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Sensitivity of Local Hydration Behaviour and Conformational

Preferences of Peptides to Choice of Water Model

Divya Nayar and Charusita Chakravarty*
Department of Chemistry, Indian Institute of Technology-Delhi, New Delhi: 110016, India.

Abstract

Hydration of the 16-residue S-hairpin fragment of the 2GB1 protein in the folded and un-
folded ensembles is studied with mTIP3P and TIP4P solvent models using the CHARMM22
protein force-field. mTIP3P is a three-site water model which is used for parameterization
of CHARMM force-field and is known to exhibit liquid-state anomalies of water at temper-
atures that are about 80 K lower than the experimental temperature. TIP4P is a four-site
water model which gives better description of experimental phase diagram and liquid-state
anomalies of water. At a temperature of 250K, where the folded ensemble of peptide is
stable and the unfolded ensemble is metastable, secondary structure metrics are much more
sensitive to choice of solvent model in the unfolded, rather than folded, ensemble. In par-
ticular, mean values as well as variation in the positional root mean square displacements
(RMSD) and configurational entropy are greater in mTIP3P compared to TIP4P solvent.
The peptide structure is relatively more compact in TIP4P solvent which supports unfolded
as well as hydrophobic core states. In terms of average local order and binding energy of
the water surrounding the peptide, strong deviations from bulk behaviour are restricted to
the first hydration shell and differences between the folded and unfolded ensembles in the
two solvents are small. The strong coupling between the solvent and the peptide is demon-
strated, however, by the dependence of the unfolding temperature on the water model (400K
in mTIP3P and 465K in TIP4P) and the qualitatively different temperature dependence of
the hydration layer occupancy signalling the unfolding transition in the two solvents. A
residue-wise decomposition of different contributions to the configurational energy indicates
that the TIP4P solvent shows far greater variation in the interaction with charged sidegroups
of amino acid residues than the mTIP3P solvent. The implications of sequence-dependent
sensitivity of peptide secondary structures to choice of water models for simulating folding-

unfolding equilibria and free energy landscapes are discussed.

*e-mail: charus@chemistry.iitd.ac.in
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1 Introduction

The three-dimensional structure and function of biomolecules are known to be dependent on
the aqueous solvation environment of living cells.'7 In the case of proteins, the interplay of
hydrophilic and hydrophobic solvation of the side-chains is crucial in determining secondary
and tertiary structures. Given that understanding the physics underlying hydration of simple
solutes is still an active area of research,® !4 the problem of designing potential energy surfaces
to model hydration of biomolecules that are accurate, transferable and computationally efficient
remains a major challenge. Standard biomolecular forcefields (GROMOS, AMBER, CHARMM)
have typically been designed to reproduce structural data from crystallographic or NMR studies
under ambient conditions.'® 17 Such force-fields use either implicit solvent models or explicit
solvent models based on standard rigid-body, pair-additive models of water.'® Interestingly, it is
now apparent that rigid-body water models differ widely in their predictive ability with regard
to liquid-state anomalies, equations of state and phase diagrams of bulk water.!419723 This
has led to a detailed examination of the consequences of specific choices of solvent models on

24-34

biomolecular solvation. The differences between the water models are quantitative, rather

than qualitative, at the level of local hydration shell structure, energetics and dynamics. 242635
These relatively small differences in hydration, however, translate into a significant dependence
of the conformational free energy landscape, particularly the folding-unfolding equilibria, on
the choice of water models.2728:31:32:34 Gince parametrizations of biomolecular forcefields are
typically performed under conditions when the folded, native structure is thermodynamically
stable, it is reasonable to assume that different water models will be in closer agreement with
regard to hydration behaviour in the neighbourhood of the folded, rather than the unfolded,
protein or peptide; we test this hypothesis for the 16-residue C-terminal S-hairpin fragment of
the 2GB1 protein in this paper.36

Rigid-body, effective pair potential models for water assume a fixed molecular geometry
and therefore disregard any coupling between intra- and inter-molecular vibrational modes.'®
Repulsion-dispersion interactions between nearest neighbours are typically modeled using a
single Lennard-Jones site located on the oxygen atom. Hydrogen bonding and electrostatic
interactions are parameterised using a distribution of partial charges. Many-body polarization

effects are ignored except indirectly using an enhanced effective dipole appropriate for bulk,
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rather than gas-phase, water. They are parametrised to yield very similar results for properties

of bulk water under ambient conditions but differ very significantly in the temperature regime
for liquid state anomalies and phase diagrams.!%19723:26 The best interaction model for pre-
dicting properties of bulk water need not necessarily provide the best description of aqueous
solvation since the physics underlying solvation of hydrophobic and hydrophilic solutes is sub-
stantially different.? Hydrophobic solvation depends critically on the reorganisation (at small
length scales) or break down (at large length scales) of the hydrogen-bonded network, and
therefore one expects that water models providing a more accurate equation of state will also

8,10,11,37-39 This will not be true for ionic and polar solutes,

provide a better model of solvation.
where strong solute-solvent interactions due to electrostatic and polarizability effects are in-
volved. 440 In this study, we focus on two commonly used water models (mTIP3P and TIP4P)
that may be expected to vary significantly in their hydration behaviour. The TIPnP family
of water models share a common molecular geometry but differ in the number and location of
the van der Waals and charged sites. The TIP4P /2005 model is currently probably the most

reliable in terms of modeling the thermodynamic properties of bulk water with a temperature

of maximum density (7L P) of 280K at 1 atm pressure. 214! The closely related TIP4P model

latm

TEMD — 253K, yet it has been widely used in biomolecular simulations. 242628 The

has lower
three-site water models, TIP3P and mTIP3P, have been used in parameterization of AMBER
and CHARMM force-fields, respectively. 16 The mTIP3P water model has two additional van

Tﬂé\an = 182K. In terms of bulk proper-

der Waals sites located on the hydrogen atoms and has
ties, it is very similar to the original TIP3P model.?#? At standard temperature and pressure,
TIP4P may be regarded as a tetrahedral liquid with anomalous properties close to those of bulk
water while mTTP3P must be regarded as essentially a simple liquid. While the two models have
very similar dipole moments, they have different quadrupole moments. The dipole moments
of mTIP3P and TIP4P are 2.35 Debye and 2.18 Debye respectively and quadrupole moments
are 1.721 Debye—/i and 2.147 Debye—/i respectively.*3 In the case of peptides, one expects that
the variable number and ordering of hydrophobic and hydrophilic side groups that controls the
secondary structure will also determine the response to different water models.

