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Abstract

We present a new thermodynamic model to investigate the relative effects of ex-
cluded volume and soft interactions contributions in determining whether a cosolute
will either destabilize or stabilize a protein in solution. This model is unique in consid-
ering an atomistically detailed model of the protein, and accounting for the preferential
accumulation /exclusion of the osmolyte molecules from the protein surface. Impor-
tantly, we use molecular dynamics simulations and experiments to validate the model.

The experimental approach presents a unique means of decoupling excluded volume
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and soft interaction contributions using a linear polymeric series of cosolutes with dif-
fering number of glucose subunits, from 1 (glucose) to 8 (maltooctaose), as well as an
8-mer of glucose units in the closed form (y-CD). By studying the stabilizing effect of
cosolutes along this polymeric series using lysozyme as model protein, we validate the
thermodynamic model and show that sugars stabilize proteins according to an excluded

volume mechanism.

Introduction

The unfolding of proteins is strongly influenced by the surrounding environment, and it is
well established that the addition of certain molecules can either stabilize or impair the native
fold. Some of these molecules accumulate in living species in response to external stressors, '+
and are generally referred to as cosolutes or osmolytes. Among them, trimethylamine N-oxide
(TMAO), sucrose, betaine and proline act as stabilizers, while urea is a denaturant.

The thermodynamic mechanism underlying the role of osmolytes in protein folding has
been the subject of intense investigation in the past few years, and has been explained using

35 and free energy of transfer.®® Both these concepts

the concepts of preferential exclusion
rely on the observation that the unfolded state exposes more surface area than the native
one, especially for the backbone and hydrophobic side chains.

According to the preferential exclusion scenario, stabilizing osmolytes are excluded from
the protein surface, and this should increase the surface tension of the solvent, i.e., the work
required to enlarge the surface of the peptide. In contrast, denaturing molecules, like urea,
accumulate around the protein surface, shifting the equilibrium in favor of the unfolded
state. Evidence of preferential exclusion, or interaction, can be obtained by measuring the
preferential exclusion coefficient T', by means of dialysis/densimetry techniques® ' or vapor
pressure osmometry.>'2715 More details on the I" coefficient will be given in the Thermody-

namic Model section below.

The free energies of transfer AG' is equally important to consider as it represent the



energetic contributions for moving a solute from one solvent to another. It has been observed
that the free energy of transfer of the unfolded state between water and an aqueous solution
of a stabilizing osmolyte is larger than the corresponding quantity for the native fold.%' This
means that the unfolding process is energetically unfavorable in the presence of stabilizing
cosolutes, because it leads to the exposure of new groups that are less compatible with the
osmolyte. The opposite is true in the case of urea; the favorable interaction between urea
and the peptide backbone/sidechains stabilizes expanded structures. '®

The stabilizing (or destabilizing) action of osmolytes can further be dissected into two
contributions. One is related to excluded volume effects (i.e., the work for the creation of
a cavity within the solvent, treated as a hard-particle fluid), and the other is associated
with soft interactions (i.e., van der Waals, hydrogen-bonding, and electrostatics).'”!® In
2003, Schellman'” performed a tehrmodynamic analysis to investigate the contributions of
excluded volume and soft interaction effects to protein stabilization. He studied five proteins
and four cosolvents, including both denaturants and osmolytes, and came to the conclusion
that excluded volume contributes to the stabilization of the native structure, while soft
interactions contribute to destabilization. Here, we refine this investigation and develop a
novel thermodynamic model to evaluate the two contributions to protein stabilization for
different common osmolytes, including TMAQO, sucrose and urea. Compared to previous
models, we refine the description of the volume change upon unfolding, trying to evaluate
this quantity as accurately as possible. We also take into account the presence of density
gradients within the system, using the previously introduced preferential exclusion coefficient
I.

We show that the excluded volume effect drives stabilization in the case of sucrose, while
the soft interaction term also plays a major role in the case of TMAO. The opposite is true
for urea, that promotes the unfolding process thanks to its favorable soft-interactions with

the protein moieties. We then specifically focus our attention on sugars, and combine our

thermodynamic modelling with molecular dynamics simulations and experimental data. We



select a polymeric series of cosolutes going from glucose (number of monomeric units n = 1)
to maltooctaose and 7y-cyclodextrin (y-CD). Maltooctaose and 4-CD have the same degree
of polymerization (n = 8), but different shape (linear vs. closed). The polymeric series
allows us to use experimental data to validate the thermodynamic model herein proposed.
We study the stabilizing effect of the cosolutes along the polymeric series on proteins using
differential scanning fluorimetry (DSF).!® The experimental data are compared to the output
of the thermodynamic model, and demonstrate that sugars stabilize proteins according to

an excluded volume mechanism.

Materials and Methods

Thermodynamic Model

The transfer free energy AG' quantifies the energy cost, or gain, for moving a molecule from

solvent A to solvent B,

AGtr — Gsolv(B) o Gsolv(A> (1)

where G*°" is the solvation free energy.

As previously observed, the solvation energy can be viewed as the sum of an excluded
volume and a ’soft interaction’ contribution.'™!® The excluded volume term G is associated
to the creation of a cavity within the solvent, in which to place the solute. In calculating
this contribution, the solvent is treated as a hard-particle fluid, with no soft interactions.

The soft interactions are instead taken into account in G*,

Gsolv = Qe + Gsi (2)

Equations 1 and 2 imply that the transfer free energy can also be dissected into an

excluded volume and a soft interaction term,



AGT = AG® + AG* (3)

where each contribution is expressed as a difference between solvent B and solvent A (AG® " ¢ =
Gev o si(B) — Gev or si( A)),

It is intuitive that the energetic cost for the creation of a cavity depends on the amount
of unoccupied volume available for the insertion of the solute. The denser the solvent is, the
more difficult it is to find sufficient free volume. Scaled-particle theory (SPT)?% 23 is generally
used to translate these intuitive considerations into quantitative and rigorous estimates of
G*.

