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Abstract

The protein-osmolyte interaction has been shown experimentally to follow an addi-
tive construct, where the individual osmolyte-backbone and osmolyte-sidechains inter-
actions contribute to the overall conformational stability of proteins. Here, we computa-
tionally reconstruct this additive relation using molecular dynamics simulations, focus-
ing on sugars and polyols, including sucrose and sorbitol, as model osmolytes. A new set
of parameters (ADD) is developed for this purpose, using the individual Kirkwood-Buff
integrals for sugar-backbone and sugar-sidechain interactions as target experimental
data. We show that the ADD parameters can reproduce the additivity of protein-sugar
interactions, and correctly predict sucrose and sorbitol self-association, as well as their
interaction with water. The accurate description of the separate osmolyte-backbone and
osmolyte-sidechain contributions also automatically translates into a good prediction
of preferential exclusion from the surface of ribonuclease A and a-chymotrypsinogen
A. The description of sugar polarity is improved compared to previous force fields, re-
sulting in closer agreement with the experimental data and better compatibility with
charged groups, such as the guanidinium moiety. The ADD parameters are developed
in combination with the CHARMM36m force field for proteins, but good compatibility
is also observed with the AMBER 99SB-ILDN and the OPLS-AA force fields. Overall,
exploiting the additivity of protein-osmolyte interactions is a promising approach for

the development of new force fields.

Introduction

Carbohydrates, including sugars and polyols, are a common class of osmolytes, and play
a crucial role in biological systems. They are commonly accumulated by organisms that
undergo temperature stress, such as freezing, or anhydrobiosis. For this reason, they are
the dominant solutes encountered in many organisms, such as terrestrial plants, insects,
amphibians and some polar fishes.! Carbohydrates are also often used in protein formula-

tions to preserve their biological activity against external stress. They are generally believed



to stabilize a protein by altering the structural and dynamic properties of water,>® or by
being excluded from the peptide surface.* % This exclusion creates a thermodynamically un-
favorable situation, that favors the more compact native conformation against the expanded
unfolded ones.”

Significant effort has recently been invested in developing approaches to understand
the molecular mechanisms that drive protein-sugar interactions. In particular, molecu-
lar dynamics simulations have emerged as a powerful tool for an in-depth investigation of
molecular-level phenomena. Several force fields were proposed in the literature for carbo-
hydrates,'%1* and Cloutier et al.'® recently developed new parameters for these molecules
(which they named KBPs), by modifying the original CHARMMS36 force field.'®!8 They
used the Kirkwood-Buff (KB) integrals!®?? as target experimental data, and showed that
the new force field could accurately predict both self-association and exclusion of carbohy-
drates from the protein surface. This represents a crucial step forward in our understanding
of protein-sugar interactions, especially considering that previous parameters often over-
estimated sugar self-interaction® and resulted in sugar molecules that were preferentially
interacting with the protein.'®

Here we take one step further in this direction, studying the individual contributions of
the backbone and amino acid sidechains to the overall protein-sugar KB integrals. A similar
additive approach developed using transfer free energies (which are related to KB integrals)
was proposed by Auton et al.?#2% to explain the thermodynamics of osmolyte-induced pro-
tein transitions, and was investigated using molecular dynamics simulations for the case
of urea.?” In this work, we sought to reproduce the experimentally observed additivity of
protein-carbohydrate interaction using the KBP parameters, and found that they led to an
incorrect description of carbohydrate polarity, overestimating the interaction with aromatic
and hydrophobic moieties. We also observed poor compatibility of KBP sugars with charged
groups.

A new set of parameters is hence developed to better reproduce experimental values of the



KB integrals for sugar-backbone and sugar-sidechain interaction, using sucrose and sorbitol
as model osmolytes. By properly adjusting charges and Lennard-Jones coefficients for the
hydroxyl group, we obtain a good description of the solution properties, that does not require
separate parameters for water and non-water interaction, as instead occurs with the KBPs.
The new force field (in the following referred to as ADD) improves the description of sugars
polarity, resulting in a better prediction of their interaction with aromatic and hydrophobic
groups. Results also improve for the charged groups, despite quantitative deviation from the
experimental data. We further show that the KBP model predicts too unfavorable sugar-
guanidinium interactions, leading to phase-separation in guanidinium chloride (GdmCl) so-
lutions. The ADD force field overcomes this issue and stabilizes the solution phase of GdmCI.
The ADD parameters also accurately predict carbohydrate self-association, as well as their
interaction with water. We show that the additivity of protein-osmolyte interaction can be
reproduced using ADD sugars, and this automatically translates into a prediction of prefer-
ential exclusion from ribonuclease A (RNase A) and a-chymotrypsinogen A (a-Cgn A) that
is in good agreement with the experimental data.

The ADD force field is developed in conjunction with CHARMMS36m for proteins,? but
we observe good compatibility also with other popular force fields, such as AMBER 99SB-
ILDN? and OPLS-AA.3% Overall, our simulation results show that the additive behavior that
was experimentally observed for osmolyte-protein interactions can be recovered in molecular
dynamics simulations, allowing for detailed atomistic insights into the effects of sugars on
proteins stability, and providing a promising strategy for the development and validation of

force field parameters.



Materials and Methods

Theoretical Background

In this section, some basic concepts of the Kirkwood-Buff theory!® and transfer model?* will
be introduced. We will refer to a three-component system containing water (component 1),
a protein (component 2) and an osmolyte (component 3). We will also consider the case of
dilute component 2.