The 2GB1 g-hairpin structure is stable in aqueous solution under standard conditions and
displays key characteristics of protein folding, including two-state thermodynamics and kinetics
and an interplay of hydrogen bonding and hydrophobic core formation in determining folding

mechanisms.36*4 The importance of the peptide as a minimal -structural element has meant

that it has been extensively studied in simulations using CHARMM, %551 AMBER, 28 3052 GRO-
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MOS5354 and other force-fields.?>*6 Best and Mittal have examined the free energy surface of

this system using replica ensemble molecular dynamics with six combinations of protein force
fields (Amber ff03*, Amber ff99SB* and OPLS/AA-L) and water models (TIP3P, TIP4P and
TIP4P-Ew). Their results indicate that for a given force-field, the choice of water model results
in significant variation in the secondary structure metrics, folding equilibria, FRET transfer effi-
ciencies and NMR chemical shifts but clear directions for improving protein-solvent interactions
cannot be deduced at present from comparison with experiment.

Here we study the 16-residue C-terminal [-harpin fragment of 2GB1 (residues 41-56) in
mTIP3P and TIP4P water using the CHARMM22 forcefield. The different force-fields differ
in their propensity to favour a-helical versus (-hairpin structures,®” and the sensitivity of the
CHARMM force-field to the choice of water model for this peptide has so far not been studied.
The sensitivity of the secondary structures to the choice of water models indicated by the
free energy studies must be mediated through the structure and energetics of the hydration
layers of the peptides. Since the degree of solvent exposure of the side chains in the folded
and unfolded states will be different, a comparison of hydration of secondary structures in
the folded and unfolded ensembles should be of interest. To obtain well-defined equilibrium
averages, it is necessary to make the comparison at a temperature that is low enough that the
folded structure is stable and the unfolded structure is metastable, but high enough to be well
above the protein glass transition.?® %0 Since experiments as well as simulations suggest that
at 273K, the fraction of unfolded configurations can be significant (= 15%), we use 250K as
a common temperature for comparison.?®36 The ensemble of unfolded or denatured states is
created by quenching from a high temperature trajectory. Since the critical factor controlling the
anomalous behaviour of water models is the energetic bias towards local tetrahedral order, 142635
we monitor the number density, tetrahedral order and binding energies of water molecules in
the neighbourhood of the peptide, specially within the first hydration layer. We also consider
a number of different structural order metrics for the peptide, specially focusing on the three
aromatic residues (Tryptophan-43, Typrosine-45, Phenyalanine-52) that in conjunction with
Valine-54, form the hydrophobic core. The computational details are given in section 2 of this
paper. Section 3 summarises the key structural and energetic observables that we obtain from

the simulations. Section 4 and 5 contain results and conclusions respectively.
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2 Computational Details

The two solvated systems of peptide were prepared by extracting the 16-residue C-terminal
fragment of immunoglobin binding domain of streptococcal protein G (PDB ID:2GB1) and
then solvating the 3-hairpin fragment with 1774 TIP4P and 1738 mTIP3P water molecules. 3547
The C-terminal and N-terminal residues were not blocked with any capping moeties. The two
aspartic acids and two glutamic acids had negative charges on their side chains and one lysine
residue carried positive charge. Thus, the solvated peptide had a net -3 charge. In order to
maintain charge neutrality, three waters were replaced by three sodium ions in the system. The
solvation and ionization were done in a cubic box using the ”solvate” and ” autoionize” plugins
of VMD package respectively.®!

Molecular dynamics simulations of the solvated peptide system in both the solvent models
were performed using the NAMD 2.7 package.%? The CHARMM?22 force field was used for the
simulations. The spherical cutoff distance for the van der Waals interactions was maintained at
17 A . Particle Mesh Ewald (PME) method was used to compute the long-range electrostatic
contribution to configurational energy. A time step of 2fs was used for all the simulations. In
all the NPT simulations done in this work, Langevin thermostat and barostat were used, with
a temperature damping coefficient of 1 ps~'. The pressure was held at 1 atm for NPT runs.

As discussed in the introduction, in order to compare hydration of the peptide in the folded
and unfolded states, it is necessary to study them at a state point where there is a sufficient free
energy barrier separating the two sets of configurations such that stable equilibrium averages
can be obtained. In the case of the (-hairpin, an appropriate state point is 250K at 1 atm
pressure.

The protocol followed to obtain configurational ensembles for the folded state of the peptide
at 250 K is as follows. Energy minimization of the initial configuration of the system, prepared
as above, was performed using conjugate gradient minimization to remove any steric repulsions
among molecules. The energy minimized system was then subjected to heating in the isobaric-
isothermal (NPT) ensemble, increasing the temperature at the rate of 1 K every 5 ps till 250
K. The system was then equilibrated in the NPT ensemble in order to obtain the equilibrated
value of the volume of the box. Using this equilibrated value of volume, the production runs
were carried out in microcanonical (NVE) ensemble for 20 ns, with configurations stored every
100 steps (0.2 ps). Table 1 gives the temperature, density and configurational energy in the

folded ensemble in both solvents.
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To prepare the configurational ensemble of unfolded states, the solvated system of the folded