If we assume the solute to be a sphere with radius o., the work for creating the cavity
is related to the probability P(c.) of finding no solvent particles within the spherical region
surrounding the cavity. In turn, P(o.) can be expressed as the ratio between the ensemble

average volume available for the solvent after insertion of the solute (V,.i(0c)), and the

total volume Vju,2*

tot V;‘,ot

G = —RT'In P(0,) = —RTIn (—W“””“(UC») = —RTIn (1 - —<V“”“”“”<UC)>> (4)

where T is temperature, and R the universal gas constant. The last equality in Equation 4
makes use of the relation (Vi (0¢)) = Vier — (Vinavait(0¢)), where (Vinavair(0c)) is the volume
that becomes unavailable to the solvent particles upon insertion of the solute.

When the process of protein unfolding is considered, a quantity of interest is the difference
in the free energy of transfer between the unfolded (U) and native (N) states, AGY — AGY;.
If this difference is positive, solvent B stabilizes the native state compared to solvent A. In
this work, solvent A will consist of pure water, while solvent B will be an aqueous osmolyte

solution. In this specific case, the difference AGY, — AGY; is related to the m-value,



 OAGNTY(c5)
mE g (5)

which describes the effect of the osmolyte on protein stability.?®> We assumed here the m-
value to be constant, i.e., independent of c3. This is true if the difference in the surface
area between the native and unfolded state of the protein is not dependent on c3, which is a

common assumption: 2

AGE7Y = AGH Y + mes (6)

where c3 is the osmolyte concentration and AGY Y the free energy of unfolding. According
to the transfer model, schematized in Figure 1, the m-value equals the difference in the

transfer free energies of U and N from pure water to a 1M osmolyte solution,?’

m = AGN*)U AGN%U AGtT’ ,0—1M AGS\?OHIM (7)

NoU ev,N>U si,NoU
NGy, AG 7T LAGE,

N,c,=0 «—» U, c,=0

tr,0>1M tr,0>1M
AGE AGE
AGva’O_)lM AGZV,O-)IM

si,0>1M si,0>1M
AGS AGS

N, c, =1M <+ P, c,= 1M
AGN-)U AGeVN-)U AGSI N=>U
1M >

Figure 1: Schematic representation of the transfer model.

Again, the difference AGE7'™ — AGY7™ can be dissected into an excluded volume

and a soft interaction term,

m = AGtr ,0—1M AGtT ,0—1M (AGG’U 0—=1M AG@U 0—>1M) (AGSUi70_>1M _ AG%,O—)IM) (8)
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Using again the transfer model schematized in Figure 1, it is also possible to write,

m — AGZ,O—)UV[ _ AG%’O_)UM _ (AG?])\}[N%U _ AG(@;]}\;[N%U) +AAG$Z (9)

st s1,0—1M si,0—>1M si,N—U si,N—U
where AAGH = AGEOM _ AGEOIM _ AGEN=U _ AGEN-T,
Previous work often estimated the AG*V =V term using SPT theory. In SPT, the work

of cavity formation is expressed as a third-order polynomial in the radius of the cavity o,

4
G% = a + Bo. +yo? + Pg?TO’S (10)

where the coefficients «, $ and v depend on the size and concentration of the osmolyte, and
P is pressure. If G® is estimated for both the native and unfolded states, AG®>¥=U can be
computed. Then, knowing AG®V =Y in both water and the aqueous osmolyte solution it is
possible to calculate AAG® = AGSY 7Y — AGE N Y

In order to do this, the radius of the native and unfolded states must be known. In
previous work, the radii of proteins were estimated from their solvent accessible surface
areas (SASAs).?%2 The SASA of the native state was obtained from the crystal structure,
and this SASA was doubled to obtain an approximate estimate for the denatured form.
Experimentally measured hydrodynamic radii of native and unfolded states were also used.?°
In other cases, the native state was modelled as a sphere and the unfolded state as a prolate
spherocylinder.3! In this latter case, Equation 10 had to be modified to take into account
the spherocylindrical shape of the cavity.?+3%3% This approximate description of the solute
radius and shape obviously introduces an error in the computation, as the excluded volume
term has been shown to strongly depend on the solute size. 83435

Here we start from the consideration that the excluded volume is the sum of a ’target’
volume and a 'gap’ volume (the same terminology employed in Ref.!7 is here used). The
target volume is the real van der Waals volume of the solute. The gap volume is, instead,

a gap space, with thickness equal to the van der Waals radius of the solvent o, surrounding



the solute surface area (see Figure 2).

folded unfolded

Figure 2: The excluded volume is the sum of the van der Waals volume of the target molecule,
plus a gap layer with thickness equal to the solvent radius . The larger outher sphere is
the SASA of the target molecule.

Denaturation can be viewed as a transition that modifies the SASA, but not the van
der Waals volume of the peptide.?"3® The van der Waals volume change upon unfolding is

3738 and can safely

indeed a generally small quantity, which can be both positive or negative,
be neglected at ambient pressure. The volume change upon denaturation AV can hence be
computed solely from the change in SASA of the protein, that is directly related to the ’gap’

volume,

AV = (V;farget,U + ‘/gap,U) - (‘/target,N + ‘/gap,N) ~ (‘/:qap,U - V;]ap,N) ~ ASASAO— (11)

The description of the volume change upon denaturation proposed in this work, albeit
still approximate, takes into account the real shape of the protein rather than making use
of a simplified description as spheres, or spherocylinders, and this should help improve the
reliability of the results.

The evaluation of the SASA change upon unfolding ASASA is atfected by some un-
certainty, as the unfolded state is not a single species with a defined structure, but rather
an ensemble of conformations ranging from completely expanded to more collapsed chains.
The uncertainty in the SASA estimation is, therefore, a reflection of the uncertainty in the

definition of the unfolded state for a protein, and any other approximation for the volume



change upon unfolding would therefore suffer from the same level of unpredictability. The
use of the SASA to estimate volumetric changes of the protein upon unfolding has the ad-
vantage that the SASA is easy to compute for, at least, the native state. Approximating
the native fold as a sphere, as it was for instance done in previous models, would instead
introduce an additional source of error, which we avoid in our calculations through the use
of the SASA. Moreover, the change in SASA upon unfolding is already used in the frame-
work of the transfer model to estimate the m-value, meaning that using the SASA to also
quantify the excluded volume contribution to the m-value introduces no additional sources
of uncertainty to the model.

