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Abstract

We developed a method for implicit solvent molecular dynamics simulations of pro-
teins in solvent mixtures (Model with Implicit Solvation Thermodynamics, MIST).
The MIST method introduces experimental group transfer free energies to the Gen-
eralized Born formulation for generating molecular trajectories without the need for
developing rigorous explicit-solvent force fields for multicomponent solutions. As a test
case, we studied the urea-induced denaturation of Trp-cage miniprotein in water. We
demonstrate that our method allows efficient exploration of the conformational space
of the protein in only a few hundreds of nanoseconds of all-atom unbiased simulations.
Furthermore, selective implementation of the transfer free energies of specific peptide
groups, backbone, and side chains enables us to decouple their specific energetic contri-
butions to the conformational changes of the protein. The approach herein developed
can readily be extended to the investigation of complex matrices, as well as to the
characterization of protein aggregation. The MIST method is implemented in Plumed

(https://www.plumed.org/, from version 2.8) as a separate module called SASA.

Introduction

The cellular medium in which biomolecules reside consists of a complex aqueous solution of
bioinorganic and organic cosolutes such as salts, sugars, amines or polyols. Understanding
the effects of these molecules on protein structures is critical in order to understand protein
stability and function in the cell. Molecular dynamics (MD) simulations offer an extremely
powerful and effective tool for probing the structural stability of proteins in the cellular
matrix. Incorporating an explicit description of the solvent environment in the simulation
has the advantage of directly accounting for solvent entropy, however, the computational
power required for a meaningful sampling of biologically-relevant phenomena in these con-
ditions is often too high, making this approach impractical in many situations. In addition,

creating mixed solutions with water and cosolutes requires the challenging task of parame-



terizing multicomponent systems. ™ In this regard, implicit solvent simulations have several
advantages. First, the number of interactions to be described is reduced, making the cal-
culations faster. Second, the absence of viscosity in implicit solvent simulations accelerates
the exploration of the conformational phase space allowing, for instance, a faster observation
of folding-unfolding processes. Finally, the removal of the slow degrees of freedom involv-
ing the solvent dynamics further accelerates the sampling, making this approach extremely
competitive in terms of computational cost.®’

We already worked on the inclusion of temperature® and pressure? effects in implicit
solvent simulations of proteins. We here develop and test a novel implicit solvent method for
the description of proteins behavior in common biological matrices. Specifically, we study the
behavior of proteins in binary water-osmolyte mixtures as case study, although the approach
could in principle be extended to more complex solvent environments.

Organic osmolytes, also known as cosolutes, are commonly accumulated in diverse taxa. 0!
They can be classified into four main categories: (1) polyols and sugars, such as sorbitol, glyc-
erol, sucrose, trehalose; (2) amino acids, including proline, glutamate, alanine and derivatives
like taurine; (3) methylammonium and methylsulfonium solutes, such as trimethylamine-N-
oxide (TMAO); and, finally, (4) urea. A common feature of all of these molecules is their
polarity that makes them highly soluble in water. With the notable exception of urea, they
are ‘compatible solutes’, in the sense that do not show perturbing effects on cellular macro-
molecules. '? Some stabilizing osmolytes can even counteract the denaturing effect of urea.!?
These features make cosolutes of interest for applications in biotechnology, agriculture, phar-
macy and medicine.'® Their interaction with proteins, and potential ability to prevent or
minimize human diseases related with misfolding, unfolding or aggregation, is also a subject
of intense investigation.

To describe the effect of osmolytes on proteins within an implicit solvent model, we start
from the seminal work by Bolen and coworkers, who introduced an additive approach based

on group transfer free energies (GTFEs). This approach allowed them to evaluate the free



energy change upon unfolding/refolding in terms of the separate backbone and sidechains
contributions, weighed by their respective solvent accessible surface area (SASA).!*16
Specifically, this approach is based on the evaluation of the free energies associated with
the transfer of the separate sidechains (gj’,.), or of the backbone group (gi;), from water
to a given osmolyte solution (at concentration ¢). Once these values have been determined,
the global free energy cost required for transferring a whole protein molecule containing n,
residues between water and the osmolyte solution (G™°7¢) can be computed by summing

over all the surface exposed groups in the protein structure, 7
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where SAS Ay ciy— x—ciy is the solvent accessibility of amino acid X in the tripeptide Gly-X-
Gly, and X is the amino acid residue type k.

