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Background: Solvation density locations are important for protein dynamics and structure. Knowledge of the pre-
ferred hydration sites at biomolecular interfaces and those in the interior of cavities can enhance understanding
of structure and function. While advanced X-ray diffraction methods can provide accurate atomic structures for
proteins, that technique is challenged when it comes to providing accurate hydration structures, especially for
interfacial and cavity bound solvent molecules.
Methods: Advances in integral equation theories which include more accurate methods for calculating the long-
ranged Coulomb interaction contributions to the three-dimensional distribution functions make it possible to
calculate angle dependent average solvent structure, accurately, around and inside irregular molecular confor-
mations. The proximal radial distribution method provides another approximate method to determine average
solvent structures for biomolecular systems based on a proximal or near neighbor solvent distribution that can

be constructed from previously collected solvent distributions. These two approximate methods, along with
all-atom molecular dynamics simulations are used to determine the solvent density inside the myoglobin
heme cavity.
Discussion and results:Myoglobin is a good test system for these methods because the cavities are many and one
is large, tens of Å3, but is shown to have only four hydration sites. These sites are not near neighbors which im-
plies that the large cavity must have more than one way in and out.
Conclusions:Our results show thatmain solvation sites are well reproduced by all threemethods. The techniques
also produce a clearly identifiable solvent pathway into the interior of the protein.
General significance: The agreement between molecular dynamics and less computationally demanding approx-
imate methods is encouraging.

This article is part of a Special Issue entitled Recent developments of molecular dynamics.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

The solvation of biomolecules is integral to their function. A number
of theoretical and computational methods are widely used to comple-
ment and interpret experimental results [1]. From themost conceptual-
ly simple and computationally inexpensive continuum approximations
to an all-atom simulation, computational methods derive thermody-
namic quantities and the average structure of the solvent determined
by the average structure of the biomolecule itself. It is necessary, there-
fore, to study the solution properties in order to understand the basic
behavior of the system. While significant insight into the average ener-
getics of a biomolecule can be obtained by the use of continuum
methods, it is only with a model involving explicit solvent molecules
t developments of molecular
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that we can hope to understand the local inter- and intramolecular in-
teractions. This is particularly true for systemswith distinct interior cav-
ities with hydration sites that are only transiently occupied. We need to
be able to determine the three-dimensional solvent distribution for var-
ious biomolecular species. Molecular recognition occurs at interfacial
regions. Mutation of a single residue can be the cause of disease or dys-
function. Changes in molecular structure can have effects on the forma-
tion of interfaces even when the mutation is far from the interface by
changing the solution thermodynamics.

In this article we compare three different methods of computing the
solvation of proteins. The methods can be ranked in the order of the
complexity of the correlations considered by each. We consider
methods with a range of computational complexity and accuracy. Mo-
lecular dynamics simulation is a method which in principle is capable
of providing most solution thermodynamics for a given potential or
force field model and includes all intermolecular correlations of the
sample [2]. It is however computationally costly when considering
free energy related properties including protein structure prediction
[3,4]. Many-body methods such as integral equations provide solvation
thermodynamics and free energetics with several orders of magnitude
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less computation [5]. However, integral equations are inherently ap-
proximate [6] and the validity of the approximations must be tested
for each class of system. While continuum solvent methods are very
computationally inexpensive, their errors are due to approximations
which limit or ignore certain intermolecular correlations [7]. Accurate
solvation correlations are required to obtain many thermodynamic
properties.

Our goal is to determine the solvent probability distributionwhich in-
cludes the location and occupancy of the hydration sites [8,9].Wewill use
the results of an all-atommolecular dynamics (MD) simulation to provide
themost complete and accurate picture of ourmodel systems. The ability
to obtain three-dimensional solvent representation for any biomolecular
system with the same details of an MD simulation but without the long
time and large computer resources is a desirable goal. Two othermethods
of differing detail and computational complexity, 3-D integral equations
and proximal distribution reconstructions are presented here and com-
pared to simulations. We will consider the case of a protein with internal
cavities whose occupancies are in equilibrium with the bulk solvent.