When dealing with an unfolding process, Equation 4 could hence be rewritten as,

: Nyt ASASA
AGN7Y = _RTIn (1—%—”) ~ —RTIn (1-%) = —RTIn(1-ASASApo)
tot tot

(12)
where N, is the total number of molecules in the volume V,,;, and p the number density of
the solvent.

Equation 12 is valid in the small cavity size limit. As it is done in the derivation of the

21,24

SPT equation, it is then possible to expand the function In(1 — ) in a MacLaurin power

series, valid for v = ASASApo << 1, truncated at the linear term,

dAGev,N%U

ev,N—U ~ ev,N—U
AG (ASASA) ~ AG 0) + i

(0)ASASA ~ RTASASAps  (13)

Equation 13 predicts that a high solvent density and large solvent radius, combined
with significant conformational changes upon unfolding, increase the energy cost of cavity
creation, as would be intuitively expected.

Equations 13 and 9 can finally be combined to obtain,



m = AGE 7™M AGRITM = RTASASAlpiaoin — pomoonr] + AAGS (14)

where,

AAG® = AGS 7Y — AGE N 7Y = RTASASAlpyvionn — porioon] (15)

poyr and ooy are the number density and molecular radius of pure water (0.0333 A-3
and 1.4 A, respetively), while p1y, and o), are those of a 1M osmolyte solution.
The effective density and radius of the water-osmolyte solutions can be computed as

weighted averages,

n n
O1M = < ! oom + 2 U3> (16)

n1+n3 n1+n3

n n
Pim = ( : Pom + : P3> (17)

ni + ns ni + nsg
Here, n; is the number of molecules of type 7 in the region close to the protein surface where
the cosolutes concentration is perturbed by the presence of the protein, the subscripts 1 and
3 refer to water and the osmolyte, respectively, and o3, p3 are the molecular radius and
number density of the osmolyte.

While representing a simplification, the weighted averages in Equations 16 and 17 still
allow us to take into account the etfect of concentration gradients within the solution. Indeed,
it is to be noted that n; and ns do not represent the total number of water and osmolyte
molecules in the system. In the approach herein proposed, they represent local values,
corresponding to the first solvation shell of the protein (here defined as a shell around the

protein surface having width equal to the effective diameter of the water-osmolyte solution

20101 )5
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UsNg + vy = QSASAO'lM (18)

where v3 and v, are the molecular volumes of the osmolyte and water, respectively.

The choice of focusing on the first solvation shell has been made because it is well known
that osmolyte molecules do not have a uniform distribution in a protein solution. They tend
to either accumulate, or be excluded from the peptide surface, and this also dictates their sta-
bilizing or denaturing action according to the preferential hydration theory.3%% Specifically,
stabilizing osmolytes are excluded from the protein domain, as such promoting conforma-
tions with reduced SASA, like the native fold. The opposite is true for denaturing species,
like urea, that preferentially solvate the peptide, displacing water molecules. This should
be taken into account for a more accurate estimation of the excluded volume contribution
upon unfolding. The treatment of density inhomogeneities proposed in this work represents,
therefore, an improvement compared to previous models, that neglected any concentration
gradient in protein-osmolyte solutions.

Once the total number of water and osmolyte molecules in the system (N; and N3) are
known, it is possible to compute n; and ns thanks to the relation between the free energy

of transfer and the preferential exclusion coefficient I",*!

O3
tr
AG" = e 031 (19)

where Ouz/01ncs is the derivative of the osmolyte chemical potential with respect to the
osmolyte concentration.

I' then relates N; and N3 to ny and ng,

ng = r + —n (20)

The value of the preferential exclusion coefficient I' changes between the folded and un-

folded states, because the distribution of the osmolytes within the solution depends on the

11



solvent accessible surface area exposed by the protein. In this work, for the sake of simplicity,
an average value of I' between the folded and unfolded extremes was employed for the calcu-
lations. This is an approximation that simplifies our model, but still allows us to consider an
inhomogeneous distribution of the osmolytes within the solution, therefore representing an
improvement compared to previous approaches, where preferential interaction effects were

totally neglected.

Calculation Procedure

Here we address in more detail the procedure used for the calculation of the relevant quan-
tities, and of the final output, of the thermodynamic model outlined above. The input data
for the calculation is a Protein Data Bank (pdb)*? file of the native state of the protein.

Then, the computation proceeds as follows:

1. the SASA of the native state is computed from the input pdb file using the algorithm by
Lee and Richards, *44 with a probe size equal to 1.4 A. The solvent accessible surface
area of the denatured state is instead obtained using the method introduced by Creamer
et al.*® Creamer et al. defined two models, a lower and an upper one, that bracket the
SASA of the unfolded state, and correspond to compact and expanded conformations,
respectively. Both models are used in the calculation, together with an interpolation
between the two limiting extremes, as proposed by Schellman.!” Knowledge of both the

native and unfolded SASAs allows the computation of the ASASA upon unfolding;

2. the m-value is then computed, using the additive approach proposed in Refs. 6146

More specifically, the difference in transfer free energies between the denatured and
native state of a polypeptide containing n residues is obtained as a summation over

the side chains (Ag'"7) and backbone (Ag!7) contributions,

AGETM — AGTTM = 3T Al Aed, + Agly Y A, (21)
7=1 7=1

12



Each contribution is weighed by the average fractional change in solvent accessible

surface area SASA of residue j in going from the native N to the denatured U state,