The free energy of unfolding (native N to unfolded U conversion) AGN Y of the protein
in such a system is generally assumed to be a linear function of the osmolyte concentration

31
C3,

AGE7Y = AGHY + mes (1)

It was shown that the slope m of this equation may be predicted using the concept of
transfer free energy AGy,..?° In summary, a thermodynamic cycle was imagined, where the
difference between the free energies of unfolding in presence and absence of 1 M osmolyte
equals the difference in the transfer free energies of N and U from pure water to a 1 M

osmolyte solution, 2

m = AGN Y — AGYY = AGY M — AGY M 2)

More specifically, an additivity construct was found to be valid, where the difference in
transfer free energies between the denatured and native state of a polypeptide containing
n residues could be obtained by summing the contributions given by the amino acid side

chains (Ag;¢;) and by the peptide backbone (Agp?),**

AGH M — AGE M = Z Agir iAo+ Agyy Z Aag? (3)

Each contribution is weighted by the average fractional change in solvent accessible sur-



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

n,. _ SASAju — SASA;y
! SASAj,GlnyfGly

(4)

where SASA; ciy— x—ciy 1s the solvent accessibility of amino acid X in the tripeptide Gly-X-
Gly, and X is the amino acid residue type j.

The m value can also be related to the Kirkwood-Buff integrals (KBIs) G;;, which are
used to describe the solvation behavior around a reference particle ¢ in the framework of the

KB theory,

Gy =4 [ () = ar 5)

gij(r) is the radial distribution function, which describes the variations in component j
density as a function of the distance r from component i. A value of G;; < 1 indicates
exclusion, while GG;; > 1 indicates accumulation of component j around the reference <.

The difference v = Go3 — G5 is related to the prefential exclusion of the osmolyte from
the protein. A negative value of v indicates preferential exclusion, and vice versa.

Assuming linearity of AGY." with ¢s, it is possible to write the following,?®

AGgflM _ AG?T_}C?) o 8/L2 (6)
1M N C3 a 863 Tp.co

where g5 is the chemical potential of component 2. If this component is infinitely diluted,

the following approximation applies,

Oz - Ops
( 863 ) T,p,c2 N 7 (8 1n C3 > T\p,c2 <7)

3

The derivative of the osmolyte chemical potential can further be expressed as,?

L (9w _ ! (8)
RT \ Olncy Tpes L1~ c3(G13 — Gs3)



Combining Equations 6- 8 it is finally possible to write the following relation between transfer

free energies and KBIs,

RT~
1 — c3(Gi3 — Gis3)

AGH = )

The additivity construct in Equation 3 can therefore also be rewritten in terms of
Kirkwood-Buff integrals,
RTA%’Y RT(Z?:l 'V;CAOC;C + ’Ybb Z?ﬂ AO‘?)

m=— = — — 10
1 — c3(Gh3 — Gis3) 1 — c3(Gi3 — Gis3) (10)

where ;¢ and 7% are the sidechain and backbone contributions, respectively.

Simulation details

Molecular dynamics simulations were carried out using Gromacs 5.0.7.3* The objective was
to define a suitable combination of parameters for carbohydrates, that respected the additive
behavior discussed in the previous section, using sucrose and sorbitol as model molecules.
The KBP variant of the CHARMMS36 force field for sugars!'® was used as a starting point
for parameterization, in combination with the CHARMM TIP3P water model. 3

A scheme of all simulations performed, with the corresponding box size and duration, is
listed in Table 1.

All the 20 naturally occurring amino acids, in their zwitterionic form, were simulated
in 1 M sucrose or sorbitol (sim. type 1 and 2 in Table 1). For these simulations the box
was cubic with ~ 8 nm side length, and included 25 amino acids molecules. For charged
residues, Na™ or Cl™ ions were added to reach neutrality. Some capped amino acids were
also considered. In this latter case, the N-terminus was acetylated and the C-terminus was
blocked with an amide group.

The N-acetyl glycinamide series (NAG,A) was also simulated (sim. type 3 in Table 1).

NAG,A corresponds to a series of molecules with a varying number z of glycine residues



Table 1: List of the simulations performed in this work.

Sim. type Solute Osmolyte box size duration
# (component 2) (component 3) nm ns
1 zwitterionic/capped AA 1 M sucrose 8x8x8 60
2 zwitterionic/capped AA 1 M sorbitol 8x8x8 60
3 NAG,A 1 M sucrose/sorbitol 8x8x8 60
4 - 1 M sucrose/sorbitol 8x8x8 60
5) RNase A pH 3 0.1M, 0.7M, 1M sucrose 7.7x 7.7x 7.7 60
6 RNase A pH 7 0.7M sucrose TTx 0T 60
7 RNase A pH 2 2.2M sorbitol TTxT7Tx77 60
8 RNase A pH 5.5 0.55M, 2.2M sorbitol 7.7 x 7.7 x 7.7 60
9 a-Cgn A pH 3 0.7M sucrose 8.1x8.1x8.1 60
10 Trpzipl pH 7 1 M sucrose 6.1 x6.1x6.1 150

linked by a peptide bond and whose termini are blocked by an acetyl and an amide moiety.
In particular, the number of internal glycine units has been varied from 3 (NAG3A) to 6
(NAGgA). Also in this case the box length was 8 nm, and the carbohydrate concentration
adjusted to 1 M. The CHARMM36m?® force field was used for the amino acids and the
NAG,_A series in simulations 1-3.

For the determination of the sugar-sugar (G335 and water-sugar (Gy3 KB integrals a sim-
ulation box was used that contained only 1 M sucrose or sorbitol in water (sim. type 4 in
Table 1). Also in this case the simulation box was about 8 x 8 x 8 nm.