The sperm whale myoglobin structure was the first protein crystal-
lography structure solved and somakes a classic test case [10]. Myoglo-
bin is a small heme protein, composed of 153-residues and functions as
an intracellular oxygen storage molecule; it also binds other small li-
gands like CO and NO. The diffusion pathways and ligand binding/ex-
change mechanism have been investigated, experimentally and
computationally, for many years [11–14]. Studies have shown the exis-
tence of a large cavity that includes the hemewhere the ligands bind. A
site commonly referred to as the distal pocket has been shown to
be often occupied by water [15,11,12]. There are also four distinct
pockets or sites referred to as the Xenon binding sites, Xe1, Xe2, Xe3,
and Xe4 [16]. The Xe binding sites have been used to support the idea
of a series of hydrophobic cavities but there is kinetic evidence on inter-
nal water hindering ligand accessibility [17]. High resolution X-ray dif-
fraction crystallographic structures of myoglobin [15,18] disagree with
each other on the occupancy of the internal water molecules, as well as
the number of internal water molecules or water sites. The presence of
a water molecule near the distal pocket is the key factor in supporting
one of the twowidely acceptedmechanisms for ligand exchange inmyo-
globin, the direct His gatedwithwater displacementmodel. Quantitative
determination of this functional hydration site occupancy and conse-
quently its implications on the mechanism remains of interest experi-
mentally [17,11] and computationally [19,12]. A spectro-kinetic assay
[17] reported that the occupancy of the distal pocket by water is close
to unity, and forms a favorable electrostatic interactionwith His64, mod-
ulating the rate of ligands entering the protein via the direct gatedmodel.

Recent magnetic relaxation dispersion (MRD) experiments [11] sug-
gest that there are four water molecules with relatively long residence
times in the cavity in the same volume as the Xe1 and Xe3 binding sites,
in the apical location, close to the His64, and in a hydration site, below
Xe1. These internal water molecules were found to exchange on the mi-
crosecond time scale and thus speculated to have a functional role and
not just be a structural factor. MD simulations [19,12] also foundmultiple
water sites with low occupancy that were not identified by X-ray crystal-
lographic structures. Both studies suggested a nanosecond time scale for
the water exchange, which is at least an order of magnitude faster than
the MRD experiments. The different observations and implications do
not resolve the myoglobin cavity occupancy debate and makes myoglo-
bin an attractive structural biological system to test our methods.

The protein myoglobin has no permanent channel through which a
water molecule or ligands can fit; it requires dynamic fluctuations to
achieve function. Due to the relatively rare nature of the functional fluc-
tuationsMD simulation would likely have to sample many rare fluctua-
tions which would be prohibitively expensive. Methods that can
efficiently sample the equilibrium properties like occupancy for these
nearly isolated parts of the configuration integral are needed.

Amethod that wewill be comparing herewhich is well suited to the
study of solvent structure of systems with complex structure is the 3D
integral equation method [20–23]. These methods have been used on
a variety of polar molecules in aqueous solution [5,24]. Kovalenko and
Hirata have worked on biochemical systems to examine the structure
of solvent around proteins [25], as well as to locate water molecules in
internal protein cavities [26]. While 3-D integral equation results have
become increasingly useful they are inherently approximate [27]. Addi-
tional approximations to themethodmost notably to the Coulomb con-
tributions have been made [28,29,25,26,23]

Another promisingmethod we will compare with simulation in this
work is density reconstructions using proximal distribution functions
[8,9,30]. In this technique a proximal or near neighbor solvent distribu-
tion is collected for a set of solute atom types in a given chemical situa-
tion [31,8,32]. Those distributions, suitably normalized, are used to
construct a solvation model that contains considerable correlation
structure about the solute. Mechanical averages can be taken over the
distributions and with a suitable free energy functional, rapid approxi-
mate free energies are obtainable [30].

We present the theoretical frameworks required next starting with
integral equations and ending with simulation. We follow that with a
comparison of the results. We conclude with a discussion on the ap-
proximations used and the computational convenience of themethods.