_ SASA} — SASAY

Ao >
SASAGly—j—Gly

(22)

where SASA]ézy_j_czy is the solvent accessibility of amino acid j in the tripeptide
Gly — j— Gly. The Ag'™7 and Agly values (to be inserted into Eq. 21) for the different
osmolytes considered in this work (urea, sucrose and TMAO) were taken from previous

experimental works;®8:41:47-50

. a value of ' is computed, using Equation 19. The value of AG" used for this purpose
is an average between the native AG%’OHlM and unfolded AGZ’OHlM extremes. The

values of dus/01n cs for each osmolyte are taken from Table I of Ref.%! ;

. ny and ng are then computed by solving Equations 18 and 20. The value of oy
in Equation 18 is calculated through Equation 16. Also in this case, the SASA to be
inserted into Equation 18 is an average between those of the native and unfolded states.
The molecular volumes v3 and vy, that appear in Equation 18, are obtained from Table
I of Ref.4! The osmolytes radii o3, necessary to compute oyys, are the same already
used in previous work: 4.05 A for sucrose, 2.32 A for urea and 2.7 A for TMAQ.3!
The N3/Nj values to be inserted into Equation 20 are derived from the experimental
values of ¢; (molar concentration of water in the osmolytes solution) listed in Table I

of reference,*! as: N3/N; = c3/c; = 1M /cy;

. the values of o1, and pip; can be computed once n; and nz are known. Values of
p3 are computed as the inverse of the experimental vs listed in Table I of Ref.*' The

excluded volume contribution is then obtained as detailed in Equation 15;

. finally, knowing m = AG"”™ — AGR 7™ and AAG™ = AGS 7Y — AGTY,

the soft-interaction contribution AAG* is extracted from Equation 9.

13



Molecular Dynamics Simulations

Hen egg white lysozyme (PDB 1LKS®!) was simulated at 298 K and pH 3 in presence of a
150 mM concentration of the following cosolutes (Figure 3): v-cyclodextrin (y-CD), maltooc-
taose, maltoheptaose, maltohexaose, maltopentaose, maltotetraose, maltotriose, maltose and
glucose. They represent a polymeric series, with glucose as the constituent subunit. Mal-
tooctaose and y-CD have the same degree of polymerization (n = 8), but different shape

(linear vs. closed).

=y
o 1 maltoheptaose
4-CD o
’v%&; e . . maltopentaose maltotriose
{{% ~rlg =2 2. % , : ¢ glucose
. i, B b 2
o4 ¢ ¥ o
ol
maltooctaose ‘ maltohexaose maltotetraose maltose

Figure 3: Cartoon representation of lysozyme, and ball-and-stick representation of the poly-
meric series of glucose (from gluose to maltooctaose and v-CD) employed in this work.

The protonation state of lysozyme was adjusted using the H+- server
(http://newbiophysics.cs.vt.edu/H++/7?), and simulations were performed starting from
the native configuration.

One protein molecule was introduced into a cubic simulation box, with 7.64 nm side
length, and the overall charge was neutralized using Cl1~ molecules. Protein-free systems
were also simulated (i.e., only the selected cosolute along the polymeric series was introduced
within the simulation box at 150 mM concentration, and solvated in water), and in this case
the box size was set to 8 x 8 x 8 nm.

Each system was first energy minimized using the steepest descent algorithm, and then

equilibrated for 1 ns at 1 bar and 298 K, using Berendsen pressure (3 ps relaxation time) and

14



temperature (0.5 ps relaxation time) coupling.®® The production run was then performed at
1 bar and 298 K for 100 ns using the Nosé-Hoover thermostat*5® (0.5 ps relaxation time)
and Parrinello-Rahman barostat®® (3 ps relaxation time). For analyses, the first 50 ns were
deemed as an equilibration, and discarded from the computation of equilibrium values.

In all simulations, the proteins were described with the CHARMMS36m force field,®” while
the CHARMM TIP3P model was used for water.?® The ADD force field was used for the
sugar molecules.”

For all simulations, Gromacs 20185 was used. Periodic boundary conditions were used,
and the cut-off radius for both Coulombic (calculated using the PME method®?) and Lennard-
Jones interactions was set to 1.2 nm. A 2 fs timestep was used, and the Lincs algorithm
was employed for constraining all bonds,® while the SETTLE algorithm kept the water

molecules rigid. %2

Experimental Procedure
Materials

For thermal unfolding studies, hen egg white lysozyme (Sigma Aldrich, Steinheim, Ger-
many) in 10 mM citrate buffer pH 3.0 in the presence of different sugars was used. Buffer
ingredients were dissolved in highly purified water from a Sartorius Arium® pro system
(Sartorius Corporate Administration GmbH, Gottingen, Germany) and pH was adjusted
either with hydrochloric acid (VWR, Darmstadt, Germany) or sodium hydroxide (Bernd
Kraft GmbH, Duisburg, Germany). Hen egg white lysozyme as lyophilized powder was
added and the formulations were sterile filtered with 0.20 um polyvinylidene fluoride fil-
ters (VWR International, Darmstadt, Germany). The protein concentration was measured
spectrophotometrically using a NanoDrop™One (Thermo Fisher Scientific, Madison, USA)
and an absorbance of 26.4 for a 1% solution measured in a 1 cm pathlength.%%* The pH
after preparation was £0.1 of the target value. Chemicals were obtained as follows: citric

acid, D-glucose monohydrate, D-maltose monohydrate and maltotriose hydrate from Sigma

15



Aldrich (Steinheim, Germany), maltohexaose and maltooctaose from CycloLab (Budapest,

Hungary), and y-cyclodextrin from Wacker Chemie (Munich, Germany).

Differential Scanning Fluorimetry (nanoDSF)

The thermal unfolding of hen egg white lysozyme in the presence of different sugars in vary-
ing concentrations was studied by nanoDSF. Standard nanoDSF grade capillaries were filled
with solutions containing 1 g/L of protein. All measurements were performed in triplicates.
Using the Prometheus NT.48 (NanoTemper Technologies, Munich, Germany) system, a tem-
perature ramp of 1 °C/min from 20 to 90 °C was applied and the intrinsic protein fluorescence
intensity at 330 nm and 350 nm after excitation at 280 nm was measured. The change in
the fluorescence intensity ratio (F'350/F'330) was plotted and the apparent protein melting

temperatures (7,,) were determined from the maximum of the first derivative of each curve.