The preferential exclusion of sucrose from ribonuclease A (RNase A) at pH 3 or 7, or
from a-chymotrypsinogen A (a-Cgn A) at pH 3, and of sorbitol from RNase A at pH 2 or 5.5
was also assessed (sim. types 5-9 in Table 1). The RNase A and a-Cgn A configuration files
were obtained from the RCSB Protein Data Bank (PDB: 1KF53¢ for RNase A and 2CGA?7
for a-Cgn A). The side length of the box in this case was approximately 7.7 nm for RNase A
and 8.1 nm for a-Cgn A, and the pH was set by adjusting the protonation state of the amino
acids using the H++ server, version 3.2 (http://biophysics.cs.vt.edu/H++3?). Neutrality of
the systems was guaranteed by the addition of ClI~ ions. The simulations with RNase A and

a-Cgn A were perfomed using the CHARMM36m?® force field for the protein.



Simulations were also performed for Trpzipl (SWTWEGNKWTWK) (PDB 1LE0%) in
the presence of 1 M sucrose. These simulations were carried out using the CHARMM36m, 8
AMBER 99SB-ILDN?? or OPLS-AA 3 force fields for the peptide. CHARMM TIP3P?® was
used in combination with CHARMMS36m, while the original TIP3P model*® was used with
AMBER and OPLS. More details about these simulations can be found in the Supporting
Information.

In all cases, 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. Each box was first energy minimized with the steepest descent algorithm, and
then equilibrated for 1 ns at 1 bar and 300 K (sim. 1-4 and 10) or 293 K (sim. 5-9) in
the NPT ensemble, using Berendsen pressure and temperature coupling? at 1 ps relaxation
time. The simulations were then run at the same temperature used for equilibration and
at 1 bar in the NPT ensemble, controlling temperature and pressure with the Nosé-Hoover
thermostat >4 (0.5 ps relaxation time) and Parrinello-Rahman barostat?® (3 ps relaxation
time), respectively. For simulations 5-9, the temperature was equilibrated at 293 K to allow a
direct comparison with experimental data.>%0 A 2 fs time-step was used, and configurations
were saved every 2 ps. The Lincs algorithm was employed for constraining all bonds,*” while

the SETTLE algorithm kept the water molecules rigid.*®

Analyses of Simulation Results

The last 40 ns (for simulations 1-9), or 100 ns (for simulation 10) were used for the analyses.
In simulations 1-4, the KB integrals were calculated by taking the average of the running

KB integrals,

R
Gi; = 47T/0 (gi;(r) — D)r2dr (11)

at values of R where convergence is reached, which often occurs between 1.0 and 1.4 nm.%°



In simulations 5-10, the preferential exclusion of excipient molecules from the protein

surface was quantified using the preferential interaction coefficient I'(r), defined as

() = ma(r) = () (222000 ) (12

ny —ny(r)

where n;(r) is the number of molecules of class i that on average are within a distance r
from the protein surface. In contrast, n; is the total number of molecules 7 in the simulation
box. I' was extracted from the trajectory, by computing the average value of the running
I'(r) between 0.7 and 1.0 nm, and will be used in the following.

The number of amino acid-osmolyte hydrogen bonds was also measured. In particular, we
evaluated the parameter y, which represents the relative contribution of hydrogen bonding
between the amino acid and the osmolyte with respect to the total number of intermolecular

hydrogen bonds formed by the amino acid,

number of amino acid-osmolyte hydrogen bonds

X (13)

" total number of amino acid-osmolyte and amino acid-water hydrogen bonds

To determine the presence of a hydrogen bond, a geometrical criterion was used, requiring
that the distance between donor and acceptor was less than 0.35 nm, and that the angle
formed between the hydrogen atom and the line joining the COMs of donor and acceptor

was smaller than 30°.

Results and Discussion

An Additivity Investigation for the KBP Force Field

The KBP force field!® is a variant of CHARMMS36,¢1® which was developed using the KB
integrals as target experimental data. It was observed that by changing the atomic partial

charges and the Lennard-Jones parameter ¢ of the alcohol groups, it was possible to improve

10



the prediction of protein-carbohydrate, carbohydrate-carbohydrate and carbohydrate-water
interactions. In the original CHARMMS36 force field, the partial charges of alcohol O and
H are -0.65 and 0.42, respectively. The magnitude of these charges is reduced in the KBP
variant to -0.50 and 0.18, respectively. The partial charges for the other atoms in the sucrose
and sorbitol molecules considered in this work are shown in Figure S1.

The Lennard-Jones parameters € for the alcohol O and H atoms are 0.804 kJ mol™! and
0.192 kJ mol~!, respectively, in the original CHARMMS36. The KBP force field, in contrast,
defines two € values for each hydroxyl atom, one specific for water interactions (0.900 kJ
mol~! and 0.300 kJ mol™! for O and H, respectively), and the other applicable to all non-
water interactions (0.450 kJ mol™! for O and 0.120 kJ mol™! for H). In contrast, there is
no change in the o parameter for the alcohol atoms in the KBP force field compared to the
orginal CHARMMS36. Four separate terms are defined in the KBPs for the water-specific
interactions, one for each combination of the two hydroxyl atoms and the two types of water
atoms. In each of these terms, the overall Lennard-Jones parameters of the carbohydrate-
water interaction are defined as the geometric (for €) or arithmetic (for o) mean of the
single atomic values. These modifications to the original CHARMMS36 force field made
self-association less favorable, and promoted carbohydrate-water interaction.

Cloutier et al.'® observed that the prediction of sugar-sugar, sugar-protein and sugar-
water KB integrals remarkably improved for carbohydrates with the KBP. This resulted
in a better prediction of the experimental preferential exclusion of sugars from the protein
surface.®® The first objective of the present work was to investigate whether the KBP force
field for sugars also respected the additive properties previously described (Equation 10).
We therefore verified if the KBP parameters could predict the experimental values of v =
Ga3 — G4 for the individual amino acid-sugar interaction, as reported in Auton et al.?’