2. Integral equation theory

2.1. The integral equation system in 3 dimensions

Themodel system for which wewish to calculate three dimensional
distribution functions and system thermodynamic quantities is a multi-
site solute protein dissolved at infinite dilution in a multisite solvent,
like water. In order to calculate the solvent distribution around the pro-
tein solute we will need to know the bulk solvent structure. For this we
use the solution of the dielectrically consistent reference interaction site
model theory equatons in the hypernetted chain approximation
(DRISM/HNC) [33,34], solved in the usual manner for the aqueous sol-
vent alone, giving as its result pair correlation functions hij(rij), where i
and j are any of the nv sites on the solvent and rij is the intersite separa-
tion distance. Throughout this paper wewill denote all solvent intersite
functions with small letters.

The solute–solvent structure is written in terms of the direct correla-
tion function Cui(x, y, z) and the total correlation function Hui(x, y, z)
which are single valued over the 3-dimensional coordinate system.
The subscript u represents the solutemolecule and the subscript i repre-
sents one atomic site on a solvent molecule. Because the solute is treat-
ed as a single species therewill be one function pair for each atomic site i
present at finite concentration in the solvent, unless solvent molecule
symmetry provides somedegeneracy. Capital letterswill be used to rep-
resent the solute–solvent functions.

It is convenient to write the closure equation in terms of the differ-
ence or the indirect correlation function

Tui x; y; zð Þ ¼ Hui x; y; zð Þ−Cui x; y; zð Þ: ð1Þ

We write the solute–solvent intermolecular potentials as a sum of
pair potential functions depending on interatomic distances, rαi,

Uui x; y; zð Þ ¼
Xnu
α

uαi rαið Þ ð2Þ

where the subscript α can represent any of the nu atoms on the solute
molecule, and the subscript i represents a site on a solvent molecule.
The site–site intermolecular pair potentials are of the Lennard–Jones
plus Coulomb form,

βuαi rαið Þ ¼ βqαqi
rαi

þ 4βϵαi
σαi

rαi

� �12
− σαi

rαi

� �6� �
; ð3Þ
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with qi being charge on the atom, σαi and ϵαi the usual Lennard–Jones
parameters and β the energy factor 1/kBT, with kB being the Boltzmann
constant and T the absolute temperature.

The HNC equation is considered over the entire 3-dimensional (x,y,
z) space and can be written as,

Cui x; y; zð Þ ¼ exp −
Xnu
α

βuαi rαið Þ þ Tui x; y; zð Þ
( )

−Tui x; y; zð Þ−1; ð4Þ

andwe note that the sumover potential terms is for a single site i on the
solvent with the all the sites on the solute.

The form of the OZ equation used is

eH kx; ky; kz
� �

¼ eC kx; ky; kz
� � ew kð Þ þ ρeh kð Þ

� �
; ð5Þ

where eHui kx; ky; kz
� �

is the i-th element of the 1× nv dimensionalmatrixeH kx; ky; kz
� �

. Thematrix ewhas elements, ewij kð Þ ¼ sin kdi j
� �

=kdi jwhere k

is the distance from the origin in Fourier space, and dij is the intramolec-
ular distance between site i and site j on a solventmolecule. The value of

each wii(k), on the diagonal of the matrix, is 1. The matrix eh kð Þ has ele-
mentsehi j kð Þand thematrix ρ is a diagonalmatrix of elements ρv, the sol-

vent number density. The matrices ρ, ew kð Þ and eh kð Þ are all of order nv ×
nv. The tilde notation denotes Fourier transforms, where

eHui kx; ky; kz
� �

¼ ∫∫∫exp i kxxþ kyyþ kzz
� �� �

�Hui x; y; zð Þdxdydz:
ð6Þ

The functions ehi j kð Þ are also 3-dimensional Fourier transforms, but
because they depend only on the intersite distance, their transforms
simplify to zeroth order Hankel (spherical Bessel) transforms,

ehi j kð Þ ¼ 4π
Z ∞

0
r2i j

sin kri j
� �
kri j

hi j ri j
� �

dri j; ð7Þ

where rij is the distance between atom i on one solute molecule and
atom j on another solute molecule.

