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Abstract

Recent results concerning the formulation and evaluation of preferential
interactions in biological systems in terms of Kirkwood-Buff (KB) integrals are presented.
In particular, experimental and simulated preferential interactions of a cosolvent with a
biomolecule in the presence of water are described. It is argued that the preferential
interaction parameter defined in a system open to both cosolvent and solvent corresponds to
the situation most relevant to the analysis of computer simulation results of cosolvent
interactions with proteins and small peptides. Hence, KB theory provides a path from
quantities determined from simulation data to the corresponding thermodynamic data.
Keywords: Lysozyme, molecular dynamics, preferential interactions, urea, Kirkwood-Buff

theory.
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1. Introduction

Protein denaturation is an important process which remains poorly understood at
the atomic level. In principle, computer simulations provide the atomic level detail required
for an improved description of cosolvent interactions with proteins. However, the majority
of computer simulations of cosolvent effects on peptides and proteins have been rather
qualitative in nature.[1-5] In particular, a direct connection between the simulations and
experimental thermodynamic data has been noticeably absent. This is primarily a result of
the weak binding of many cosolvents to proteins.[6] This presents a conflict between the
traditional binding site models used to interpret the experimental data,[7,8] and the inability
to locate binding sites and assign binding constants from the simulation data.

More recently, it has become possible to study cosolvent effects in a quantitative
manner by the use of Kirkwood-Buff (KB) theory.[9-13] The use of KB theory is
particularly well suited for the analysis of experimental data as it involves no
approximations, and for the analysis of simulation data as it only requires the determination
of radial distribution functions (rdfs), or coordination numbers, which are easily obtained
from simulations. Our previous studies have involved using KB theory to improve the force
fields required for computer simulation,[14-19] relating simulation data on cosolvent
effects to experimental thermodynamic data,[10,11,20,21] and for the interpretation of
thermodynamic data on cosolvent effects on biomolecules.[21-24] Here, we present our
latest efforts to use KB theory for the analysis of experimental and computer simulation
data relating to the interaction of cosolvents with proteins. The system chosen for study is

Lysozyme in urea solutions as extensive experimental data exists for this system. We show



how this can be used to provide data which is also available from simulation. A comparison
of the simulated and experimental data is then performed for the above system using two

different force fields for urea.

2. Background and Theory

The notation used here follows the usual definitions for biological systems where
the subscripts 1, 2, and 3 refer to the primary solvent (usually water), the biomolecule, and
cosolvent, respectively. All equations refer to the limit of an infinitely dilute biomolecule.
The same formulation can be applied to systems with finite protein concentrations, but is
significantly more complicated. The basic approach is to use KB theory to interpret
experimental data from equilibrium dialysis and cosolvent denaturation experiments. The
exact details have been outlined elsewhere.[21,23]

Kirkwood-Buff theory provides relationships between particle number fluctuations
and derivatives of the chemical potentials in the grand canonical (uWVT) ensemble where the
volume (V), temperature (T), and chemical potential (i) of all species are constant. The
primary result used here is that,[25,26]
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where Gj; is the Kirkwood-Buff integral between species i and j, pi= Ni/V is the number
density (molar concentration) of species i, R is the Gas Constant, B = 1/RT, and 9;; is the
Kroenecker delta function. The KB integrals are defined in terms of the corresponding rdfs

(gij) such that,[21,26]



G; =G; = 47[!: [giﬁ‘w (r)—=1r%dr ~ 47Z'J-0RC [g 7" (r) —1]r?dr 2)

]

An excess coordination number can be defined (Njj = pjGij # N;i) which characterizes the
excess number of j molecules around an i molecule in the open system above that observed
within an equivalent volume of the bulk reference solution. KB theory can then be used to
provide expressions for thermodynamic properties in other ensembles by using suitable
thermodynamic transformations.[26]

The approximation in the above equation is required for evaluating KB integrals in
closed systems. Here, a correlation region exists, defined by a distance R, within which the
local cosolvent and solvent density around the species of interest differs from the bulk
density. Beyond the correlation region all gi(r) = 1. The correlation region can extend over
many molecular solvation shells and therefore provides a potentially different
representation of the cosolvent effect from that assumed in the common binding models,
where binding is usually limited to the protein surface.