The difference in transfer free energy between the native N (G%°7¢) and unfolded U
(G207¢) protein can then be related to the change in the free energy of unfolding (GN=U -
GY~Y) associated with the presence of the osmolyte, according to the transfer model shown
in Figure 1.

The additive construction proposed by Bolen and coworkers has been utilized in molec-
ular dynamics simulations by Thirumalai and collaborators in the framework of the Molec-
ular Transfer Model (MTM).!¥ 2 The MTM framework, in conjunction with coarse-grained
or all-atom Go-models for proteins, has successfully been applied to mimic structural and

thermodynamical properties of both globular and disordered proteins at varying solution

conditions such as cosolute concentration, pH and temperature.?® The MTM procedure has
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Figure 1: Schematic representation of the transfer model.

been shown to be formally exact if the conformations at the desired level of perturbation are
exhaustively sampled,?! but it relies on significant overlapping between the protein confor-
mational spaces explored in pure water and in solutions of the cosolute. However, even using
enhanced sampling methods, it is extremely challenging to explore the entire protein con-
formational space for finite cosolute concentrations from simulations in pure water without
the cosolutes.?*2?5 It is also important to note that the native folded conformations may be
different in water and in osmolyte solutions, as observed for instance in the case of TMAO
for Staphylococcal Nuclease fragments using Circular Dichroism (CD) and Nuclear Magnetic
Resonance (NMR) spectroscopy?® and for cyclic dipeptides using Dynamic Light Scattering
(DLS) measurements.?” This poor overlap between the protein conformational spaces in wa-
ter and cosolute solutions, observed experimentally for folded proteins, may be even more
pronounced in the case of disordered peptides.

Here, we address this issue by introducing a novel computational scheme to study the
effect of osmolytes on protein stability, which allows the direct generation of trajectories
at a given cosolute concentration. For this purpose, we make use of the additive principle
proposed by Bolen and coworkers and couple experimentally determined GTFEs into an
implicit solvent framework. We combine the GTFE-based term for the osmolytes with a
Generalized-Born (GB) method to model electrostatic interactions,?® and the ACE (analytical

continuum electrostatic) approximation® to describe the non-polar solvation energy in water.



To the best of our knowledge, this represents the first attempt to describe binary osmolyte-
water mixtures in implicit solvent simulations.

The proposed approach, that we refer to as Model with Implicit Solvation Thermodynam-
ics (MIST), represents therefore a novel strategy, that considerably expands the possibilities
of implicit solvation in describing biologically-relevant systems and has several advantages.
First, the influence of osmolytes on protein behavior is completely described, in our sim-
ulations, by means of experimentally-derived free energies of transfer. This eliminates the
need to derive force fields for the cosolutes to be studied, which would require a huge num-
ber of parameters to be adjusted to properly fit the experimental data. In addition, the
additive nature of the GTFEs approach herein used makes it easy to separately investigate
the different contributions involved in protein-osmolyte interaction, a critical aspect in or-
der to understand the mechanism of action of common cosolutes. For instance, both the

backbone33! and the sidechains contributions3?34

have been suggested to be key in driving
osmolyte-induced conformational transitions of proteins, and the implicit solvation approach
herein described makes it possible to clarify this point.

We focus our discussion here on the denaturant urea, which is perhaps experimentally
the best studied osmolyte. Urea can disrupt noncovalent bonds in proteins, and for this
reason it is used extensively to assess protein stability, as well as the effects of mutations
on stability.®® The urea-induced denaturation of proteins has been the subject of intense
investigation, 23538 but the exact mechanism behind its action is still under debate.

We emphasize that the method presented in this paper can be extended to any coso-
lute for which experimental transfer free energy data is available. Moreover, it may also
be straightforwardly extended to more complex mixtures, provided that the free energy of
transfer between water and such mixtures is known.