peptide in mTIP3P and TIP4P was heated to a temperature of 400 K and 465 K respectively in
the NPT ensemble at the rate of 1 K per 5 ps. These are the lowest temperatures at which the
peptide completely unfolded in our simulations. NPT equilibriation followed by NVE production
runs were carried out. At the unfolding temperature of 400K in mTIP3P, equilibriation and
production runs of 4 ns and 8 ns respectively were carried out. The unfolding temperature in
TIP4P was 465K and equilibriation and production runs at this temperature were 6ns each.
Additional high temperature runs upto 450K in mTIP3P and 500K in TIP4P were carried out.
To generate the unfolded ensemble of configurations, the most extended state was selected,
based on the radius of gyration, from the run at 400K for mTIP3P and 465Kfor TIP4P. Using
this as an initial configuration, NPT quenches down to 250 K were carried out at five different
cooling rates (see Table 1 for details). Since the unfolded state is known to be structurally
very heterogeneous, the different cooling rates were used in order to ensure that the unfolded
ensemble was sufficiently representative of different minima in the free energy landscape. After
bringing the temperature down to 250 K, NPT equilibriation was carried out for 6 ns at 250 K,
followed by 20 ns NVE production runs.

The configurations in production runs were stored every 100 steps for the folded ensembles
and every 500 steps for the unfolded ensembles, thus ensuring that the degree of statistical
correlation between successive stored configurations is low. We could, therefore, carry out

error estimation for a given observable (say z) using the standard error (E = o/v N, where

o = /(<22 > — <z >2)). The standard errors associated with order metrics such as Ry,

RM SD and R of peptide lie within 0.4 % at temperatures lower than unfolding temperature

core

and within 1 % at higher temperatures. The errors range between 0.2 to 0.8 % for number of

first
wat

waters (n,,., ) in first hydration shell and are less than 0.02% for tetrahedral order of waters

(q{g St) in first hydration shell of peptide. The standard errors associated with residue-wise
decomposition of configurational energies (as shown in Figure 10) lie within 3 %. The error
bars on above measured quantities, therefore, were found to be smaller than the symbol size in

associated figures.
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3 Observables

3.1 Characterising the peptide secondary structure

1. The root mean square atomic displacement of the heavy atoms of the peptide, when

computed relative to the native structure, provide a useful order metric for the peptide. 3
The NMR structure of protein has been taken as the reference structure.?® The global

RMSD is defined as:

1
RMSD = \/NE:L]V(TZ — Ti,ref)Z (1)

where, r; is the position of i*" atom and 1; res is the position of it" atom of the reference
structure and the definition extends over the N-heavy atoms of the peptide. In order to
compute minimum RMSD from reference structure, the peptide is fitted to the reference
structure using measure fit and move commands in VMD, which make use of algorithm
given by Kabsch.%* The $-hairpin has a well-defined hydrophobic core of four residues,
Trp43, Tyr45, Phe52 and Val54. The RM SD?5 obtained by restricting the sum to mean
square displacements of the heavy atoms of the side chains of the aromatic hydropho-
bic core residues (Trp43, Tyr4d5, Phe52) are an adequate order metric for the unfolding

process. 45

. The radius of gyration of the side chains of the aromatic hydrophobic core residues can

be used to define order metrics, Rg’é‘if;, respectively, for the unfolding process:4?

; 1
Rige = \/szv(n‘ —7e)? (2)
N
where, T, = XZ)NLT:: (3)

which calculates the distance of each atom of selection from the center of mass of the
selected atoms, r. denotes the Cartesian position of center of mass of the selected atoms
and r; is the position of each atom of the selected group. An alternate radius of gyration
of the peptide as a whole, R, defined using the positions of all heavy atoms of the peptide

provides a global order metric indexing the compactness of the peptide structure.

. Probability distributions of the hydrophobic core residues in the (¢, )-plane of the Ra-

machandran plot provide a very revealing measure of the secondary structure of the pep-

tide.
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4. Number of native contacts (Ny.) have been computed for the peptide in folded and un-

folded states in the systems solvated by the two water models. A native contact is said to
be present if two C, are within 6.5 A of each other for non-adjacent residues in the con-
figuration of interest as well as in the native state.” Based on NMR data, the maximum

number of native contacts for the 2GB1 S-hairpin must be 15.36

5. Solvent accessible surface area (SASA) is defined as the surface area accessed by a probe
solvent molecule which is allowed to move along the surface of the peptide. The radius of
probe molecule used is 1.4 A.%5 The surface area of side chain heavy atoms of aromatic

side
core*

residues of the core, accessed by solvent is denoted by SASA

6. Number of hydrogen bonds (Nyp) have been calculated between the peptide backbone
atoms. In each of the cases, the hydrogen bond is said to be formed if the donor (D)-
acceptor (A) distance is less than 3.5 A and the A-D-H angle is less than 30 degrees.*” In
case of the peptide backbone hydrogen bonds, the donor is the N-H group and acceptor is
C=0 group of the peptide backbone.*” Native state of the 2GB1 -hairpin should have

47

7 H-bonds.?® The criteria used by us, following reference,*” is somewhat restrictive and

results in four to five hydrogen bonds in the folded state.