The backbone (7**) and sidechain (v*¢) contributions are considered separately in the
additive approach outlined in the Materials and Methods section. Following the same ap-

24,25
l.,

proach described by Auton et a it is assumed that the additivity exists also within a

11



single amino acid. This implies that the sidechain contribution 7%¢, defined as the effect of
substituting the side chain for a hydrogen atom, can be calculated by subtracting the KB
integral vgry for glycine (where the sidechain is just a hydrogen atom) to the KB integral

of the amino acid ¢ being considered ~;,

72% =% — YGLY (14)

Here, attention will be focused on zwitterionic residues, in line with what was done
experimentally.>°

The backbone contribution 4% can be computed using, for instance, the constant incre-
ment method?® for the NAG,A series. According to this construct, the contribution of the
peptide unit can be obtained from the slope of a plot of the v values versus the number of

internal glycine units z (Figure 1a),

v =794z (15)

where 7% is the contribution of the end groups.
We can observe that a good linearity is observed for the NAG,A series in 1 M sucrose

in Figure la (R* ~ 0.95), obtaining a value of 4* ~ —0.128 nm?

. This linearity further
confirms the existence of additivity for the osmolyte-polypeptide interaction, as was also
experimentally observed.2¢

Figure 2a shows a comparison between the v*¢ and +** values for the case of 1 M sucrose as
a model osmolyte, obtained using either the KBP force field (red bars), or the experimental
data by Auton et al.?® (dashed bars).

As can be observed, the KBP force field gives results that are not always in perfect ac-
cordance with experiments. For instance, it overestimates the interaction between sucrose

and aromatic residues (Phe, Tyr and Trp), and also tends to predict preferential interaction

(positive v°¢) of sucrose with some non-polar groups (Ala, Val, Leu, Ile), while preferential

12
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= Rz = 0.947
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Number of glycine units, X

Figure 1: KB integrals (7 = Ga3 — G12) for the N-acetyl glycinamide series NAG,A, as
function of the number of internal glycine units x. The results shown in panel (a) were
obtained for 1 M sucrose, and using the KBP force field.!® Panel (b) displays results for the
ADD force field. Here, the solid line with red squares is for 1 M sucrose, while the dashed
one with red circles is for 1 M sorbitol.
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Figure 2: KB integrals v*¢ and +* for the different amino acids side chains and the backbone,
and for (a) 1 M sucrose or (b) 1 M sorbitol as model osmolytes. Red, black and dashed bars
correspond to the KBP, the ADD and the experimental data,?°° respectively. In both
panels, the amino acids are divided into groups, depending on their side chain properties
(non-polar, polar, aromatic, positively and negatively charged, moving from left to right),
and ordered according to their molecular weight (increasing from left to right) in each group.
Zwitterionic amino acids were used in the simulations.
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exclusion (negative v°¢) was experimentally observed. This result is not surprising consider-
ing that the magnitude of partial charges for the alcohol atoms is reduced in the KBP force
field, as such decreasing the polar behavior of this group. In line with this, simulations of
the KBP carbohydrates with lysozyme predicted that sugars were interacting more strongly
with hydrophobic residues, like Ala, Ile and Phe,!® than with hydrophilic patches.

This increased interaction of KBP sucrose with non-polar and aromatic residues is com-
pensated for by a significant exclusion of simulated sucrose from charged amino acids. This
also is not in line with the experimental data, where a slight interaction was observed (Figure
2a). However, we found that it is not possible to reproduce this experimental behavior, i.e.,
preferential interaction with charged side chains, with any choice of force field parameters for
the hydroxyl group. We hypothesized that this may be due to the very high ionic strength in
simulations of the charged residues, which does not reproduce real experimental conditions.
For computational reasons, we are limited to small simulation boxes, and the presence of
a huge number of ions in a small system may lead to the observed discrepancy. To verify
this hypothesis, we tried two different simulation conditions for lysine, arginine, aspartic and
glutamic acid. In the first one, 25 amino acid molecules were introduced into the simulation
box (8 x 8 x 8 nm) as described in the Materials and Methods section, and neutralized with
Na*t or Cl™ ions, resulting in a high ionic strength. In the second case, only one residue
was inserted into the box, with a corresponding 25-fold reduction in ionic strength. We
observed no significant change in the computed KB integrals for these two configurations,
suggesting that the influence of the ionic strength is not dramatic and cannot therefore be
the reason for the observed disagreement between simulations and experimental data. We
note that the experiments were carried out with the neutral salts of the amino acids. The
discrepancies for the charged amino acids may also arise from how the amino acids interact
with their counterions. Further analysis would be needed in this direction. Finally, another
possible explanation for this discrepancy may be related to the presence of charge effects in

the setup used to obtain the experimental values, where solubility data were used as inputs,

15



the activity coefficients were ignored and therefore some non-ideality of charged systems may

have been neglected.®

Developing the ADD Force Field

We tried to further improve the prediction of experimental v values between carbohydrates
and amino acids, by modifying the non-bonded parameters for sugars. The KBP set was
used as the starting point for this investigation. Cloutier et al.!® showed that modifying
the charges and the Lennard-Jones parameter € of the alcohol groups should be enough
to tune the solution properties. The final objective was to obtain a force field that could
accurately predict not only the experimental amino acid-sugar KB integrals, but also sugar-
sugar (Gs3), sugar-water (G3) and sugar-protein (I') interactions. For this purpose, we
made the following assumptions: i) changing the partial charges of O and H alcohol atoms
affects the polar behavior of sugars. This will be useful to adjust their polarity, making the
interaction with the non-polar groups less favorable; ii) the Lennard-Jones parameter € for
interaction with water affects GG33 and Gi3.