Dynamic Light Scattering (DLS)

Solutions with a sugar concentration of 50 mM were prepared and centrifuged for 10 min
at 10000 rpm. 50 wpL of the solutions were pipetted in triplicates into a 384 well plate
(Corning, Kennebunk, USA), and afterwards the plate was centrifuged at 2000 rpm for 2
minutes using a Heraeus Megafuge 40 centrifuge equipped with an M-20 well plate rotor
(Thermo Fisher Scientific, Wilmington, USA). Each well was sealed with 10 uL of silicon oil
and centrifuged again at 2000 rpm for 2 minutes. The well plate was placed in a DynaPro®
DLS plate reader III (Wyatt Technology Europe, Dernbach, Germany) and 10 acquisitions
per well with an acquisition time of 5 seconds at a temperature of 25 °C were collected.
The apparent hydrodynamic radii were calculated by the Dynamics V7.10 software (Wyatt

Technology, Santa Barbara, USA) using a viscosity of 0.89 mPa-s.

16



Results and Discussion

The Excluded Volume Term Dominates for Sucrose, while Urea and

TMAO Influence Protein Behavior Through Soft Interactions

Three common osmolytes were studied in the present work, at a reference concentration of
1 M. Two of them are stabilizing (sucrose and TMAQ), while one is a denaturant (urea).
The m-values, excluded volume (AAG®) and soft interaction (AAG*®) contributions were
calculated, for the case of five well-studied proteins: ribonuclease-T (RNT, pdb 9RNT®%),
ribonuclease-A (RN, pdb 1RND%), hen egg white lysozyme (LZ, pdb 1LKS?!), staphylo-
coccus nuclease (SN, pdb 1SNO®7), and T4 lysozyme (T4L, pdb 2LZM5%). This same set of
proteins was already used in previous work.!”

The results of this analysis are shown in Figure 4. The sign convention used in the
present work implies that positive values of m, AAG® and AAG*" indicates stabilization of
the native fold, while negative values are associated with increased tendency of unfolding.

As mentioned in the Thermodynamic Model section, three models of the denatured state

d,'"* corresponding to expanded, compact or intermediate conformations. The bars

were use
shown in Figure 4 correspond to the intermediate model of the unfolded state. In contrast,
the positive and negative error bars bracket the results obtained using the upper or lower
models, respectively.

The following general observations can be drawn from the results displayed in Figure 4.
First, the excluded volume contribution is always positive, as such stabilizing the native fold.
Unfolding results in an increased SASA, and the creation of a cavity to accommodate this
expanded structure is more difficult in presence of osmolytes.

In the case of sucrose, the excluded volume contribution is very positive, and dominates
over the negative soft interaction term. The large size of sucrose molecules is, therefore,

what mostly drives their stabilizing effect.

The opposite is true for urea. This denaturing osmolyte is small, hence resulting in a
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value indicates stabilization of the native fold, and vice versa.
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small excluded volume contribution, which is offset by a negative (i.e., destabilizing) soft
interaction term.

The results obtained so far agree, at least qualitatively, with previous results by Schell-
man.!” A discrepancy between our results and Schellman’s calculations is instead observed
for the case of TMAO. Schellman found that TMAO had a destabilizing soft interaction
contribution, which was, however, compensated for by the excluded volume term, leading
to overall stabilization. This is what occurs in our study for sucrose, but not for TMAO.
Figure 4 shows that both the excluded volume and soft interaction terms are positive (i.e.,
stabilizing) for TMAO according to our calculations, and the sum of the two results in a
pronounced stabilizing effect. Our results therefore suggest a different mechanism of protein
stabilization by TMAOQO, compared to other common osmolytes such as sucrose. It is impor-
tant to note that Schellman used a larger value of TMAO radius in his calculations (2.95
A) compared to our work (2.7 A). However, we repeated our study also with a larger value
o5 = 2.95 A for TMAO (data not shown), and found that the soft-interaction contribution

decreased, but still remained positive (i.e., favorable).

Effect of Protein SASA, Preferential Exclusion and Osmolyte Con-

centration on the Excluded Volume and Soft Interaction Terms

The model proteins used in this work are characterized by different SASAs, ranging from
5413.1 A2 for RNT to 8573.0 A2 for T4L (in their native states). It is interesting to see how
the energetic terms involved in the protein-osmolyte interaction change with the SASA of
the protein considered, and such a plot is displayed in Figure 5.

The m-value increases with SASA for stabilizing osmolytes, and decreases for urea, but
the trend is not perfectly linear, as evident from the values of the coefficient of determination
R? shown in Figure 5a. On the contrary, the excluded volume term increases linearly with
the protein SASA for all osmolytes, as would be expected considering its strong relation with

the system geometry. The R? values in Figure 5b are all larger than 0.90, and the figure also
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clearly shows the net separation between sucrose (blue line), whose energetics is dominated
by the excluded volume term, and the other smaller osmolytes. It is also interesting to
observe that the slope of the excluded volume vs. SASA curves is directly related to the
molecular size, with urea having the smallest slope and sucrose the highest.

Finally, the soft interaction term (Figure 5c¢) is only poorly related with SASA. TMAO
(purple curve) is the only osmolyte whose soft interaction term positively contributes to
stabilization, and the degree of stabilization increases with the protein SASA in this case
(R?* = 0.86). The AAG*® term of sucrose and urea becomes more negative (i.e., more
destabilizing) when increasing the SASA.

The approach for the dissection of the excluded volume and soft interaction contributions
to protein stabilization proposed in the present work takes into account the presence of con-
centration gradients around the protein surface. This result is achieved using the preferential
exclusion coefficient I', that quantifies the accumulation (I' > 0) or depletion (I < 0) of os-
molytes around the protein surface, and can be computed from the free energies of transfer
(Equation 19). Figure 6 shows the effect of I' on the excluded volume term (AAG®), for
the specific case of SN as model protein.