7. An upper bound to the configurational entropy of a peptide can be estimated from the
covariance in positional fluctuations of atoms of peptide, as formulated by Schlitter and
subsequently by Karplus.%6:%” The root mean value of the diagonal elements of the covari-
ance matrix corresponds to the fluctuations in the particle positions and is referred to as
the RMSF, distinct from the RMSD which measures fluctuations relative to a reference
structure. The RMSF parameter does not account for the correlations between positional
fluctuations of different atoms of macromolecules that lower the configurational entropy
and therefore the Schlitter or related entropic measures are preferable. As in the case of
the RMSD measure, one can create a global metric using information on all atoms of the
peptide or more restricted local metrics focusing on a selected group of atoms. For the
[B-hairpin, we have computed the entropy per atom using the covariance matrix generated
from positions of the heavy atoms in side chains of aromatic residues of the hydrophobic
core (Trp43, Tyrd5, Phe52) using Schlitter’s method. %568 This entropy, denoted by S5i4¢,

is defined as:

i 1 Te2
Senpe = §k3 Indet |1+ %M1/2JM1/2 (4)
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where, kp is Boltzmann constant, e is Euler number which is equal to exp(1), M is the

3N-dimensional diagonal matrix containing masses of N heavy atoms of side chains of
aromatic residues of core, T is the temperature of the simulation and o is the covariance

in positions of N atoms. The covariance in atomic positions is defined as,

(oij) = (@i — (@) (2j — (x5))) ()

where, x; and x; are the Cartesian coordinates of ith and j** atoms. We have calculated
the entropy after fitting full peptide in each configuration of the trajectory with the first
frame of simulation. Using the Cartesian coordinates obtained after fitting, entropy for
selected atoms has been evaluated. The configurational entropy of the full peptide has
also been calculated using all the heavy atoms of the peptide, which is denoted by Scop .
The change in the entropy of the hydrophobic core was found to be more sensitive to the
change in the secondary structure of the peptide in the two water models, than that of

the full peptide.

We note that other than the Schlitter entropy, all the above quantities have been calculated
using TCL scripts within VMD.®' When computing the Schlitter entropy, coordinates were
extracted and the fitting of configurations to the reference frame was done using TCL scripts
within VMD. The Schlitter entropy was calculated using the procedure given in ref.% and the
code was checked against the standard literature values of the Lennard-Jones liquid®” and a

small protein.

3.2 Characterising order and energetics in the hydration layer

e Number of water molecules, n(r), present at a distance between r and r 4 dr (or = 0.25
A ) from the peptide. The distance of the water molecule was measured relative to the
nearest atom of the peptide. By computing the volume associated with the hydration
shell located between r and r + dr using a grid-based method, n(r) can be converted into
the number density. The first minimum in n(r) provides a good estimate of the width of

the first hydration layer, known to be strongly coupled with motion of the protein. -6

e The local tetrahedral order metric, gt , associated with an oxygen atom 7 belonging to a
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water molecule is defined as

3 4
3 1
Qret = 1 — 3 Z Z (cosvjy + 5)2 (6)
J=lk=j+1

where 9 is the angle between the bond vectors r;; and 7 where j and k label the
four nearest oxygen atoms, so that perfect tetrahedrality corresponds to g = 1.7%71
When determining g;; of water in the neighbourhood of a solute, the definition of g
is extended to include heavy atoms of peptide like C,0,N as the nearest neighbours of
a water molecule. The g(r) distributions correspond to the mean tetrahedral order of
water molecules lying between a distance r and r + dr of the peptide. We note that the
local tetrahedral metric is a very convenient metric for measuring local structure of water

at biomolecular as well as inorganic interfaces”> 8!

The tagged molecule potential energy (TPE or uq4), defined as the interaction energy of an
individual water molecule with all other molecules in the system, is a convenient measure
of local energy. %2786 The TPE can also be considered as the binding energy of an individual
water molecule in the system. The TPE can be measured as utqg = Ut —Un—1 Where Uyot
is total configurational energy of system consisting of N atoms and Uy _1 is configurational
energy when a specific molecule is artificially removed from the configuration, keeping the
positions of the rest of the atoms unchanged.®” Ref.26 contains the equations for evaluating
TPE for a pair-additive intermolecular force-field with Lennard-Jones and Coulombic
interactions. Within NAMD, tagged molecule potential energy can be computed using
the PairInteraction keyword. We also compute the average tagged potential energy of
water molecules in the neighbourhood of an amino acid residue, denoted by u;es, by
averaging over the us,, of water molecules lying at a distance of 5 A from any atom of

each of the residue of the peptide.

4 Results

4.1 Unfolding Transition

The unfolding of the peptide as a function of temperature is most conveniently modeled in

simulations using the radius of gyration, R, and root mean square deviations from the reference

structures, RMSD, using positional data of all the heavy atoms of the full peptide. In addition,

Pande et al have shown that the radius of gyration, R,

10

side
core’

of the heavy atoms of the three
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aromatic residues composing the hydrophobic core is an adequate order parameter for the

unfolding process (see equation 3). Figure 1 monitors the temperature dependent behaviour of
the three order metrics in mTTP3P and TIP4P solvent. All three order metrics show that the
peptide unfolds at 400K and 465K in mTIP3P and TIP4P solvent models respectively. The
experimental unfolding transition is at 297 K and reproducing it correctly clearly requires a

36,88

very careful parametrization of the force fields, in keeping with earlier results that show

considerable variation between water models in the fraction of unfolded states for the 2GB1
hairpin as a function of temperature. 28

Gyration radii measure compactness of the structure while RMSDs measure the equilibrium
positional fluctuations; neither of these is a direct indicator of closeness to the native structure.
To further classify the secondary structures, it is therefore necessary to use either the number
of native contacts (Ny.) or the number of hydrogen bonds (Ngp), as discussed by Pande and
Rokhsar.*> The folded (F) state has a R less than 6A , with more than 6 native contacts and

core

4 hydrogen bonds. The hydrophobic core (H) state has a R value comparable to the F state
(less than 6A ) with less than 6 native contacts and 3 hydrogen bonds. Based on the earlier
results with the CHARMM force field, 47 the unfolded (U) state was defined by R$4¢ greater
than 7A , with number of native contacts and hydrogen bonds less than 6 and 2 respectively. A
solvated S state similar to the H state but with an R, value between 6 and 7 A was observed by
Pande using the CHARMM19 force-field but not in subsequent studies by Bolhuis or us using

the CHARMM?22 force field. Figure 2 shows a contour plot of the two-dimensional probability

side
core

distributions as a function of R, and N,. for the peptide at the lowest temperature for
unfolding in the two solvents. At 400K in mTIP3P, the system is able to sample mainly basins
of the folded and unfolded ensembles with occasional excursions to the hydrophobic core state.