We started by modifying the partial charges of O and H alcohol atoms, using sucrose
(at 1 M concentration) as model osmolyte (see Table 2). The Lennard-Jones parameters
for this first tuning step were the same as for the KBP force field. The 7*¢ values for two
model amino acids, one polar (Asn) and the other apolar (Ala), were used as reference to
adjust sucrose polarity. The simulations results for these two residues, listed on each row of
Table 2 for the different combinations of O and H charges here investigated, were compared
to the experimental values, shown on the last row of the table. As evident, the KBP values
(-0.50 for O and 0.18 for H, first row of Table 2) result in a reversal of sign compared to the
experimental data. That is, KBP sucrose interacts with Ala and is excluded from Asn, while
the opposite is observed in experiments. This confirms that the apolar behavior of sugars is
enhanced by the KBP parameters.

Other reference values we used to adjust the force field parameters were the KB integrals

16



Table 2: Effect of O and H charges on sucrose polarity (ALA and ASN ~*9),
self-association (G33), and interaction with water (G3). The Lennard-Jones pa-
rameters were the same as for the KBP force field. The last column corresponds
to the root mean square error (RMSE) between the simulated and experimental
values (listed in the last row), for each combination of partial charges. A 1 M
concentration was selected for sucrose.

O charge H charge ALA 7%, nm® ASN ¢, nm® G35, nm® Gi3, nm® RMSE, nm?

-0.50 0.18 0.011 -0.073 -0.843 -0.251 0.069 !
-0.50 0.25 -0.048 -0.088 -0.760 -0.250 0.077 !
-0.60 0.28 -0.158 -0.113 -1.070 -0.130 0.167
-0.62 0.30 -0.032 -0.151 -1.070 -0.130 0.167
-0.64 0.35 -0.206 0.328 -0.940 -0.170 0.174
-0.64 0.37 -0.081 0.055 -0.910 -0.176 0.0552
-0.64 0.38 -0.430 -0.261 -0.824 -0.206 0.249
-0.64 0.39 -0.218 -0.365 -0.786 -0.218 0.226
-0.65 0.25 -0.257 0.089 -1.170 -0.090 0.217
-0.65 0.33 -0.045 0.244 -1.060 -0.130 0.1613
-0.65 0.40 -0.384 0.007 -0.620 -0.260 0.201
Exp.! -0.039 0.050 -0.819 -0.220

ISugars too apolar
2Not enough excluded from protein
3Bad prediction of sugar-sugar interaction: possibility to modify Lennard-Jones parameters
4Experimental values from®°>2
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for sucrose-sucrose (G33) and sucrose-water (G13) interaction. As already shown by Cloutier
et al.,'® the KBP force field results in an extremely good prediction of these values.

The magnitude of the partial charges of O and H atoms needs to be increased to achieve
the correct polarity. For this reason, we focused our attention on the values of the partial
charges closer to that of the original CHARMMS36 force field. For instance, the combination
-0.64 for O and 0.37 for H results in a correct prediction of the experimental sign of v*¢ for
both Ala and Asn, and also describes fairly well the interaction of sucrose with both water
and other sucrose molecules. However, when we tried to apply these force field parameters
to the case of RNase A at pH 3 (sim. 5 in Table 1), we observed that they led to an
underestimation of the exclusion of sucrose from the protein.

The root mean square error (RMSE) reported in the last column of Table 2 was computed
considering all four parameters Gsz, G13 and v*¢ for both Ala and Asn. Instead, Figure 3a
shows the RMSE calculated considering as reference values only the v*¢ for Ala and Asn.
This 3D plot, obtained varying the O and H charges, shows that the minimum RMSE is
observed for the combination -0.65 for O and 0.33 for H (also highlighted with an arrow in
Figure 3a). This possible choice of force field parameters, hence, correctly describes sucrose
polarity, resulting in a good prediction of v*¢ for both Ala and Asn. As shown in Table 2, the
combination -0.65 for O, 0.33 for H underestimates sucrose-sucrose interaction (too negative
G'33). However, as mentioned in our working hypotheses, we expect that it would be possible
to adjust the values of G335 and G13 by selecting the proper Lennard-Jones parameters ¢ for
water interaction.

For this reason, the combination of partial charges -0.65 for O and 0.33 for H was further
explored, and the £ parameters (for interaction with water) modified with the objective
to improve the prediction of sucrose-sucrose and sucrose-water interaction (Table 3). We
started from the € values of the KBP force field (0.90 kJ mol™ for O and 0.30 kJ mol™*
for H) and progressively reduced them to improve the matching with the experimental data

(shown in the last row of Table 3). The choice that seemed to result in the best prediction
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Figure 3: (a) Root mean square error (RMSE) between experimental and simulated values
of v*¢ for Ala and Asn, as a function of the O and H charges. The Lennard-Jones parameters
were the same as for the KBP force field. (b) RMSE between experimental and simulated
values of KB integrals GG33 and (13 as function of the Lennard-Jones parameters e for water
interaction. The O and H partial charges were set to -0.65 and 0.33, respectively. The data
shown in both panels are for 1 M sucrose as model osmolyte.
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of G35 and G135 values was 0.45 kJ mol™! for O and 0.12 kJ mol~! for H. This combination
minimizes the root mean square error (RMSE, shown in the last colum of Table 3 and
in Figure 3b) between simulated and experimental data, and also has the advantage of
requiring no separate Lennard-Jones parameters for water and non-water interactions. In
the following we will refer to this optimized combination of parameters as to the ADD force

field, to underline the fact that it was obtained from an additivity analysis.