Neglecting the presence of concentration gradients within the solution (I' = 0, Fig-
ure 6b) is equal to assuming that o1y = [(Nioon)/(N1 + N3) + (Nso3)/(N1 + N3)] and
piv = [(N1poar)/ (N1 + N3) + (N3ps) /(N1 + N3)|. If we compare this situation to the 'real’
[’ case (Figure 6a, where I" has been computed using Equation 19), we observe that the
excluded volume term of stabilizing osmolytes is generally overestimated (AAG® = 24.80
or 3.81 kJ/mol/M for sucrose and TMAOQO, respectively, at I' = 0, compared to 22.60 or 3.46
kJ/mol/M when concentration gradients are considered). In contrast, the AAG® term is
underestimated for urea (1.08 kJ/mol/M at I' = 0 against 1.20 kJ/mol/M for 'real’ values
of T').

The extreme cases of huge accumulation (I' = 10, Figure 6¢) and depletion (I"' = —10,

Figure 6d) have also been considered. For very positive values of T' the solution density
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close to the protein is higher compared to pure water, and the excluded volume contribu-
tion is consequently increased. The opposite occurs in the case of a very negative I'. The
protein is mostly surrounded by water in this case, and the excluded volume contribution to
stabilization is hence reduced.

Finally, the effect of the osmolyte concentration was also addressed, for the specific case
of sucrose and urea. Sucrose was studied at both 0.5 M and 1 M concentration, and 1 M and
2 M urea solutions were also investigated. The same model proteins previously investigated
were considered for this analysis, as shown in Figure 7.

As expected, the excluded volume contribution becomes more positive when increasing
the concentration, while the soft interaction term becomes more negative (i.e., more destabi-
lizing) for both sucrose and urea. However, the increase in the excluded volume contribution
prevails for sucrose, leading to an increase in the overall m-value with concentration, while
the opposite is true for urea.

As outlined in the Calculation Procedure section, an additive approach was employed for
the computation of m-values, using experimental values of transfer free energy contributions.
For urea, two different sets of transfer free energy contributions exist,% as proposed by
either Auton, Holthauzen and Bolen!® (urea - B) or by Moeser and Horinek® (urea - H).
Auton, Holthauzen and Bolen !¢ took the activity coefficient of glycine in water and urea into
account when deriving their transfer free energies for the side chains. However, they made a
mistake in the conversion of activity coefficient data between concentration scales. Moeser
and Horinek® corrected for this mistake in their new set of transfer free energy values. The
Bolen set predicts that urea interactions with the protein backbone contribute the most to
unfolding, while the Horinek set gives equal importance to both backbone and sidechains
interactions. Despite this difference, the m-value predictions for the two sets of transfer free
energies remain similar because of compensation effects, and the two sets lead to almost

equal results in the framework of the thermodynamic model herein proposed (Figure S1).
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Sugars Stabilize Proteins According to An Excluded Volume Mech-

anism

We have so far discussed the predictions of a thermodynamic model that aims at dissect-
ing the contributions of excluded volume and soft interactions to protein stabilization by
osmolytes. Validating such predictions is not straightforward, as experimental approaches
can provide m-values, but cannot distinguish between the excluded volume and the soft
interaction contributions.

We here propose an experimental approach to validate the results of the thermodynamic
model. This experimental approach makes use of polymeric cosolutes containing a different
number n of glucose monomers: ~y-cyclodextrin (7-CD, n = 8), maltooctaose (n = 8),
maltoheptaose (n = 7), maltohexaose (n = 6), maltopentaose (n = 5), maltotetraose (n =
4), maltotriose (n = 3), maltose (n = 2) and glucose (n = 1). They represent a polymeric
series, with glucose as the constituent subunit.

For this system, we assume that the soft interaction term scales with the number of
monomeric (glucose) units, while the excluded volume contribution should depend on the
size of the polymeric molecule. The size of a linear polymer containing n subunits should
be, on average, larger than that of a closed polymer having the same number of subunits.
For this reason, the excluded volume contribution should be larger for the linear polymer
maltooctaose (n = 8), than for its closed counterpart v-CD. In contrast, the soft interaction
term should be unaffected by the (linear or closed) shape. For this reason, the overall
stabilizing effect of a n-mer should be lower if the n-mer is closed rather than linear (Figure
8). We are implicitly assuming here that the circular shape of v-CD does not affect the soft
interactions term, i.e., we are hypothesizing that changes in both the protein and cyclodextrin
shape upon interaction tend to maximize the soft interactions between the glucose units of
~v-CD and the protein. Because of these rearrangements in shape, the cyclodextrin does not
interact with the protein only on one side (the side of its first contact with the protein) but

with all of its glucose subunits. If this is true, the difference in stabilizing effect between the
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closed and linear form could be attributed to the excluded volume term only, providing a

way to experimentally decouple the two contributions involved in protein stabilization.

monomer dimer linear n-mer closed n-mer

~x2 A
T

<xn

Figure 8: If the cosolute concentration is kept constant, a linear dimer should have a sta-
bilizing effect which is about twice that of the monomer. Similarly, a linear n-mer should
stabilize the protein about n times more than the monomer. In contrast, the excluded volume
contribution of a closed n-mer should be reduced, leading to an overall level of stabilization
that is < n times that of the monomer.