Equilibrium dialysis experiments provide data on the thermodynamic binding of
cosolvents to a biomolecule. This data is usually expressed in terms of the preferential
interaction (PI) of the cosolvent with the protein (denoted by I'3), which measures the
change in cosolvent molality (m3) on changing the biomolecule molality (m,) in a system
open to the cosolvent and water, but not the biomolecule. This is also often referred to as
the preferential binding parameter. In the infinitely dilute biomolecule limit an exact

expression for I'p3 in terms of KB integrals can be obtained,[23]
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The value of I'p3 is dependent on the cosolvent concentration. If the biomolecule exists as a
mixture of different major forms (native and denatured for example), the dialysis
experiment provides an average preferential interaction such that,

= folps + fulys 4)
where f;is the fraction of state i. Hence, the total preferential interaction is simply the sum
of the individual preferential interactions.

The effects of cosolvents on biomolecules can also be quantified by cosolvent
denaturation studies in closed systems. For a biomolecular equilibrium (K=fp/fy) affected

by a cosolvent one can show that,[21]
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where a; is the cosolvent activity (on any scale) and ANy = Npij — Nyi. Hence, the
denaturation process is driven by the difference in preferential interaction of the cosolvent
with the two different states of the protein. When AI'»3 is positive, negative, or zero, the
cosolvent can be classified as a denaturant, an osmolyte, or thermodynamically inert,
respectively. Most denaturation studies use cosolvent concentration and not activity. As the
biomolecule is infinitely dilute, the transformation involves a property of the cosolvent and

water solution only and can also be expressed in terms of KB integrals according to,[26]
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For our purposes we will also assume that the cosolvent denaturation thermodynamics fits
the empirical m-value model such that the change in standard free energy of unfolding is
given by,

AAG = AG® (p,) — AG® (0) = —mp, (7)
where m is a constant. The approximation is usually good for urea denaturation. Hence,

combining Equations 5-7 provides,
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where all the data on the far Ihs can be obtained experimentally.

A combination of Equations 4 and 5 (or 8) can therefore be used to separate the
preferential interaction into components involving the native and denatured states as a
function of cosolvent concentration. Xie and Timasheff have also described this
procedure.[27] The results for Lysozyme in urea solutions at pH 7 (where the protein
remains folded) and pH 2 (where the protein unfolds with a transition mid point of 3.7M
urea) have been determined previously.[21,27] The advantage of this approach is that
information on cosolvent binding to the native state is available at high urea concentrations
where the protein may actually be predominantly unfolded. This is important as the use of
computer simulations to study the denatured state is complicated by our limited
understanding of the unfolded state of proteins, and our inability to simulate for times long
enough to observe unfolding. In contrast, simulations of the native state in high urea
concentrations can be performed relatively easily and provide good statistics on the

required preferential interactions. This is the approach taken here. An alternative approach



is to study cosolvent binding at low denaturant concentrations so as to avoid populating the
denatured state.[28]

In addition, the individual values of N,; and N»s can be extracted from the above
expressions using the KB results for the partial molar volume (V ) of the solute at infinite

dilution in terms of properties of the reference solution,
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where 7 is the isothermal compressibility of the solution. However, we will not pursue this

decomposition here.

3. Methods

The details of the simulations will be published elsewhere. Briefly, Hen Egg White
Lysozyme was simulated by classical dynamics at 300 K and 1 atm using the Gromacs
program and the GROMOS 43al force field.[29-31] The system included Lysozyme, 4096
urea molecules, and 18112 water molecules in a cubic box of length 9.5 nm. The water
model was SPC/E and two different urea force fields (KBFF and OPLS) were
investigated.[15,32,33] Positional constraints were applied to the C* atoms of the protein to
prevent partial unfolding. The simulation corresponding to pH 7 was performed with all
residues in their usual protonation state, while the simulation at pH 2 was performed with
all carboxylate groups protonated. The total simulation time was 6 ns with the final 5 ns
being used for averaging purposes. The properties of the urea and water mixtures have been

studied previously and some of the results are displayed in Table 1.[15] The OPLS and



KBFF models display significantly different urea aggregation behavior, with a high degree
of self aggregation (large positive Gj; values) observed for the OPLS model. We note that
the experimental data on Lysozyme denaturation was obtained at 293 K. This is slightly
different to the present simulation temperature. We chose 300 K as the simulated properties
of urea and water mixtures are known at this temperature. It is expected that the small
temperature difference will have little effect on the results considering the errors inherent in
both the experimental (£1-3) and simulated (£5-10) PI data.