In the case of urea, we consider two different sets of transfer free energies, an original set

proposed by Auton, Holthauzen and Bolen®® (urea - B) and a modified set introduced by

Moeser and Horinek?® (urea - H). The two data sets differ for two reasons. First, Bolen and



coworkers assigned the backbone contribution g}y to the backbone accessible surface area
of each amino acid type X in the respective Gly-X-Gly sequence. In contrast, Moeser and
Horinek suggested a universal backbone approach, where the backbone transfer free energy
gir is assigned, for each amino acid type, to the accessible surface area of the central glycine
in the tripeptide Gly-Gly-Gly. Second, Auton, Holthauzen and Bolen took the activity

coefficient of glycine in water and urea into account when deriving their transfer free energies

tr

jsc I the urea - B

for the side chains, and this translates into mostly positive values of g
description. However, a mistake was made in the conversion of activity coefficient data

between concentration scales. Moeser and Horinek corrected for this mistake in their new

tr

set of transfer free energy values, and, as a result, most side chain contributions g;’,.

are
negative in the urea - H description.

We will show that the mechanism of urea-induced unfolding of Trp-cage changes de-
pending on the set of transfer free energies considered, with the Horinek set predicting a
comparable contribution of backbone and sidechain groups, which results in a more realistic
description of the unfolding process. This last point is particularly important in order to
understand the mechanism of action of common cosolutes. Indeed, by looking at the two
sets of GTFEs for urea, we can understand how different interactions between the protein
sidechains/backbone groups and the denaturing osmolyte result in different denaturation
pathways, and these pathways find an automatic correspondence in the trajectories gener-
ated within our implicit solvent simulations.

We will first provide some theoretical background information, and introduce the MIST
approach herein proposed. The computational details of the simulations performed will then
be described. Finally, we will show an example of application, focusing for this purpose on
the a-helical Trp-cage (NLYIQWLKDGGPSSGRPPPS, pdb 1L2Y*%%). Trp-cage has been
extensively characterized both computationally and experimentally, shows secondary struc-

ture despite being small, and is known to be a fast folder.2%41748 The effects of the denaturing

osmolyte urea on Trp-cage conformation will then be investigated.



Materials and Methods

Theoretical Background

The free energy of a hydrated molecule can be written as:

Gtot — Fac + Gmp + Gel (3)

where EV*¢ is the molecule’s energy in vacuum, which is the sum of internal contributions
(bond and angle stretching, dihedral angles interactions) and van der Waals energy terms.
G™ is the non-polar solvation contribution, i.e., the free energy of solvation for a molecule
from which all charges have been removed. G¢ is the electrostatic part, calculated as the
free energy for turning on the partial charges in solution.

We imagine a solute composed of n atoms, treated as spheres of radius R; and charge ;.
The interior of the atoms is assumed to be filled with material having a dielectric constant
equal to 1, while a dielectric constant ¢ is assigned to the surrounding solvent medium. G¢

is therefore calculated from the generalized Born equation,’

Gel _ (1 B é) ii qi4; 2 (4)
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where 7;; is the distance between atoms ¢ and j, and b;, b; are the Born radii of atoms ¢ and j.

The Born radius depends on the degree of the atom burial inside the solvated molecule;?%!

b; is similar to the van der Waals radius R; for a surface atom, while b; is on the order of the
solvated molecule radius for a deeply buried atom. The OBC(II) model®® was used in the
present work for calculating the Born radii.

The dielectric constant of the solution was approximated to that of pure water, i.e., we
assumed the presence of the osmolyte to have a negligible effect. This assumption is justified
by the form of the prefactor (1 — 1/¢) in Eq. 4, that dampens changes in ¢.

The non-polar solvation contribution G can also be computed from the Born radius of



each atom, using the ACE type approximation,?’

&
b,

G™ = dro Z(Ri + R,)? (5)

where R, is the radius of a water probe sphere (0.14 nm), and o is a surface tension. A
single solvation parameter o was here used for all atom types (5.4 cal mol™~! A‘Q).

Our objective is to add the effect of an osmolyte to the implicit description outlined in
Eq. 3. For this purpose, the concept of free energy of transfer G/ 14151752 i5 ysed. G
represents the free energy change observed upon transferring a protein from pure water to

the osmolyte solution, and its use makes it possible to generalize Eq. 3 as follows,

Gtot — frac + Gme + Gel + Gtr (6)

where G* is described according to Eq. 1.