With this in mind, we performed differential scanning fluorimetry (DSF) experiments
of lysozyme. We collected thermal unfolding profiles of lysozyme in presence of 0 mM, 50
mM, 100 mM and 150 mM concentration of different cosolutes along the polymeric series
(glucose, maltose, maltotriose, maltohexaose, maltooctaose and v-CD). We fitted the thermal

unfolding profiles to a two-state model,

AGY™Y = [(1-T/T,,)AH(T},)) + (T — T,,)AC, — n(T/T,,)TAC, (23)

where T, is the melting temperature and AH(T,,) and AC, are the enthalpy change and
change in heat capacity upon unfolding. We then extracted the free energy change upon
unfolding at a reference temperature (72.5 °C, which is close to the melting temperature of
lysozyme in water) from each unfolding profile, and fitted the obtain values as function of

concentration to obtain the m-value for each cosolute according to,

AGYY(72.5°0) = AGHY(72.5°C) + mcs (24)
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The results of this analysis are displayed in Figure 9. The melting temperature 7},
increased with concentration for glucose, maltose, maltotriose, maltohexaose and maltooc-
taose, but it decreased when 7-CD was added to the lysozyme solution (Figure 9a). The
same trend was noted for the free energy change upon unfolding at 72.5 °C (Figure 9b). The
unfolding free energy was linear with concentration, in line with Equation 24, as shown by
the high values of the coefficient of determination R? for the linear fitting. The slopes of
such linear fittings correspond to the m-values, which are plotted in Figure 9c as function of
the number of glucose units. The m-value linearly (R? = 0.97) increases with the number of
monomeric units from glucose to maltooctaose. However, the m-value is negative (indicating
a denaturing behavior) for the closed 8-mer v-CD.

Despite having the same number of glucose subunits, maltooctaose and y-CD behave
very differently, with maltooctaose being a potent stabilizer for lysozyme, and ~-CD acting
instead as a denaturant. This behavior can be rationalized according to the theory proposed
in Figure 8: the excluded volume contribution of a closed n-mer (such as -CD) should
be reduced, leading to an overall level of stabilization that is lower compared to its open
counterpart (such as maltooctaose).

This experimental result qualitatively confirms our model prediction that sugars stabilize
proteins according to an excluded volume effect, while the soft interaction contribution is
instead destibilizing. However, we set out to perform a more quantitative validation of the
thermodynamic model herein proposed. For this purpose, we employed the thermodynamic
model to predict the energetics contributions involved in the stabilization of lysozyme by
glucose, maltose, maltotriose, maltotetraose, maltopentaose, maltohexaose, maltoheptaose,
maltooctaose and v-CD. For this purpose, we applied the following calculation procedure

procedure:

1. we computed the SASA of the native state of lysozyme from the input pdb file 1ILKS

43,44

using the algorithm by Lee and Richards, with a probe size equal to 1.4 A. The

solvent accessible surface area of the denatured state was instead obtained using the
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Figure 9: (a) Melting temperature T, for lysozyme as function of concentration of glu-
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(GLU8) and 7-CD. (b) Free energy change upon unfolding at 72.5 °C for lysozyme as func-
tion of cosolute concentration. (¢) m-value as function of the number of monomeric (glucose)
units.
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method introduced by Creamer et al.*> Knowledge of both the native and unfolded

SASAs allows the computation of the ASASA upon unfolding;

2. we extracted the radius (o3) of the cosolutes (glucose, maltose, maltotriose, maltote-
traose, maltopentaose, maltohexaose, maltoheptaose, maltooctaose and v-CD) from
protein-free molecular dynamics simulations (i.e., simulations of the cosolutes in pure
water). The radii of gyration extracted from such simulations are displayed in Figure
S2a. The radius of gyration increases linearly with the number of glucose units from
glucose to maltooctaose, but is lower for 7-CD than for maltooctaose due to the closed
shape of the cyclodextrin. The radii of gyration predicted by simulations (shown as
squares in Figure S2a) display the same trend of the hydrodynamic radii extracted from
experimental DLS measurements (triangles in Figure S2a), with the only exception of
~v-CD. This discrepancy between simulations and experiments for the cyclodextrin may
be due to the tendency of v-CD to form clusters in solutions, which leads to a higher

average hydrodynamic radius measured experimentally;

3. we extracted the n3/(n; + n3) values to be inserted into Equations 17 and 16 from
molecular dyanmics simulations. For this purpose, the preferential exclusion coefficient

I was extracted from the molecular dynamics simulations as,

() = ny(r) - 2m(0) 29

where n;(r) is the number of molecules of type ¢ that are within a distance r from the
protein surface, and N; is the total number of molecules 7 in the simulation box. The
evolution of I' as function of distance from the protein surface is displayed in Figure
S2b. The ratio n3/(ny + n3) was then evaluated for each cosolute at the distance r at

which I displays a minimum;

4. we set the m-value for glucose to be equal to the measured experimental value shown
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in Figure 9 (3.06 kJ/mol/M). Knowing o3 and ns/(n; + n3) we could compute the
excluded volume contribution AAG*’ for glucose. From the m-value and AAG®’, the
soft-interaction contribution AAG* for glucose was then extracted from Equation 9.
This soft-interaction contribution is the difference between the soft-interaction term
of glucose and that of water, AAG® = AGZ;L]YHU — AGENU  The soft-interaction

term of glucose can further be described as the soft interaction contribution of the

repetitive unit in the polymeric series, plus the contribution due to the end groups

(i.e., a hydroxyl group and a hydrogen), AGZN 7Y = AGsEN-U L AGEY Y,

glul rep end

5. finally, for all the remaining cosolutes along the polymeric series, the corresponding

excluded volume contribution was computed from o3 and ngz/(n; + n3). The soft-

interaction term was calculated as AAG® = nAGSN=V + AGT7Y — AGLY,
where 7 is the degree of polymerization. The end groups contribution AG*Y 7Y was
omitted for the cyclodextrin. This last equation implies that we assumed that the soft

interaction term scales with the number of monomeric units. The m-value for each

cosolute larger than glucose was eventually computed according to Equation 9.

The results of the calculation procedure just outlined are summarized in Figure 10.
The thermodynamic model predicts a positive (i.e., stabilizing) excluded volume contribu-
tion, and a negative (i.e., destabilizing) soft-interaction contribution for all cosolutes along
the polymeric series (Figure 10a). The excluded volume term dominates above the soft-
interaction one, leading to overall stabilization, for all cosolutes, with the only exception of
~v-CD. In this latter case, the smaller radius of 7-CD, due to its closed shape, leads to a
decreased excluded volume contribution. The destabilizing soft-interaction term, therefore,
dominates for v-CD, resulting in a negative m-value.

