Ny
Poulip OV ()

wherein 6V(r) and 6N, (r) indicate the volume and the number of b par-

ticles corresponding to the bin defined by (r, dr), respectively; r is the
distance from reference particle a and dr is the bin size.

8(Nap= @

4.7. Calculation of preferential interaction parameters

Osmolyte-protein preferential interaction parameters (I',, ,,,,) were
calculated using the equation,

distant
_ ,close _ _0s. close
Fos.,protA = Nos. distant (nwarer) ®)
water
wherein n¢%%¢ and n%i5a" are the number of osmolyte molecules found

. o0s.
in close proximity to the protein or distant from its molecular surface,

respectively, and ”Culgfsr and n‘ggt’gr’" are the number of water molecules
less or more distant from a radius r* from the center of the protein
(adapted from [46]). The cutoff distance marking the boundary between
bulk and local domains, r*, was set to the distance comparable with the
average radius of the proteins, which was found to be ~ 16.0 A. The
number of osmolyte or water molecules was calculated via integration
of the respective protein-osmolyte or protein-water radial distribution
function:

Ty

Ny ) =47 % p /g(r)rzdr

r

)]

a

4.8. Graph analysis

Perturbations to protein structure and osmolyte clustering behavior
were studied by graph analysis. Protein intermolecular bonds were mod-
eled as residue interaction networks (RINs) wherein residue Ca atoms
were approximated as nodes and two nodes were considered to be in
contact if their distance was less than 12 A. The weight for each link
was determined by interaction energy (van der Waals or Coulombic). For
each RIN, average metrics were calculated considering only key residues
selected based on the threshold criteria (E < —10, degree > 25).

Osmolyte-osmolyte clustering was studied via graph analysis. Os-
molyte systems were modeled as unweighted graphs using the NetworkX
package in Python. Discrete molecules were represented as nodes by
their center of mass. A link existed between two nodes when the dis-
tance between them was less than 9 A [25].

Cliques were defined as complete subgraphs wherein a link existed
between all possible node pairs. The average clique size was calculated
by NetworkX and volume-normalized using RDKit-generated molecular
volumes for each species. All metrics were calculated as the time aver-
ages over 101 frames extracted every 1 ns of simulation time.

Normalized betweenness centrality metrics for residue interaction
and osmolyte networks were calculated according to the equation,

05t (V)

Ost

(n—D(n—2)/2
wherein the BC(v) is the betweenness centrality of node v, n is the num-
ber of nodes in the graph, (s,7) represents each pair of vertices, o, is the
total number of shortest paths from node s to node t and o, (v) is the
total number of shortest paths that pass through the non-terminal node
v. Betweenness centrality is a measure used in graph theory to quantify
the centrality or importance of a node within a network. It reflects the
extent to which a node lies on the shortest paths between other pairs

Zs#u;&r

BC(v) = (10)
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of nodes in the graph. Nodes with high betweenness centrality are cru-
cial for maintaining efficient communication and connectivity within
the network. Mathematically, the betweenness centrality of a node is
calculated based on the number of shortest paths passing through that
node compared to the total number of shortest paths between all pairs
of nodes in the graph. In practical terms, a high betweenness centrality
indicates that a node is strategically positioned in the network, serving
as a bridge or intermediary between different parts of the graph. Nodes
with high betweenness centrality often play a critical role in maintain-
ing the overall connectivity of the network.
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