The LCPO (linear combination of pairwise overlaps) algorithm® was used in this work
to compute the solvent accessible surface area. More details on LCPO can be found in the
Supporting Information. The script for the computation of the fractional solvent accessible
surface area, and the energetic term G, is currently part of the 2.8 version of Plumed®*
as a separate module called SASA. Plumed has been selected for the implementation of the

MIST method because it can be readily combined with several molecular simulation codes,

including Amber,?> CP2K,? Espresso,” LAMMPS,%® Gromacs®® and NAMD. 50

Simulation Details

Trp-cage (pdb 1L2Y %) was capped by an acetyl group and an amide moiety at the N and
C termini, respectively. It was simulated at pH 7 (41 charge), using the Amber 99SB-ILDN
force field.®! We chose the Amber 99SB-ILDN force field because previous work confirmed
25,44

its suitability to describe the conformational landscape of Trp-cage.

For all simulations, Gromacs 5.1.4,%" patched with Plumed 2.4.7%* plug-in, was used. A



list of all simulations performed is shown in Table 1.

Table 1: List of the simulations performed in this work. bb: backbone, sc:
sidechains

Sim.  Protein Solution Duration Temperature
# ns K
1 Trp-cage water 300 298
2 Trp-cage 1M urea - B 300 298
3 Trp-cage 2M urea - B 300 298
4 Trp-cage 3M urea - B 300 298
5  Trp-cage 4M urea - B 300 298
6  Trp-cage 1M urea - H 300 298
7 Trp-cage 2M urea - H 300 298
8 Trp-cage 3M urea - H 300 298
9 Trp-cage AM urea - H 300 298
10 Trp-cage 8M urea - B 300 298
11 Trp-cage 8M urea - B (only bb) 300 298
12 Trp-cage 8M urea - B (only sc) 300 298
13 Trp-cage 8M urea - B (only bb + polar sc) 300 298
14 Trp-cage 8M urea - B (only bb + apolar sc) 300 298
15  Trp-cage 4M urea - H (only bb) 300 298
16  Trp-cage 4M urea - H (only sc) 300 298
17 Trp-cage 4M urea - H (only bb + polar sc) 300 298
18  Trp-cage 4M urea - H (only bb + apolar sc) 300 298
19  Trp-cage water 300 320
20 Trp-cage water 300 340

Equilibration in explicit solvent

Trp-cage was first equilibrated in explicit TIP3P water.%? A cubic box with 5.4 nm side length
and containing one peptide molecule was energy minimized using the steepest descent algo-
rithm, and then equilibrated for 1 ns at 1 bar and 300 K, using Berendsen pressure (3 ps
relaxation time) and temperature (0.5 ps relaxation time) coupling.%® A second equilibration
for 5 ns was then performed at 1 bar and 300 K using the Nosé-Hoover thermostat %% (0.5
ps relaxation time) and Parrinello-Rahman barostat® (3 ps relaxation time). For this equi-

libration in explicit solvent, periodic boundary conditions were used, and the cut-off radius

10



for both Coulombic (calculated using the PME method%") and Lennard-Jones interactions
was set to 1.2 nm. An equilibrated protein structure (Figure 2) was extracted from this
5-ns run, and used as starting configuration for the implicit solvent trajectories in Table 1.
We note that a first equilibration in explicit solvent was performed in this work, but the

equilibration could have also been directly performed in implicit solvent.

Figure 2: Starting configuration of Trp-cage used in simulations 1-20.

Implicit solvent simulations

In simulations 1-18, the water or water-osmolyte solution was described implicitly, as detailed
in the Theoretical Background section. The Gromacs implicit solvation tool was used to
simulate water (Eq. 3), while the free energy of transfer term G (Eq. 1) was added as an
external bias using Plumed, so that the system was eventually described by Eq. 6.

The gj’,. and gjj values (to be inserted into Eq. 1) for urea were taken from the experi-
mental work by Bolen and coworkers3® or Moeser and Horinek,3® and are listed in Table S1.
In particular, the values for 2M, 3M, 4M and 8M urea were obtained multiplying by 2, 3, 4

or 8 the experimental data for TM urea. This means that we assumed linearity of the free

energy of transfer with the osmolyte concentration, which is a common assumption®’.

tr

For two simulations (11 and 15 in Table 1) the values of g},

were set to zero, i.e., only
the backbone contribution of the osmolyte was considered. Similarly, in simulations 12 and

16 only the sidechain contributions were used, while gy was set to zero. In simulations 13

11



and 17, only the backbone and polar sidechains (Arg, Asn, Asp, Cys, Gln, Glu, Gly, His,
Lys, Ser and Thr) contributions were considered. The opposite was done in simulations 14
and 18, where the g,i’:sc values of Arg, Asn, Asp, Cys, Gln, Glu, Gly, His, Lys, Ser and Thr
were set to zero. This is equivalent to considering the contribution of the backbone and of
the apolar amino acids (Ala, Ile, Leu, Met, Phe, Pro, Trp, Tyr and Val) only.