2.2. Reduction of the OZ equation

In order to reduce computer memory requirements we write
Eq. (5) in terms of unique solvent sites. Rewriting the OZ equation
in terms of eT kx; ky; kz

� 	
and eC kx; ky; kz

� 	
we have

eT kx; ky; kz
� �

¼ eC kx; ky; kz
� � ew kð Þ‐I þ ρeh kð Þ

� �n o
; ð8Þ

where I is the identity matrix. Expanding the matrices and taking ad-
vantage of the water model symmetry we write,

eTuO kx; ky; kz
� �

¼ eCuO kx; ky; kz
� �

ρv
ehOO rð Þ

þ2eCuH kx; ky; kz
� � ewHO kð Þ þ ρv

ehHO kð Þ
� � ð9Þ

and

eTuH kx; ky; kz
� �

¼ eCuO kx; ky; kz
� � ewOH kð Þ þ ρv

ehOH kð Þ
� �

þeCuH kx; ky; kz
� � ewHH kð Þ þ 2ρv

ehHH kð Þ
� � ð10Þ

where the subscripts O and H represent the oxygen and hydrogen
solvent sites, respectively, with ρv being the solvent density.
2.3. Long-ranged function resummation

Because Eq. (3) is a relation between long-ranged (Coulomb depen-
dent) functions we re-sum the equations exactly. We combine all long-
ranged pieces in the function,

Φui ¼
Xnu
α

ϕαi rαið Þ; ð11Þ

where each component ϕαi in the sum has the asymptotic property

lim
rαi→∞

ϕαi rαið Þ ¼ βqαqi
rαi

; ð12Þ

and is finite valued at small rui, so that we can write

βus
αi rαið Þ ¼ βuαi rαið Þ−ϕαi rαið Þ ð13Þ

whichwe use to separate the total potential into long and short-ranged
parts,

βUs
ui x; y; zð Þ ¼ βUui x; y; zð Þ−Φui; ð14Þ

where the superscript s indicates a short-ranged function. We also can
useΦui to separate the long and short parts of the other functions using

Cs
ui x; y; zð Þ ¼ Cui x; y; zð Þ þΦui ð15Þ

which implies

Ts
ui x; y; zð Þ ¼ Tui x; y; zð Þ−Φui ð16Þ

which defines Cuis (x, y, z) and Tui
s (x, y, z). We note that for numerical so-

lutions it must be possible to Fourier transform Φui, and we designate
the result as eΦui. Eqs. (15) and (16) are used in Eq. (9) to give

eTs
uO kx; ky; kz
� �

þ eΦuO ¼ eCs
uO kx; ky; kz
� �

−eΦuO

� �
ρv
ehOO kð Þ

þ2 eCs
uH kx; ky; kz
� �

−eΦuH

� �
� ewHO kð Þ þ ρv

ehHO kð Þ
� �

;

ð17Þ

which can be rearranged into the form

eTs
uO kx; ky; kz
� �

¼ eTs†
uO kx; ky; kz
� �

−eΘuO; ð18Þ

where

eTs†
uO kx; ky; kz
� �

¼ eCs
uO kx; ky; kz
� �

ρv
ehOO kð Þ

þ2eCs
uH kx; ky; kz
� �

� ewHO kð Þ þ ρv
ehHO kð Þ

� �
;

ð19Þ

and

eΘuO ¼ eΦuO 1þ ρv
ehOO kð Þ

� �
þ 2eΦuH ewHO kð Þ þ ρv

ehHO kð Þ
� �

: ð20Þ

Similarly, Eq. (10) gives

eTs
uH kx; ky; kz
� �

¼ eTs†
uH kx; ky; kz
� �

−eΘuH; ð21Þ

where

eTs†
uH kx; ky; kz
� �

¼ eCs
uO kx; ky; kz
� � ewOH kð Þ þ ρv

ehOO kð Þ
� �

þeCs
uH kx; ky; kz
� � ewHH kð Þ þ 2ρv

ehHH kð Þ
� �

;
ð22Þ
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and

eΘuH ¼ eΦuO ewOH kð Þ þ ρv
ehOH kð Þ

� �
þ eΦuH 1þ ewHH kð Þ þ 2ρv

ehHH kð Þ
� �

:
ð23Þ

We also write (Eq. (4)) in terms of short and long-ranged contri-
butions. Given that Θui and Tui

s † are the inverse Fourier transforms ofeΘui kx; ky; kz
� 	

and eTs†
ui kx; ky; kz
� 	

respectively, they can be combined
after the transform process to give

Ts
ui x; y; zð Þ ¼ Ts† x; y; zð Þ−Θui x; y; zð Þ; ð24Þ

which can be used with Eqs. (14),(15) and (16) to rewrite Eq. (4) in
the more useful form