The preferential interaction of urea with the protein was determined from the
simulations by calculating the number of urea (n,3) and water molecules (nz;) within a
distance R from any atom of the protein. This provides a distance dependent Pl according

to,

F23(R) = nzs(R) - % n21(R) (10)

1
The ratio of ns/ny = ps/p; is the bulk cosolvent to solvent ratio. In cases where the n,3 and
Ny are large, the bulk cosolvent to solvent ratio should be corrected to account for the
cosolvent and water molecules which have moved from the bulk reference solution (beyond
R.) to the local solution environment around the protein. Hence, a more correct expression
IS,

rzs(R) = nzs(R) - %ﬂgg n21(R) (11)

The correction involves only a small change in the corresponding bulk concentration ratio,

but this can have a significant effect on the calculated PI as ny; can be large. The above

analysis is conceptually equivalent to assuming a virtual dialysis membrane located at a



distance R. from the protein surface. The local volume then represents an open system in
contact with a closed NPT particle bath located beyond the correlation distance. The
approximation should be reasonable for systems where the bath volume is far larger than
the correlation volume. It cannot be used as R approaches L/2, where L is the simulation

box length.

4. Results

The preferential interaction (PI) of urea with Lysozyme is displayed in Figure 1 for
the KBFF and OPLS urea force fields as a function of distance away from the protein
surface. The Pl is negative at small distances due to the excluded volume effect and the fact
that urea is larger than water. The Pl then increases sharply due to the presence of an
increased number of urea molecules in the first solvation shell, and a corresponding
decreased number of water molecules, over that expected from the bulk solution ratio. The
OPLS urea model displayed a large preferential interaction of urea with Lysozyme which
was several times that of the KBFF urea model, and had not reached the expected plateau
value. The correlation volume as defined by R, was also larger (> 1.5 nm) for the OPLS
model than for the KBFF model (1.0 nm). The difference between using Equations 10 and
11 was also more significant for the OPLS model as expected based on their respective Pl
values.

The experimental value of I',3 for this system is determined to be 16 at pH 7 and -
10 at pH 2. The results for the KBFF and OPLS models at pH 7 were 50 and > 200,

respectively. Clearly, both urea models display a significantly larger PI than experiment. In



our opinion, this is almost certainly due to inaccuracies in the protein force field as our
previous studies have shown that the approach adopted for common solute force fields used
to construct protein force fields do not typically reproduce the experimental KB integrals
for solution mixtures.[15,16,19,34] The KBFF model of urea and water does reproduce the
experimental KB integrals (see Table 1) and probably explains the improvement of the
KBFF urea model over the OPLS model. However, without a reparametrized protein force
field it appears that quantitative agreement with experiment will be difficult.

The effect of pH on the simulated Pl of urea with Lysozyme is also displayed in
Figure 1. The simulated effect was small in comparison with the absolute values of I',3, and
the fluctuations in the instantaneous Pl observed during the simulations. As observed in the
pH 7 simulations, the simulated PI values were larger for the OPLS model and both models
produced values which did not agree with experiment. The decrease in Pl on lowering the
pH was reproduced by both models although the PI values remained positive whereas the
experimental value is actually negative. However, the small difference observed for the
KBFF model was within the statistical errors associated with the simulated PI values.

The rdfs corresponding to the urea and water distribution from the protein surface
are displayed in Figure 2. The rdfs indicated a significant interaction of urea with the
surface groups on Lysozyme (between 0.3 and 0.5 nm) with a smaller second urea shell at
larger distances (between 0.6 and 0.8 nm). As expected, the water molecules penetrated
closer to the protein surface. The differences between the two urea models included an
enhanced water interaction over all distances for the KBFF model. A corresponding

increase in the urea distribution over a larger distance range was observed for the OPLS



model. The large differences in the PI values for both urea models were due to the
relatively small differences in the rdfs beyond the initial protein contact distance (0.5 nm),
which were magnified upon integration.

Figure 3 displays the PI of urea with Lysozyme as a function of simulation time.
The PI increased from around zero (corresponding to a random initial arrangement of
molecules) to fluctuate around a larger positive value of the PI. The time history suggests
that between 1-2 ns of simulation were required for the urea distribution to equilibrate and
provide a reasonable estimate of the PI. This is in agreement with our earlier simulation
studies on simple solution mixtures.[35] Long time fluctuations were apparent in the value
of the Pl which requires averaging over several ns of simulation time to determine PI
values with reasonable precision. Slightly longer equilibration times were required for the
OPLS urea model.