Table 3: Effect of Lennard-Jones parameters ¢ for water interaction on the KB
integral between 1 M sucrose and water ((Gi3) and on sucrose self-association
(G33). The O and H partial charges were -0.65 and 0.33, respectively. The
last column corresponds to the root mean square error (RMSE) between the
simulated and experimental values (listed in the last row), for each combination
of Lennard-Jones parameters.

e(0), kJ/mol e(H), kJ/mol Gs3, nm®* Gp3, nm® RMSE, nm*

0.90 0.30 -1.060 -0.130 0.182

0.85 0.25 -0.967 -0.155 0.115

0.78 0.18 -0.937 -0.165 0.092

0.70 0.15 -0.897 -0.173 0.064

0.45 0.12 -0.758 -0.193 0.047*
Exp.? -0.819 -0.220

No separate Lennard-Jones parameters for water and non-water interactions
2Experimental values from?®!:52

Table 4 summarizes the parameters for the original CHARMM36, KBP and ADD force
fields. The non-alcohol atoms partial charges for the KBP and ADD force fields are the
same, and are shown in Figure S1 for the two molecules (sucrose and sorbitol) that will be

used to verify the performances of the ADD parameters in the next section.

The ADD Force Field Improves the Prediction of Sugars and Polyols

Polarity

The sidechain and backbone + contributions were recomputed for the ADD force field. To

verify that the sidechain contribution would not vary depending on the terminal capping
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Table 4: Summary of O and H partial charges and Lennard-Jones parame-
ters ¢ (for interaction with all, non-water or water only atoms) for the original
CHARMMS36, KBP and ADD force fields.

force field O charge H charge interaction type ¢(0O), kJ/mol ¢(H), kJ/mol
original CHARMMS36 -0.65 0.42 all 0.804 0.192
non-water 0.450 0.120
KBP 050 018 water 0.900 0.300
ADD -0.65 0.33 all 0.450 0.120

conditions, both capped (acetylated and amidated) and zwitterionic amino acids were con-
sidered. In Figures S2a-c we show ~v*¢ values computed using either capped or zwitterionic
amino acids in 1 M sucrose or sorbitol, and obtained using the ADD or KBP force fields
(sim. 1 and 2 in Table 1). The trend was essentially the same for both the capped and the
zwitterionic form. These results are in line with the work of Nozaki and Tanford,®® where
the interaction of the sidechain of a branched organic compound with the solvent was found
to be approximately independent of the interaction of the backbone to which the side chain
was attached. The simulation results, therefore, seem to confirm the existence of additivity
within the individual amino acid (i.e., amino acid KB integral = backbone contribution -+
side chain contribution). This also means that, in our specific case, both zwitterionic and
capped amino acids may be considered to compute the side chain contribution, without dra-
matically affecting the final results. Similarly to what was done before, we will therefore
focus our attention on zwitterionic amino acids.

Figure 1b further confirms the existence of a good linearity for the NAG,A series, also
for the ADD force field. This holds true for both 1 M sucrose (solid line with red squares)
and 1 M sorbitol (dashed line with red circles). The values of v are ~ —0.090 nm? and
~ —0.040 nm? for sucrose and sorbitol, respectively.

Figure 2 shows a comparison between the v*¢ and v* values obtained either experimen-
tally (dashed bars) or with the ADD (black bars) force field, for either 1 M sucrose (Figure

2a) or 1 M sorbitol (Figure 2b). Overall, the ADD force field resulted in an improved pre-
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diction of experimental data, compared to the KBP parameters. This is also evident from
the RMSE values listed in Table 5. The ADD force field resulted in a considerably lower er-
ror, compared to the KBPs, especially for non-polar and aromatic sidechains. The observed
improvement is mostly related to the enhanced polar behavior of the ADD sugars compared
to the KBP force field. As can be observed, the ADD parameters (black bars) correctly pre-
dict exclusion of sugars from non-polar residues, and do not overestimate sucrose-aromatic
residues interaction, as instead occurred with the KBP force field (red bars, Figure 2a).

In the case of the ADD force field, similarly to the KBPs, we observed a discrepancy
between simulated and experimental values for charged amino acids. As already mentioned,
no possible choice of force field parameters for the hydroxyl group could solve this problem.
To investigate this further, simulations of 1 M sucrose, described with either the KBP or
ADD force fields, were perfomed in presence of 4 M guanidinium chloride (GdmCl). GdmCl
is a strong denaturant, often used in experimental investigations of protein folding. The
guanidinium group is also present in the side chain of arginine, and is responsible for the
polarity of this amino acid. Details on the simulations of 1 M sucrose in presence of GdmCl
can be found in the Supporting Information. The KB integrals extracted from the obtained
trajectories (Table S1) indicated a tendency of KBP sucrose to self-interact in presence of
GdmCl. This self-interaction, coupled to an extremely unfavorable sucrose-ions interaction,
translated into demixing of the solution (Figure S3). The ADD force field could ameliorate
this situation, by decreasing sucrose self interaction, and preventing demixing of the solu-
tion. This suggests that the interaction of ADD sucrose with charged groups, such as the
guanidinium moiety also present in the sidechain of arginine, is improved compared to the
KBPs.

Table 6 further shows a comparison between the original CHARMM36, KBP and ADD
force fields for what concerns the prediction of sugars self-association (Gs3), interaction with
water (G3) and preferential exclusion from proteins (I', for RNase A and a-Cgn A as model

systems). The original CHARMMS36 force field resulted in a clear overestimation of self-
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Table 5: RMSE between experimental and simulated values of v*¢ and " for 1
M sucrose. For the 7*¢ values, the RMSE has also been calculated separately for
the different sidechain groups.