In the TIP4P ensemble, only the unfolded ensemble is seen at 465K.

4.2 Secondary Structure Metrics in the Folded and Unfolded Ensembles

As discussed in section 2, the five quenches to 250K from the 400K run in the mTIP3P solvent
are used to initiate 20ns long NVE production runs. Ensemble averaged properties on the
five trajectories are shown in Tables 1,2,3 and clearly demonstrate that they all correspond to
unfolded states of the peptide, and are labelled Ul to U5. Even the slowest quench at a cooling
rate of 0.02K/ps results in an unfolded state. Four out of the five quenches to 250K from the
465K run in the TIP4P solvent generate unfolded states while one generates a hydrophobic core

state. Table 1 shows the mean configurational energies of each of the trajectories. For a given

11
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solvent model, differences in (Ugop¢) are in the third significant figure regardless of the secondary

structure. Differences in (Ueons) are in the second significant figure when the two models are
compared. This is not surprising given that the protein force-field is identical and suggests
that choice of water model controls entropic differences between secondary structures. Table 1
also shows the mean density obtained at 250K in the two solvents under NPT conditions and
the densities obtained using the TIP4P model, which has the more accurate bulk equation of
state, are slightly smaller. A comparison of partial molar volumes for aqueous solutions would
be useful in future work. Based on the single trajectory in the folded ensemble, and the five
trajectories obtained by quenching, we now compare the secondary structure metrics in the two
solvents.

Figure 3 compares the two-dimensional probability distributions as a function of the number
of the number of native contacts (IV,.) and hydrogen bonds (Ngp) for the folded and unfolded
ensembles in the two aqueous solvent models at 250K. In the plane determined by these two
order metrics, the probability distribution in two explicit solvent models looks very similar.
Replacing Ny, by the radius of gyration (Rg) of the peptide, as shown in Figure 4, changes
the picture to some extent since it shows that the overall structure in TIP4P is much more

compact than in mTIP3P in both the unfolded and folded ensembles. The differences between

side
core

the two solvents are further highlighted by considering R in Figure 5 which shows that
the probability distribution in the folded ensemble in mTIP3P is clearly tri-modal. This is
consistent with earlier observations based on implicit solvent studies for this peptide that there
is a hidden complexity in the free energy landscape of peptides that may be masked by the
choice of a limited set of order metrics.*® Keeping this in mind, we have examined some of
the other secondary structure metrics in the unfolded and folded ensembles, as summarised in
Table 2. The folded ensembles in both solvents have identical N, and Ngp; the ensemble-
averaged R, values are very similar even though the underlying distributions shown in Figure
4 are different. The unfolded ensemble trajectories show a greater variation in the mean values
of Ny in TIP4P, rather than mTIP3P, possibly reflecting the fact that the CHARMM force
field is parametrised using the mTIP3P solvent. The RMSD and the Schlitter entropy for the
folded ensemble is approximately 10% higher in mTIP3P than in TIP4P solvent, consistent
with the more compact structures observed in the latter. The variation in the order metrics
for the unfolded trajectories in mTIP3P is much greater than in TIP4P. For example, the
mean Schlitter entropy of the S-hairpin varies by almost 30% in mTIP3P and less than 10%

in TIP4P. It would be interesting to examine the free energy landscape as a function of such a

12
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highly variable order metric in future work. The hydrophobic core state must be distinguished

from the other unfolded state trajectories based on order metrics focusing on the packing of side
chains of hydrophobic core residues (as discussed below), rather than order metrics based on
all the heavy atoms of the peptides. The solvent accessible surface area (SASA) of the H-state
is, however, lower in TIP4P compared to the unfolded state. Despite the differences in the
compactness of the solvent structure, SASA is very similar in the two solvents for the folded as

well as unfolded states.

4.3 Structure of Hydrophobic Core

Three aromatic residues (Tryptophan-43, Typrosine-45, Phenyalanine-52), in conjunction with
Valine-54 form the hydrophobic core.?® Figure 6 shows the probability distributions as a function
of the Ramachandran (¢,%) angles of the aromatic amino acid residues in folded peptide at
250K. It is evident that a very similar region in the upper left hand quadrant associated with
(B-sheet secondary structures is occupied in both the solvents. Figure 7 shows analogous plots
for the five quenched trajectories in each of the two solvents. Figure 7 shows that core residues
in the H-state of peptide in TIP4P occupy a [(3-sheet region similar to that in the native state,
indicating compact and ordered core in H-state of peptide. In the U states of peptide, contour
plots in mTIP3P show expanded conformation with the dihedral angles lying in the [-sheet,
left-a helical and right-a« helical regions. In case of TIP4P, however, in most of the unfolded
conformations (U-states), the peptide prefers to have the core residues in the beta-sheet region
which is close to the native state. This also supports the observation that even in the unfolded
states, the peptide prefers to have a compact and ordered hydrophobic core in TIP4P at 250 K.

Table 3 summarises the structural properties of the hydrophobic core in the folded, unfolded

side
core?

and hydrophobic core states. Configurational entropy of the peptide core, S
10% greater in mTIP3P than in TIP4P in the folded state. The Schlitter entropy in the unfolded

is approximately

configurations in mTIP3P is significantly greater than in TIP4P. The somewhat less compact
structure in mTIP3P solvent is indicated by the larger SASA and more negative interactions
between core residues and water (Ucore—water)- In TIP4P solvent, the hydrophobic core state can
be clearly distinguished from the folded state by the RM S Dﬁ;ﬁi and higher value of Uore—water
while having a distinctly lower configurational entropy and SASA than the unfolded states.