Two additional simulations (19 and 20) were performed in water at 320 and 340 K, with
the objective of extracting the temperature dependence of Trp-cage stability.

For all the simulations in implicit solvent (1-20 in Table 1), no cut-off was used for
the Coulombic and Lennard-Jones interactions. The production run lasted 300 ns; the
first 100 ns were considered as an equilibration, and only the last 200 ns were used for

6465 (0.5 ps relaxation time) was

the subsequent analyses. The Nosé-Hoover thermosta
used to control temperature, and the Lincs algorithm was employed for constraining all
bonds.%® The systems were simulated without periodic boundary conditions, and center of
mass translational and rotational motions were removed every 100 steps. A 2 fs timestep
was used, and configurations were saved every 2 ps.

300 ns were enough to observe conformational transitions of Trp-cage, thanks to the
faster equilibration allowed by the implicit treatment of the solvent.® Convergence graphs
are shown in Figure S1, where it is evident that the backbone root mean square deviation

(RMSD), a-helix content and free energy G of Trp-cage in water or 8M urea - B fluctuate

around equilibrium values during the last 200 ns of the trajectory.

Analysis of the Trajectories
Cluster analysis

The peptide conformations during the last 200 ns of the trajectories were grouped together
by performing a cluster analysis based on the Daura algorithm.® The conformations were
grouped together if the root mean square deviations (RMSD) of the N-C,-C atoms were less

than 0.14 nm compared to each other. The most probable conformations were subsequently

12



visualized using VMD (Visual Molecular Dynamics). "

a-helix content

The a-helix («) content of Trp-cage used in the remainder of this work is defined as the

number of 6 residue sections of the peptide having an a-helical configuration, ™!

a =Y glras({Ri}ica,, {R"})] (7)

The summation runs over all possible segments involved in the a-helix, while {R;}icq, are
the atomic coordinates of a set €, of 6 residues of the protein, and ¢(rg4s) is the following

switching function,

8
1 _ (Tdist>
To
— 5 (8)
1 _ (Tdist>
To

A cutoff distance of rg = 0.08 nm was used, and ry;; is the distance RMSD with respect to

g (Tdist) -

a reference a-helix structure {R°}.

Folded fraction

The folded fraction of Trp-cage during the equilibrated trajectories (last 200 ns) was ex-
tracted from the backbone root mean square deviation (RMSD) compared to the most likely
cluster in water at 298 K (sim. 1 in Table 1). Trp-cage was deemed to be folded when the
backbone RMSD was less than 0.14 nm.

13



Results and Discussion

Trp-cage Unfolds in Urea in MIST Simulations

Nine simulations (1-9 in Table 1) were performed with the objective to explore the effect of
the modelling approach herein proposed (Model with Implicit Solvation Thermodynamics,
MIST) on the conformational stability of Trp-cage. A potent denaturant (urea) was consid-
ered for these simulations, and compared to the case of water only. As previously mentioned,
two different descriptions of urea were tested, as proposed by either Auton, Holthauzen and
Bolen®" (urea - B) or Moeser and Horinek?® (urea - H). In the description by Bolen and
coworkers the backbone contribution gj; is negative, and represents the main factor driving

unfolding. In contrast, Moeser and Horinek suggested a second set of transfer free energy val-

tr

ues (urea - H), where most side chain contributions g,

are also negative, thus contributing
to the unfolding process.

Figures 3 and S2, S3 summarize the results obtained from these initial simulations. The
folded fraction was high in pure water (0.80 + 0.05), and urea concentrations of 1M and
2M were not sufficient to promote substantial denaturation in our simulations. Instead, the
folded fraction decreased in 3M or 4M urea (Figure 3A). The Horinek description of urea
(urea - H) resulted in more pronounced unfolding compared to the Bolen set (urea - B), with
a folded fraction value as low as 0.2 £ 0.1 in the 4M urea - H simulation.