Sucrose
RMSE, nm? KBP ADD
all sidechains + backbone 0.503 0.252
non-polar sidechains 0.149 0.075
polar sidechains 0.199 0.147
aromatic sidechains 0.633 0.073
positive sidechains 0.680 0.507
negative sidechains 1.131  0.536

interaction for both sucrose and sorbitol. The sugar molecules are strongly attracted to one
another when using CHARMM36, and tend to repel water, in contrast to experimental data.

The KBP parameters and the ADD force field strongly improve the agreement with
experimental values. If we compare more closely the KBP and ADD force fields, we can
observe that they provide a similar description of (G353 and G13 values for sucrose, while the
KB integrals predicted by the ADD parameters showed the best agreement with experiments
for sorbitol, as confirmed by the small RMSE. These values of KB integrals were obtained
using the Lorentz-Berthelot rule for the van der Waals cross-interactions. This means that
the Lennard-Jones parameters of a cross-interaction are defined as the arithmetic (for o) or
geometric (for €) mean of the individual atomic values. Sim. 4 in Table 1 were also performed
using the geometric combination rule (i.e., geometric mean for both o and ¢), for the case
of sucrose as a model osmolyte. The solution KBIs (G33 and G3) were computed, and the
results for both combination rules and for both KBP and ADD are shown in Table S2. It
was observed that the behavior of ADD sucrose was not influenced by the combination rule.
In contrast, the KBP sucrose self-interaction became less unfavorable when the geometric
mean was used instead of the Lorentz-Berthelot rule, leading to a significant deviation from
experimental values. It is important to note that the KBP force field was developed using

the Lorentz-Berthelot rule, and uses a separate set of nonbonded parameters for sugar OH-
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water interaction. This probably causes imbalance between sugar-sugar and sugar-water
interactions when the geometric rule is used.

For what concerns preferential exclusion, the ADD force field seems to provide an accurate
estimation of I" for sucrose, both at low (0.1 M) and high (1.0 M) concentration, performing
better than the KBPs at high concentration. The opposite is true for sorbitol and Rnase A.
In this case, the KBP parameters seem to reproduce experimental values better, while the
ADD force field slightly underestimates preferential exclusion. However, both force fields
perform much better than the original CHARMMS36, which was shown to result in prefer-
ential interaction (i.e., positive I') of sugars and polyols, especially at high concentration of
cosolutes.® What is interesting and important to note is that this improved description of
preferential exclusion from proteins derives from the additivity of amino acids/carbohydrate
interaction in the case of the ADD force field.

The diffusion coetficients of ADD sucrose and sorbitol were also measured, and compared
to the values obtained experimentally,®°® or with the KBP and original CHARMMS36 force
fields. The results of this analysis are illustrated in Figure S4, and show that the KBP param-
eters lead to higher diffusion coefficients compared to the original CHARMMS36 force field.
ADD carbohydrates generally display intermediate values, albeit closer to those observed for
the KBPs. For sorbitol (Figure S4b), the ADD and KBP parameters improve the description
of the experimental trend, while the opposite is true for sucrose (Figure S4a).

Some simulations of Trpzipl in 1 M ADD sucrose were also performed, using three differ-
ent force fields (CHARMMS36m,? AMBER 99SB-ILDN?? or OPLS-AA3%) for the peptide.
The preferential exclusion coefficient I' for these simulations is shown in Figure S5. The
results with the different protein force fields did not vary significantly (maximum deviation
<=1), indicating compatibility of the ADD force field with these widely used protein force
fields.

As a further step, we would like to illustrate how the v*¢ and +* values in Figure 2

could be used in the framework of an additive approach. As shown in Eq. 10, an additive
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Table 6: Comparison between the sugar-sugar (Gs3), sugar-water (G3) and sugar-
protein (T, for the specific case of RNase A and a-Cgn A) interaction as obtained
experimentally, or as predicted by the original CHARMM36, KBP and ADD
force fields. The RMSE between simulations and experimetal values is also

shown.

Sucrose !

KBIs original CHARMM36 KBP ADD Exp.

G35 1M suc., nm? 0.346 -0.843 -0.758 -0.819

G1s 1M suc., nm? -0.633 -0.251 -0.193 -0.220
RMSE, nm? 0.87 0.03 0.05

Pref. Excl. KBP ADD Exp.

I' (RNase A pH 3 in 0.1M suc.) -1.12 074 -0.641

I' (RNase A pH 3 in 0.7M suc.) -3.5 -3.0 n/a

I' (RNase A pH 3 in 1.0M suc.) -4.9 -7.5  -7.611

I' (RNase A pH 7 in 0.7M suc.) -5.9 -6.9 n/a

I' (a-Cgn A pH 3 in 0.7M suc.) -6.1 -5.6  -7.135
RMSE, - 1.70 0.89

Sorbitol 2

KBIs original CHARMM36 KBP ADD Exp.

G'33 1M sor., nm? 0.231 -0.812  -0.417 -0.400

G13 1M sor., nm? -0.306 -0.156 -0.171 -0.173
RMSE, nm? 0.46 0.29 0.01

Pref. Excl. KBP ADD Exp.