The predictions of the thermodynamic model for the polymeric series are in agree-
ment with the experimental values (Figures 9 and 10b). This proves that the thermody-
namic model successfully identifies the different contributions of excluded volume and soft-

interaction effects to protein stabilization by excipients, providing insight into the mecha-
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Figure 10: (a) Energetics contributions of 150 mM glucose polymers to lysozyme stabiliza-
tion. The degree of polymerization (x-axis) ranges from 1 (glucose) to 8 (maltooctaose, linear
shape) and 8c (7-CD, closed shape). The total energetic contribution is dissected into the
excluded volume and soft interaction terms. (b) Comparison of the energetics contributions
to lysozyme stabilization by 150 mM glucose polymers as predicted by the thermodynamic
model, and as determined experimentally. The degree of polymerization (x-axis) ranges from
1 (glucose) to 8 (maltooctaose, linear shape) and 8c (7-CD, closed shape). In both panels,
a positive value indicates stabilization of the native fold, and vice versa.
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nisms of protein stabilization. Moreover, an interesting finding from both the model predic-
tions and the experiments is that sugars stabilize proteins according to an excluded volume

mechanism, while soft-interactions are instead destabilizing.

Cyclodextrin-Induced Protein Destabilization May Be Driven by a
Global Soft-Interaction Mechanism rather than by Specific Direct

Interactions

The negative effect of cyclodextrins on the thermodynamic stability of proteins is not new
in the literature.” However, the thermodynamic model and experimental data shown in this
work may provide some mechanistic insight about this destabilizing effect.

Cyclodextrins are characterized by the presence of a lipophilic cavity and a hydrophilic
outer surface, and it is well known in the literature that cyclodextrins can include apolar
and aromatic groups within their cavity.” " If it were true that cyclodextrins could at
least partly embed lipophilic amino acid side chains from the protein into their ring cavity,
the unfolded state could be stabilized by these complex formations because it exposes more
apolar/aromatic residues. The shift of the equilibrium towards the unfolded state could
therefore be explained by specific, direct interactions between the protein lipophilic residues
and the cyclodextrin.

However, we monitored the formation of inclusions between lysozyme and v-CD in our
molecular dynamics simulations (Figure S3) and we found that the overall level of inclusion
was quite small, and the most included residues were generally those most surface-exposed,
with no real preference for apolar residues. For instance, the most included side chain be-
longed to a charged residue (Arg21), and was included for only 4.2 % of the equilibrated
trajectory. This is in line with a previous simulation work,”” where the interaction of cy-
clodextrins with proteins was found to be nonspecific, mostly due to attraction between

cyclodextrins and the protein backbone, and where cyclodextrins were observed to bind to
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strongly exposed residues, independently of their polarity. In addition, the fact that the ther-
modynamic model herein presented (which considers only a global soft-interaction term and
does not account for specific, direct interactions) is enough to reflect the protein destabiliza-
tion observed experimentally, is indirect evidence that specific inclusion effects are not the
dominant mechanism. Our results suggest, therefore, that the cyclodextrin-induced destabi-
lization of proteins may not be driven by specific inclusion of lipophilic residues, but rather
by a global soft-interaction mechanism. It is to be noted, however, that some assumptions
were made in the derivation of the thermodynamic model herein proposed, and other mech-
anisms not taken into account by the model and leading to fortuitous compensations may

also play a role.

Conclusions

We have proposed a simple model to compute the two fundamental contributions to the free
energies of transfer, namely, the excluded volume and soft interaction terms. The equations
used here apply to the specific case of protein unfolding, and have been used to study
the behavior of common osmolytes, including urea, sucrose and TMAOQO. Different protein-
osmolyte combinations have been studied, and a general trend has been extracted for the
various osmolytes.

Our model presents a number of unique features compared to existing approaches. In
particular, decoupling the excluded volume and soft interactions contributions is experimen-
tally difficult because only the sum of both these contributions is accessible by experimental
techniques. Our work represents a novel approach to decoupling these terms by using a
series of glucose polymers and taking advantage of the fact that these polysaccharides can
present linear and cyclical forms. Using this polymeric series allows us not only to validate
our thermodynamic model, but importantly to experimentally assess (for the first time) the

relative importance of the soft interactions and excluded volume contributions to protein
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stabilization by sugars. In addition, our model expresses the volume change upon unfolding
as a function of the change in solvent accessibility and considers the presence of density gra-
dients within the solution through the preferential exclusion coefficient. These two factors
make the thermodynamic approach proposed in the present work more realistic than exist-
ing models in the literature. Finally, the conclusion of this study, i.e., that sugars stabilize
proteins according to an excluded volume mechanism, also represents a novel and significant
finding, not reported in previously published work.

We have found that sucrose stabilizes proteins because of excluded volume effects that
overcome the destabilizing soft interaction term. The mechanism of TMAOQ is different, as in
this case stabilization occurs also through soft interactions, that penalize the unfolded state
against the native fold. In the case of urea, the excluded volume term is, instead, too small
to counterbalance the strongly denaturing soft interaction contribution. For all osmolytes,
the excluded volume term scales almost linearly with the dimension (SASA) of the protein
molecule considered. This is not true for the soft interaction term, that is only marginally
influenced by the peptide SASA.

Overall, these results show that the thermodynamic mechanism underlying the osmolytes
effect on protein stability is not universal, and depends on the specific cosolute being con-
sidered. For the case of sugars, for instance, only the excluded volume term is stabilizing,
while the soft-interaction contributions tend to promote protein unfolding. As an additional
finding of this work, our results suggest that the cyclodextrin-induced protein destabiliza-
tion may be driven by a global soft-interaction mechanism, rather than by specific direct

interactions.

Supporting Information

Comparison of urea models, radii of gyration and preferential exclusion coefficients for the

glucose polymeric series, inclusion of lysozyme residues within the cavity of ~-cyclodextrin.
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