A relation exists between the free energy of unfolding AG, for the folded-to-unfolded

conversion, and the folded fraction f,

1-f
f

where R is the universal gas constant, and T is temperature. Exploting this relation, we

AG = —RT In(

) (9)

could compute the free energy of unfolding for Trp-cage in the different systems simulated,
and compared the results obtained to the experimental values by Wafer et al.™ (Figure 3A).

We observed that Trp-cage was generally slightly stabler in the implicit solvent simulations

14



herein performed than in experiments. This may be related to the force field (Amber 99SB-
ILDN) employed, which tends to slightly overestimate the Trp-cage free energy of unfolding,

also in pure water.
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Figure 3: (A) Folded fraction of Trp-cage as function of urea concentration, and correspond-
ing free energy of unfolding values AG. (B) Folded fraction of Trp-cage during simulations
11-18, for either the urea - B (left) or urea - H (right) description. Errors were estimated
by block averaging. Briefly, the equilibrated trajectories were divided into 4 blocks, and the
standard deviation computed over the average values of the folded fraction in each of the
blocks.

According to the linear extrapolation model™ the free energy of unfolding in a urea
solution at concentration ¢ should be related to the free energy of unfolding in water (AG(0))

by the following linear equation, where the slope is the so-called m-value,

15



AG(c) = AG(0) + me (10)

We extracted from Figure 3A approximate m-values. Linear regression yields m-values
of 0.75 kJ mol™* M~! and 1.49 kJ mol~! M~! for the Bolen and Horinek descriptions,
respectively. The value obtained with the Horinek description is closer to the experimental
result of 1.36 kJ mol~! M~! by Wafer et al.™

The most probable configuration in water (Figure S2) was characterized by a-helix
content a@ ~ 6.5, radius of gyration R, ~ 0.77 nm, and solvent accessible surface area
SASA ~ 19 nm2 When the G contribution corresponding to 3M or 4M urea was added, a
progressive loss in a-helix content was observed (Figure S3), especially during the 4M urea
- H simulation. The residues that were mostly involved in the unfolding process included
the fragment Tyr3-Leu7. The a-helix which characterizes this protein sequence in water was
partially replaced by a turn, and a 3;p-helix in urea. Also residues Prol2-Ser14 displayed a
change in conformation, with an increased probability of forming a 3;9-helix, and reduced
probability of being observed in a a-helix. Correspondingly, residue Trp6, which is buried
within the protein core in the native conformation, became more accessible to the solvent in
urea.

The free energy of unfolding was negative in 4M urea - H (-3.37 4+ 1.6 kJ mol™! K1),
while it was still close to zero in 4M urea - B (-0.17 & 0.81 kJ mol™* K™'). We therefore
also investigated a higher urea concentration with the Bolen description (8M urea - B,
simulation 10) to identify a condition where unfolding was sufficiently pronounced. At this
higher concentration, the folded fraction was 0.11 4 0.05, corresponding to a free energy of
unfolding AG = —4.98 1.2 kJ mol~! K.

When the G' contribution corresponding to 8M urea - B was added (Figure S4), the
a-helix content was partially lost, even though this did not translate into a marked increase
in radius of gyration or solvent accessible surface area. A large ensemble of protein confor-

mations could be sampled during this simulation, as confirmed by application of the Daura

16



algorithm (right panel in Figure S4).

Two additional simulations (19 and 20 in Table 1) were performed with the objective
of extracting the temperature dependence of Trp-cage stability. The folded fraction of Trp-
cage was extracted from these simulations, and used to compute the free energy of unfolding
according to Eq. 9. The free energy of unfolding as function of temperature T" was fit to the

following equation,

AG(T) = [(1 = T/T,)AH(T,)] + (T — Tp)AC, — In(T/T)n)TAC, (11)

where T, is the melting temperature and AH(T,,) and AC, are the enthalpy change and
change in heat capacity upon unfolding. The fitting procedure is shown in Figure S5, and
yielded the thermodynamic parameters listed in Table 2, where also the experimental data
by Wafer et al.” are shown for comparison. Overall, the agreement between experiments

and simulations was quite good, as shown in Figure S5.

Table 2: List of thermodynamic parameters for Trp-cage stability in water.