Most cosolvent molecules are significantly larger than water molecules and cannot
therefore approach as close to the protein surface as the water molecules. Consequently, it
is well known that this gives rise to an excluded volume effect which tends to stabilize
folded proteins. Osmolytes typically enhance the excluded volume effect, whereas
denaturants have to overcome the excluded volume effect by binding to the protein in order
to promote denaturation. Recently, Schellman has estimated the excluded volume
contribution to I'p3 for several cosolvents and proteins using some simple approximations
involving protein solvent accessible surface areas.[36] Estimates for the excluded volume
contribution to I';3 can also be obtained from the current simulations. From the data

provided by Schellman for urea and Lysozyme, the excluded volume (referred to as the gap



volume by Schellman) for the native protein is 8000 cm®mol, if a protein volume of 10100
cm®mol is assumed.[36] This leads to an excluded volume contribution to the PI of -64 in
8M urea. The excluded volume contribution can be obtained from the simulations as the
value of the first minimum in the distance dependent PI (see Figure 1). This provides
contributions of -18 for the KBFF and -11 for the OPLS force fields, corresponding to an
excluded volume of 2250 and 1375 cm®/mol, respectively. Clearly, the simulated excluded
volume contributions are smaller than the estimates provided by Schellman. This is
probably due to the fact that the simulations include protein flexibility and the non spherical
nature of urea into the calculation. The degree of excluded volume was also dependent on
the urea model and the subsequent interaction with the protein. A larger excluded volume
effect was observed with the KBFF model and was consistent with the smaller Pl observed

for this model.

5. Conclusions

It has been shown that calculations of the preferential interaction of urea with
native Lysozyme under denaturing conditions provide a convenient way to study cosolvent
effects on proteins, especially for comparison of simulated and experimental data. The
simulated PI values require several ns of simulation time to equilibrate, and display large
fluctuations on the ns timescale. A large positive Pl was observed with two different urea
models, both of which indicated significantly more urea affinity for the protein than
suggested by experiment. In our opinion, the PI represents a model sensitive property of

solution mixtures that requires accurate force fields if one desires quantitative agreement



with experiment.

The difference between the results obtained for KBFF and OPLS urea models was
significant. This is not due to the different water model used here (GROMOS and OPLS
were developed to be used with the SPC and TIP3P water models), as we have
demonstrated that the KB integrals are relatively insensitive to the water model.[14-16] The
increased degree of aggregation observed for the OPLS urea model, over the KBFF model,
affects the corresponding preferential interactions observed in the presence of an infinitely
dilute solute. In an earlier study of cavity formation in urea solutions it was observed that
the degree of urea exclusion from the cavity was directly related to the degree of urea
aggregation observed in solution; a larger degree of urea aggregation producing a
correspondingly larger degree of urea exclusion.[20] Here, the OPLS model describes a
more favorable preferential interaction of urea with Lysozyme than the KBFF model.
Therefore, it appears that if the urea and water force field is not correctly balanced, leading
to incorrect descriptions of self aggregation, this will result in an excessive negative
preferential interactions if the solute-cosolvent interaction is unfavorable, and an excessive
positive preferential interactions if the solute-cosolvent interaction is favorable. Finally, it
should be noted that the general appearance of the urea and water rdfs around the protein
are in qualitative agreement for both urea models, even though the thermodynamics are not.

In our opinion, the only way one can be confident in the agreement between
experimental and simulated data on preferential interactions is to use both a cosolvent and
protein force field which have been shown to accurately reproduce the KB integrals

observed for solution mixtures.
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Figure captions

Figure 1. The simulated distance dependent Pl of 8M urea with native Lysozyme. As a
function of urea force field at pH 7 according to Equations 10 and 11 (top). As a function of
urea force field and pH using Equation 11 (bottom). The experimentally observed Pls are

16 at pH 7 and -10 at pH 2.

Figure 2. The urea (top) and water (bottom) rdfs as a function of the closest distance (r) to
any protein atom for the two different urea force fields. The simulated data correspond to

8M urea and a protein at pH 7.

Figure 3. The time history of the 8M urea PI corresponding to the KBFF model of urea and

a protein at pH 7. The value of I',3 was determined for R = R, = 1.0 nm using Equation 11.



Table 1

Simulated properties of 8M urea in water.

P Gss Gis Gu a
glem® cm®/mol cm®/mol cm®/mol 3
KBFF 1.121 -39 -48 -1 0.93
OPLS 1.130 391 -282 128 0.16
Exp 1.119 -56 -39 -5 1.16

Data taken from reference 15
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