The structure, entropy and solvation of the hydrophobic core is therefore a critical indicator of

secondary structure of the peptide.
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4.4 Hydration Shell Structure and Energetics

The perturbation of the local structure and energetics of water molecules due to a macromolecu-
lar solute is most significant within the first hydration layer. Figure 8(a) shows the coordination
profile, n(r), of water molecules around the peptide in both folded and unfolded states in the
two solvent models. The first minimum in n(r) is used to define the outer boundary of the
first hydration shell. In the folded state, the first hydration shell is almost identical in the
two solvents with very similar number of water molecules (see Table 4). Beyond the first shell,
n(r) is slightly greater in mTIP3P than in TIP4P consistent with the somewhat higher density
obtained under NPT conditions (see Table 1). In both solvents, the unfolded ensemble has
a slightly larger value of n(r) than the folded ensemble, consistent with the greater solvent
accessible surface area.

Average tetrahedral order (g ) of water molecules was computed as a function of distance
from the peptide for the unfolded states of peptide in both water models as shown in Figure 8(b).
Before considering tetrahedral order around a nanoscale solute with patchy hydrophobicity such
as a peptide, it is useful to recollect earlier results for simple, structureless solutes.' A small
hydrophobe, like Ar, creates a cavity in the bulk water and does not perturb long-range ordering
of water molecules, leading to a structureless gqe; profile very similar to that of bulk water. The
gtet Oof waters around a cation is lost in the first hydration shell, whereas it is increased around
an anion in the first hydration shell. The local tetrahedral order in bulk mTIP3P and TIP4P is
substantially different and deviations from this bulk value in the presence of a solute need to be
considered. Our results show that ¢ is not significantly different in the folded and unfolded
states from the bulk value, except within the first hydration shell. In the case of TIP4P, g4t
in the first hydration layer is enhanced compared to the unfolded states while in the case of
mTIP3P, there is no clear trend, possibly because the tetrahedral network in the bulk is not
extensive at 250K.2%26 In both the water models, beyond the first hydration shell, the U states
have marginally higher qs; than the folded state, indicating that the water molecules are able
to interact more extensively with the peptide via hydrogen bonding.This is due to enhanced
interaction of waters with the unfolded peptide heavy atoms.

Average tagged potential energy, usqq(r) was computed for the water molecules lying in
the hydration shells (as defined earlier) of the peptide (shown in Figure 8(c)). It was found
that in both the water models, usqq(r) for the folded states was slightly higher (=~ 0.2%) than

those of the unfolded states, which is consistent with the fact that when the peptide unfolds,
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interaction of water with the peptide increases, leading to more negative binding energies. The

perturbation of the local energy is most within the first hydration shell where interaction with
the peptide residues, specially the side chains, is strongest. Since this regime is likely to result in
sequence-specific sensitivity of secondary structures to water models, we consider a residue-wise
decomposition of the tagged particle energies as well as other energetic contributions in the next
subsection.

Simulations and theory have indicated that the structure and dynamics of the hydration
layer is strongly coupled to that of the protein. Recent experimental NMR evidence for this
suggests that the water molecules in the first hydration layer act as a probe reflecting the
changes in the protein as it undergoes folding and unfolding transitions.” Keeping this is mind,
we show in Figure 9, the mean number of water molecules and mean tetrahedral order in the
first hydration shell as a function of temperature. Both solvents show a similar decrease in the
number of water molecules till 360K. In the case of mTIP3P, unfolding then results in a sharp
jump in the number of water molecules in the first hydration shell. The first shell population
shows a qualitatively different behaviour in the neighbourhood of the unfolding transition with
a peak in n{?gf " at 465K. While we recognise that the CHARMM force-field gives a relatively
high unfolding temperature, it would be interesting to consider if experimental probes of the
hydration layer occupancy could be devised. The tetrahedral order within the first hydration
shell, in contrast to the occupancy, decreases monotonically with temperature and shows no

signature of the unfolding transition.

4.5 Residue-wise decomposition of configurational energies

We define u,¢5_q; as the interaction of all atoms, including hydrogens, of a given residue with
all other atoms of the system. The uppermost two panels of Figure 10 show uyes_qy for the
folded as well as unfolded trajectories as a function of residue number. The curves for the folded
states and unfolded states in the two solvents are almost identical on the scale of the plots; this
is consistent with the similar values of (Ucon ) discussed in section 4.2 and the use of a common
protein force field. The minima in the curve correspond to the charged residues- glutamic acid,
aspartic acid and lysine. The similarity in both solvents of the residue-wise decomposition of the
folded and unfolded ensembles may be a consequence of the use of the same protein force-field.
Since peptide-water interactions with TIP4P and mTIP3P must be different, we also examine
in Figure 10(b)and (c), tres—res and Ures—wqr Which correspond to the interaction energies of

all atoms of a given residue with all other residues or with all water molecules. In mTIP3P, the
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trends in both quantities are very similar. In the folded state, Ures—res 18 slightly lower while

Ures—wat 18 slightly greater than the unfolded state consistent with more compact structure. In
TIP4P, however, the residue-wise trends are very different in the folded and unfolded ensemble.
The interactions of the the charged amino acids with water, corresponding to tres—wat, vary
very significantly in the extended unfolded state. There is typically a corresponding variation in
the trends in Uyes—res - Three of the charged residues (Asp-46, Asp-47, Lys-50) lie in the hairpin
loop and are clearly most sensitive to change of the solvent water model. Given the importance
of the hairpin formation to the folding mechanism, it is not surprising that this change in the
solvent-peptide interaction changes the free energy landscape. Finally we consider the tagged
potential energy (uyes) of waters in the first hydration shell in the neighbourhood of a residue in
Figure 10 (d). As observed in our previous study,? the TPE of hydrophobic residues in native,
folded state of peptide was found to be higher than that of the hydrophilic residues in both the
solvent models. ?® For the unfolded states, u,¢s is slightly higher than in the unfolded state for all
residues, possibly because when the peptide unfolds, favourable hydrogen-bonding interactions
with the solvent increase but there is also an increase in the exposure of hydrophobic residues

to water.