Parameter Experimental’  Simulations
AH(T,,), kJ mol™* 56 &+ 2 47
T,,,°C 43.94+0.8 48.5
AC,, kJ mol~t K! 0.3+£0.1 0.08

I From Wafer et al. ™

Overall, partial unfolding of Trp-cage was observed in urea at 298 K, with both the Bolen
and Horinek set of transfer free energies. These first results confirm that the simulation
approach herein proposed can describe the effect of osmolytes, like the denaturant urea, on
protein stability. In the following, further simulation outputs will be presented, with the
objective to highlight the differences between the Bolen and the Horinek set of transfer free

energies.
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The Backbone Drives Urea-Induced Unfolding of Trp-cage Within
the Bolen Model, While the Backbone and Sidechains Contribute

Equally in the Horinek Description

As a second objective of the present work, the mechanism of unfolding observed in urea in
Figures 3A, S3 and S4 was further investigated, for both the Bolen and Horinek descriptions.
For this purpose, the additivity of Eq. 1 was exploited. This additivity makes it easy to
decouple some terms from the expression of G. In simulations 11-18 of Table 1 we tried to
dissect the different contributions to the free energy of transfer in 8M urea - B or 4M urea
- H, considering only the backbone (sim. 11, 15), only the sidechains (sim. 12, 16), or a
combination of the backbone with either the polar (sim. 13, 17) or the apolar (sim. 14, 18)
sidechains.

Considering the 8M urea - B case first, we observed unfolding when only the backbone
contribution was considered (Figures 3B and 4A), and the loss in secondary structure was
even more pronounced than when all the backbone and sidechains contributions were in-
cluded (Figure S4). The folded fraction was only 0.18 + 0.2, and also in this case the
fragments Tyr3-Leu7 and Prol2-Ser14 were mostly involved in the unfolding process. This
suggests that the favorable urea-backbone interaction (gfy = —1.305 kJ mol~! in 8M urea -
B) within the Bolen description is sufficient to explain the denaturing action of urea, in line
with what was already suggested in the literature.3°

In agreement with this hypothesis, Trp-cage retained its secondary structure when the
sidechains only were biased (Figures 3B and 4B). The folded fraction in these conditions was
high (0.71 + 0.06), and the most probable protein conformations (right panel of Figure 4B)
were native-like, without any appreciable change in the degree of compactness or secondary
structure of the native state observed in water.

When both the backbone and the polar sidechains contributions were considered (Fig-

ure 4C), the loss of secondary structure was again very limited. This means that the
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predominantly unfavorable urea-polar sidechains interaction within the Bolen description
(D" potar T scQtse = 2.96 kJ mol~") could effectively counteract the negative backbone con-
tribution (giy > pr ke = —12.47 kJ mol 1), leading to mostly native-like conformations of
Trp-cage. The results obtained also suggest that a perfect compensation of the very favorable
urea-backbone interactions (=~ -12.47 kJ mol™!) is not, necessary to provide stabilization, as
the much smaller unfavorable contribution of the polar sidechains (~ 2.96 kJ mol™!) was
enough to almost completely prevent denaturation.

The apolar sidechains contributions (37, Gk scQkse = —0.29 kJ mol™") are slightly
favorable in the Bolen description, although close to zero, but nevertheless did not increase
the unfolding capability of the backbone-urea interactions (the folded fraction in these con-
ditions was 0.34 £ 0.17). As can be observed in Figure 4D, the structures obtained when
both the backbone and the apolar sidechains were biased preserved most of their secondary
structure. The R, vs. a and SASA vs. « distributions in these conditions (Figure 4D) were
restricted to more native-like structures compared to the case of sim. 11 (Figure 4A), or
sim. 10 (Figure S4).

The same type of approach was further used for the case of 4M urea - H (Figures 3B
and 5). In this case, the backbone and sidechains contributions were equally effective in
promoting Trp-cage unfolding (the folded fractions were extremely similar, 0.35 £ 0.07 when
only the backbone was considered, and 0.35 + 0.10 when only the sidechains transfer free
energies were included). A partial loss in a-helix content was observed in these conditions
(Figures 5A,B), again at the expenses of residues Tyr3-Leu7 and Pro12-Serl4. The mostly
favorable urea-sidechains interaction within the Horinek description (3 g;/,.asc = —2.91
kJ mol™!) could effectively denature Trp-cage, in line with what was already suggested by
Moeser and Horinek.??