I' (RNase A pH 2 in 2.2M sor.) -11.9 -89 -1291

I' (RNase A pH 5.5 in 0.55M sor.) -4.7 -2.2 476

I' (RNase A pH 5.5 in 2.2M sor.) -15.0 -11.5 -13.26
RMSE, - 116 2.93

Experimental values from
2Experimental values from
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relation exists between Kirkwood-Buff integrals, and this result could be exploited to predict
the m value for protein-osmolyte interaction. More specifically, the values of 7*¢ and %
shown in Figure 2, and the Gi3 and (33 listed in Table 6 for the ADD force field could be
inserted into Eq. 10 to predict the m value. We tried this approach for a protein that was
also experimentally investigated, i.e., RCAM-T1 (a reduced and carboxyamidated variant
of RNase T1).°® The side-chain and backbone accessible surface areas of residues in the
native fold were calculated from a Protein Data Bank file of RNase T1 (PDB code 2BU4%),
exploiting the algorithm developed by Lee and Richards®%? as modified by Lesser and
Rose.% A probe size equal to 0.14 nm was used. The solvent accessible surface areas in the
denatured state were instead obtained by interpolating® between the lower and upper limits
representing compact and expanded models of the denatured state, as defined by Creamer
et al.% The fractional exposure of each group was then computed as described in Eq. 4.

The experimental m value for RCAM-T1 in sucrose is 1.550 kcal mol~! M~1.% Using the
additive approach by Auton and Bolen, with experimentally measured transfer free energies,
a value of 1.060 kcal mol~! M~! was obtained for the m value,?* in line with experiments.
Using Eq. 10, with KB integrals from the ADD force field as inputs, the m value obtained
is 1.554 kcal mol~! M~!, which is also in very good agreement with the experimental result.
In contrast, if the results obtained with the KBP parameters are substituted into Equation
10, an m value of -0.291 kcal mol=! M~! is calculated, which does not compare well with
experiments.

An m value of 1.380 kcal mol~! M~! for RCAM-T1 in sorbitol was also experimentally
obtained,?* and fairly well predicted by Auton et al. using the additive approach based on
experimental transfer free energies, which gave a result of 0.816 kcal mol~! M~!. Using the
KB integrals as predicted by the ADD force field and Eq. 10, an m value of 1.116 kcal mol™*
M1 is obtained, in good accordance with experiments.

As a last step, we show in Figure 4 the y parameter, as computed with the KBP or ADD

force fields, for sucrose and sorbitol. Focusing on Figure 4a, we can observe that the ADD
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force field predicts the formation of a larger number of sucrose-amino acid hydrogen bonds
compared to the KBP. This is again related to the higher polarity of ADD sugars. We also
observe that sucrose (Fig. 4a) forms a larger number of hydrogen bonds with amino acids

than sorbitol (Fig. 4b). As already hypothesized, this may be related to the higher number

of accessible hydrogen-bonding sites in sucrose compared to sorbitol.%¢:67
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Figure 4: y parameter for the different amino acids in (a) 1 M sucrose or (b) 1 M sorbitol,
as obtained with the KBP (red bars) or ADD (black bars) force fields.

Conclusions

In this work, a new set of parameters for carbohydrates (ADD) has been developed, with the
objective to improve the prediction of individual carbohydrate-backbone and carbohydrate-

side chains KB integrals. We have shown that molecular dynamics simulations can reproduce
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the experimentally observed additive behavior of sugar-protein interaction. The new set of
parameters also correctly predicts sucrose and sorbitol self-association, as well as their inter-
action with water. The ADD force field improves the description of sugars polarity compared
to the KBPs, and shows comparable performance in predicting the degree of preferential ex-
clusion from proteins. By properly adjusting charges and Lennard-Jones parameters a good
description of the solution properties is obtained, without requiring separate parameters for
water or non-water interactions, as instead occurs for the KBPs. The ADD parameters were
developed in combination with the CHARMM36m force field for proteins, but good compat-
ibility was observed for the case of the Trpzipl peptide also with AMBER 99SB-ILDN and
OPLS-AA.

The main discrepancy between simulations and experiments regards charged amino acids.
No possible choice of non-bonded parameters for the hydroxyl group made it possible to solve
this problem, and the origin of this disagreement may lie in the experimental or simulation
setup. A high ionic strength in simulations, due to small box sizes, seems not to be the
problem, as the results did not change when reducing the ions concentration within the
simulated systems. Also, the experiments were carried out by neutralizing the charge groups,
and in a way the results depended on the counterions pairing. The presence of neglected
deviations from ideality in experiments may also account for the observed discrepancy. It
must furthermore be considered that the parameters of the hydroxyl moiety only were tuned
in the present work. This choice was made to reduce the number of variables, and because the
alcohol atoms represent the functional group of sugars and polyols, thus being responsible
for many of their properties. However, the non-bonded parameters of other atoms may need
to be adjusted to correctly reproduce the carbohydrates-charged amino acids interactions.
For instance, the partial charges of other atom types may need to be modified, or polariz-
able models®® may be an option to address this problem. The use of separate Lennard-Jones
parameters between alcohols and charged amino acids may also be considered, but, as we ob-

served for the KBP force field in Table S2, this may make the force field not fully compatible
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with different combination rules. The hope of the authors is that this work may stimulate
further improvement in this direction. A first step has already been made in the present
manuscript, where we observed that the ADD parameters showed better compatibility with
charged groups than the KBPs, for instance avoiding demixing in sucrose-GdmCl mixtures.
Overall, a new approach has been herein proposed for the development of a force field to
describe protein-osmolyte interactions, where the individual backbone-osmolyte and sidechain-
osmolyte contributions are used as target data. This new strategy seems to give promising

results, and will further be investigated.

Supporting Information

Partial charges of simulated carbohydrates, comparison between zwitterionic and capped
amino acids, simulations of sucrose-guanidinium chloride mixtures, ADD and KBP behav-

ior in the case of different combination rules, diffusion coefficients of sucrose and sorbitol,

compatibility of ADD with the AMBER 99SB-ILDN and OPLS-AA force fields.
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