5 Conclusions

This study compares secondary structure and hydration in the folded and unfolded ensembles
of the 16-residue fragment of the §-hairpin using the CHARMM?22 biomolecular force-field in
conjunction with the mTIP3P and TIP4P water models as solvents. The peptide unfolds at
different temperatures in the two water models: 400 K in mTIP3P and 465 K in TIP4P. The
folded and unfolded ensembles are compared at 250K where the unfolded ensemble is obtained
by quenching from an extended configuration sampled from a high-temperature unfolded tra-
jectory. Five different quenching rates in each solvent are used in order to obtain a reasonable
representation of the unfolded ensemble which is expected to be structurally more heteroge-
neous than the folded ensemble. All five quenches in the mTIP3P solvent lead to unfolded
states while in the TIP4P solvent, one of the quenches leads to a hydrophobic core state and
all others are extended, unfolded states. The secondary structure metrics for the peptide that
we have studied are the number of native contacts (Ny.), the number of peptide hydrogen
bonds (Ngg), the radius of gyration (Ry), the root mean square deviation (RMSD), the solvent

accessible surface area (SASA) and the confgurational entropy (Scons). Except for the first
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two metrics, analogues of all these quantities can be defined based on positional coordinates

of the aromatic hydrophobic core residues and have been computed. The order metrics and
associated probability distributions of peptide in the folded state in the two water models are
very similar, specially when N,,. and Ngp are used, posssibly as a consequence of procedures
adopted for force-field parametrization. We have found that only the configurational entropy
and SASA of core are consistently lower for TIP4P in the unfolded states of peptide indicating
that TIP4P favours more ordered and less exposed hydrophobic core in unfolded states. This
is supported by the higher interaction energy of hydrophobic core with water in TTP4P than in
mTIP3P and also by contour plots of Ramachandran angles of hydrophobic core which show
that the core favours the g-sheet structure in TIP4P in the unfolded states. The unfolded en-
semble shows much greater sensitivity to choice of water model in terms of both mean values as
well as variation in order metrics. The peptide structure is relatively more compact in TIP4P
solvent, as indicated by the positional root mean square displacements (RMSD) and configu-
rational entropy. The Schlitter entropy varies by almost 30% in mTIP3P and less than 10%
in TIP4P in the unfolded trajectories. The solvent accessible surface area is larger by about
10% in mTIP3P compared to TIP4P. The hydrophobic core state in TIP4P can be identified
only by considering the structural order metrics associated with the core residues, rather than
the global structural order metrics. The most striking illustration of the effect of the solvent
on the secondary structure preferences is demonstrated by the probability distribution of the
Ramachandran (¢, ¢) angles of the aromatic residues which show that in TIP4P, even in the
unfolded state, the residues are preferentially located in the (-sheet region while in mTIP3P
there is significant occupancy of left- and right- a-helical regions. Our observations demonstrate
that different structural metrics highlight sensitivity to water models and the ruggedness of the
free energy landscape to different extents, with the configurational entropy being particularly
sensitive to loss of secondary structure.

The perturbation of the local structure and energetics of water molecules due to a macro-
molecular solute is most significant within the first hydration layer. In the folded state at 250K,
the first hydration shell is almost identical in the two solvents with very similar number of water
molecules (see Table 4). In both solvents, the unfolded ensemble has a slightly larger value of
n(r) than the folded ensemble, consistent with the greater solvent accessible surface area. Other
than in the first hydration layer, the deviation of local tetrahedral order and binding energies
of water molecules from the bulk value is relatively small. The number of molecules occupying

the first hydration layer is sensitive to the unfolding transition of the peptide where it shows

17



Physical Chemistry Chemical Physics
qualitatively different temperature-dependent behaviour in mTIP3P and TIP4P.

The strong deviation of water molecules in the first hydration layer from bulk behaviour is
accompanied by a significant residue-wise variation in interaction energies. The configurational
energies in the folded and unfolded ensembles in both the solvents are very similar, as are the
overall interactions of all residue atoms with the all other atoms in the system. The partitioning
of the configurational energy between the peptide-peptide and peptide-water interactions for
each residue are, however, sensitive to the solvent model as well as the folded or unfolded state
of the peptide. This is specially true of amino acid residues with charged side chains that
presumably are the most sensitive to the different partial charge distributions, and therefore
electrostatic multipole moments, of the two water models. The strong interaction between water
molecules and the residue-side chains in the first hydration layer, specially for charged amino
acid side groups, suggests that the response of the conformational free energy landscape to the
choice of water model will be sequence dependent.

Our results provide some insights into understanding how modelling of the aqueous solvation
environment of biomolecules might be improved. Since the choice of water model has a more
significant effect on the unfolded than on the folded state, for a given standard protein force-
field, one may expect parametrisation procedures that incorporate information on native as well
as denatured states to have greater predictive value. Accurate modeling of the interaction of
water molecules in the first hydration layer with the peptide atoms, specially the differences in
interactions between hydrophilic and hydrophobic residues, is clearly critical for understanding
sequence-dependent folding behaviour and free energy landscapes. Comparison of simulations
with experimental scattering and NMR approaches that are able to probe the hydration layer
may be of particular interest in this context.57?
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Table 1: Folded and unfolded ensembles of peptide based on different cooling rates used for
quenching the system from high temperature to 250 K in mTIP3P. Also given are the aver-
age temperature, configurational energy and density of the system obtained at 250 K after

quenching.
Ensemble Cooling Rate < T > (K) < Ugpp > (kJ mol™!)  p of system (g cm™)
U1l 1 K/ps 249.88 -79967.95 1.073
U2 0.2 K/ps 248.90 -80478.82 1.080
mTIP3P U3 0.1 K/ps 247.70 -80099.75 1.067
U4 0.02 K/ps 253.42 -79578.84 1.069
Ub 0.05 K/ps 252.34 -79659.59 1.065
F - 252.09 -79827.37 1.082
Ul 1 K/ps 252.53 -82253.36 1.028
U2 0.2 K/ps 251.82 -82383.79 1.034
TIP4P U3 0.1 K/ps 251.69 -82386.31 1.023
U4 0.02 K/ps 253.10 -82067.90 1.035
H 0.05 K/ps 252.75 -81881.29 1.026
F - 253.09 -82115.18 1.032

Table 2: Order metrics for the full peptide considering heavy atoms of peptide in the folded
and unfolded states in system solvated by TIP4P and mTIP3P at 250 K. The unit of length is
A and that of entropy (Scon ) per atom is J K~! mol~!. The standard error associated with R,
and RMSD is less than 0.1% and for SASA, it ranges between 0.2 and 0.8%

Ensemble R, RMSD S.,; Ngp N, SASA (A2?)