When both the backbone and the polar sidechains contributions were considered (Figure
5C), the loss of secondary structure was particularly pronounced (the folded fraction was only

0.18 + 0.07 in these conditions, see Figure 3B). This means that the predominantly favorable
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urea-polar sidechains interaction within the Horinek description (3, 94 scQtk.sc = —1.03 kJ
mol ') could effectively support the negative backbone contribution (giy > )" | agw ~ —4.05
kJ mol™!), leading to mostly unfolded conformations of Trp-cage.

The apolar sidechains contributions could not increase the unfolding capability of the
backbone-urea interactions (the folded fraction in these conditions was 0.48 + 0.08, see
Figure 3B). As a result, the structures obtained when both the backbone and the apolar
sidechains were biased preserved most of their secondary structure (Figure 5D).

Overall, the following conclusions can be drawn from the simulations just presented for
the case of 8M urea - B and 4M urea - H. The favorable backbone-urea interaction within
the Bolen description seems to be the main driving force for its denaturing action, as al-
ready suggested in the literature by authors using this same model,?° although other studies
suggest that the interaction with the backbone is not dominant.” The polar sidechains
contributions can effectively counteract the unfolding process, and, surprisingly, the apo-
lar sidechains also seem to oppose conformational changes, although less markedly. This
picture, however, probably does not correspond to reality. Indeed, as previously discussed,
Bolen and coworkers overestimated the contribution of the backbone to urea-induced unfold-
ing, and underestimated the sidechains contribution due to a mistake in the conversion of
activity coefficient data. These two errors compensate each other when describing the over-
all unfolding profile (Figure 3A), but become apparent when the backbone and sidechains
contributions are considered separately, as allowed by our MIST approach.

The Horinek description corrects for these two errors, thus recovering the correct mech-
anism of urea-induced unfolding. In this case, the backbone and sidechains transfer free
energies contribute equally to the denaturation of Trp-cage in 4M urea, in line with the
conclusions by Moeser and Horinek.3? Based on our simulation results, the polar sidechains
contribution seems to be particularly effective, at least in the case of Trp-cage, to promote

denaturation.
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Conclusions

A new approach (Model with Implicit Solvation Thermodynamics, MIST) for the implicit
simulation of protein-osmolyte solutions, based on transfer free energies, has been here pro-
posed. This method has been applied to the urea-induced denaturation of Trp-cage as
model system. We have described the theoretical background of this tranfer free energy-
based method, and shown that it can succesfully describe the effect of osmolytes on protein
conformational stability. Moreover, the additive construction of the transfer free energy
term makes it easy to decouple the different contributions involved in the protein-osmolyte
interaction. This fact has been here exploited to separately investigate the backbone and
sidechains terms for the urea-induced unfolding of Trp-cage.

Two sets of transfer free energies have been investigated for urea, as proposed by Bolen
and coworkers3® or by Horinek and coworkers.?® We have observed that in both cases urea
leads to unfolding of Trp-cage. This occurs because of the favorable urea-backbone inter-
action in the Bolen model, while the backbone and sidechains contributions are equally
important in the framework of the Horinek description. The Horinek description is likely
to be more accurate, as it corrects for two errors that were made in the derivation of the
Bolen model. The mechanism predicted by the MIST approach directly reflects the set of
transfer free energy values employed. Bolen and coworkers overestimated the contribution
of the backbone to urea-induced unfolding, and underestimated the sidechains contribution,
and this clearly emerges from the output of our simulations. Looking at both the Bolen and
Horinek description was therefore very informative, as it allowed us to test the sensitivity of
the MIST approach to differences in the set of transfer free energies considered.

Overall, the approach proposed in this work gives promising results for the simulation
of aqueous osmolyte solutions. For the first time, we show how free energies of transfer can
be fit into an implicit solvent simulation to reproduce the effect of osmolytes on protein
behavior. The advantage is that the description we achieve using this method is completely

and directly based upon experimental quantities, thus eliminating the need for a complex
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and time-consuming development of force field parameters.

We have shown that this transfer free energy approach can be used to model the effect
of urea on protein conformational stability. However, this approach can straightforwardly
be extended to other osmolytes, and also to the investigation of protein-protein interactions
and protein aggregation in complex mixtures. Furthermore, the method could directly be
extended to more complex matrices, provided that the free energies of transfer between water

and such matrices are known.
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