U1 11.53 10.68  39.09 0 2 2267.38

U2 9.62 9.97  28.73 2 3 2144.33

mTIP3P U3 9.95 1041 31.15 2 2 2142.71
U4 8.54 7.58  30.43 2 3 2066.58

U5 10.26  8.58  34.06 0 3 2287.49

F 7.92 2.06  25.85 4 14 1738.85

U1l 9.64 8.17  27.01 0 1 2246.56

U2 10.01  8.28  27.09 1 ) 2208.54

TIP4P U3 9.45 8.81  25.63 0 1 2191.48
U4 9.08 7.35  26.69 0 1 2146.68

H 8.34 741  24.67 1 2 1917.19

F 7.88 1.76  22.08 4 14 1712.74
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Table 3: Order metrics for hydrophobic core residues in the folded and unfolded states in system
solvated by TIP4P and mTIP3P at 250 K. The unit for length is A , for entropy (S%9¢) per

core

atom is J K1 mol™! and that for Uepre—wat is kJ mol™'. The numbers in parenthesis indicate

standard error.

Ensemble Reide RMSDside — §side  SASASe (A2 Ugprewar
Ul 10.06 (0.007) 8.62 (0.007) 40.18 169.10 (0.137) -443.51 (0.214)
U2 7.59 (0.005)  5.23 (0.007) 31.14 183.13 (0.100) -519.95 (0.216)
mTIP3P U3 9.16 (0.006)  7.23(0.008) 32.68 171.47 (0.103) -371.01 (0.226)
U4 7.73 (0.009)  5.06 (0.010) 32.59 149.84 (0.150) -387.34 (0.222)
U5 10.55 (0.006)  8.23 (0.005) 31.33  165.74 (0.076) -430.92 (0.307)
F 4.79 (0.003)  1.84 (0.0031) 25.15  109.74 (0.086) -490.94 (0.221)
U1 9.62 (0.005)  7.22 (0.007) 30.07 158.40 (0.128) -325.47 (0.168)
U2 7.34 (0.006)  4.93 (0.005) 28.08 155.18 (0.179) -309.55 (0.203)
TIP4P U3 10.15 (0.008)  9.08 (0.008) 27.87 148.73 (0.133)  -469.25 (0.280)
U4 8.01 (0.010)  5.67 (0.010) 32.35 151.05 (0.243) -325.15 (0.369)
H 5.21 (0.001)  3.18 (0.001) 23.49 103.74 (0.114) -299.21 (0.218)
F 5.22 (0.003)  0.86 (0.003) 21.95 121.41 (0.101) -461.55 (0.169)

Note: The values in brackets indicate the standard error calculated using o /v N,

where 0 = V< 22 > — < 2 >2 and x is the observable.

Table 4: Average number of water molecules in the first hydration shell of the ounfolded peptide
in mTIP3P and TIP4P at 250 K. Cut-off used for first hydration shell is 3.75 A in mTIP3P and

4 A in TIP4P.

mTIP3P TIP4P

U1l 21731  219.02
U2 208.09  229.08
U3 206.45  221.07
U4 191.23  216.18
U5/H  210.74  196.72
F 151.16  158.53
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Figure 1: Unfolding temperatures of the S-hairpin solvated in mTIP3P and TIP4P water as
indexed by: (a) radius of gyration, (R,), of the peptide, (b) radius of gyration, (R54¢), of
hydrophobic core and (c) root mean square deviation, (RMSD), of the heavy atoms of the
peptide. The range of the order metrics correponding to the folded region is coloured blue.
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Figure 3: Contour plots of the two-dimensional probability distributions as a function of the
number of native contacts (Ny.) and number of hydrogen bonds (Ngpg) for (a) the folded (F)
ensemble at 250K in mTIP3P, (b) the folded ensemble at 250K in TIP4P, (c) the unfolded
ensemble (trajectory Ul) at 250K in mTIP3P (d) the unfolded ensemble (trajectory Ul) at
250K in TIP4P.
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Figure 4: Contour plots of the two-dimensional probability distributions as a function of the
number of backbone hydrogen bonds (Nyp) and radius of gyration of full peptide (Ry) for (a)
the folded (F) ensemble at 250K in mTIP3P, (b) the folded ensemble at 250K in TIP4P, (c) the
unfolded ensemble (trajectory Ul) at 250K in mTIP3P (d) the unfolded ensemble (trajectory
Ul) at 250K in TIP4P.
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Figure 6: Contour diagrams of the probability distributions of Ramachandran angles of the
hydrophobic core residues of the folded peptide in (a) mTIP3P and (b) TIP4P at 250 K.
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Figure 7: Contour diagrams of the probability distributions of the Ramachandran angles of the
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Figure 10: Interaction energy of each amino acid residue in folded and unfolded peptide, with
(a) all the atoms of the rest of the system (ures—qi1), (b) other residues of peptide (ures—res),
(c) all the water molecules around peptide (Upes—wat) in MTIP3P and TIP4P at 250 K. (d)
shows the residue-wise variation of Tagged potential energy, u,.s, of water molecules in the first
hydration shell of residues of folded and the unfolded peptide in mTIP3P and TIP4P at 250 K.
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