Cs
ui x; y; zð Þ ¼ exp −βUs

ui x; y; zð Þ þ Ts
ui x; y; zð Þ
 �

−Ts
ui x; y; zð Þ−1:

ð25Þ

2.4. Fourier transformation of the long-ranged contribution

The functionΦαi(x, y, z) is a sum of component functions ϕαi(rαi) =
ϕαi(|ri − sα|) where each ϕαi(|ri − sα|) is isotropic about a fixed point sα
in (x, y, z) -space. We Fourier transform each of these components
separately using a coordinate translation to a new origin sα using
r αi′ = − sα. This gives

eϕαi kx; ky; kz
� �

¼ ∫∫∫exp ik � rið Þϕαi ri−sαj jð Þdri
¼ exp ik � sαð Þ∫∫∫exp ik � r0αi

� 	
ϕαi r0αi

�� ��� 	
dr0αi

¼ exp ik � sαð Þeϕαi kð Þ:
ð26Þ

Using the linearity of Fourier transforms and Eq. (11) and have

eΦui kx; ky; kz
� �

¼
Xnu
α

exp ik � sαð Þeϕαi kð Þ: ð27Þ

Next Eq. (27) in Eqs. (20) and (23), gives

eΘuO ¼
Xnu
α

exp ik � sαð Þ eϕαO kð Þ 1þ ρv
ehOO kð Þ

� �n
þ2eϕαH kð Þ ewHO kð Þ þ ρv

ehHO kð Þ
� �o

¼
Xnu
α

exp ik � sαð ÞeθαO kð Þ;

ð28Þ

and

eΘuH ¼
Xnu
α

exp ik � sαð Þ eϕαO kð Þ ewOH þ ρv
ehOH kð Þ

� �n
þeϕuH kð Þ 1þ ewHH kð Þ þ 2ρv

ehHH kð Þ
� �o

¼
Xnu
α
exp ik � sαð ÞeθαH kð Þ;

ð29Þ

which define the component functionseθα kð Þ andeθα kð Þ of eΘu and eΘu, re-
spectively. The similarity of Eqs. (28) and (29) to Eq. (27) allows us to
write the inverse Fourier transform of eΘui kx; ky; kz

� �
as

Θui x; y; zð Þ ¼
Xnu
α
θαi rαið Þ; ð30Þ

provided that the Fourier function pairs eθαi kð Þ and θαi(r) exist and it is
implied that the θαi(rαi) are functions of |ri − sα|, each one isotropic
around the site position sα.
Any form for the functions ϕαi(rαi) may be chosen as long as they
meet the asymptotic requirements described above and have suitable
Fourier transform pairs. For this work we use [35]

ϕαi rαið Þ ¼ βqαqi
rαi

erf γrαið Þ; ð31Þ

for which the Fourier transform is

eϕαi kð Þ ¼ 4πβqαqi
k2

exp
−k2

4γ2

 !
: ð32Þ

This simplification allows us to pre-calculate βUui
s (x, y, z) and

Θui(x, y, z), which in turn allows the solution of the OZ and HNC equa-
tions can be solved as in terms of constant and short-ranged functions
only, using Eqs. (19), (22), (24) and (25). No further approximations
were made in this derivation.

The component functions ϕαi and θαi are calculated most easily by
using the same r and k-space grids as for the solvent–solvent functions
and interpolating the θαi(rαi) functions onto the 3D (x, y and z) coordi-
nate system.

2.5. A 3D bridge function

TheHNC equation in the formwe use here (Eq. 25) is an approxima-
tion to the exact closure expression for the direct correlation function
with the missing term, the bridge function, being set to zero. Bridge
diagrams can show improvements overHNC theories [36–39], in partic-
ular sometimes even yielding numerical solutions when using the HNC
equation proves difficult or impossible. As in previous work [27,40] we
use theHNCB closure, which replaces a large proportion of the diagrams
of the exact bridge function with a simple approximation which gives
solutions for a wide range of phase points and appears to improve the
result,

Buk rukð Þ ¼ −1
2

X
i j

ρiρ j∫Hui ruið Þhik rikð Þ

�Huj ru j
� �

hjk r jk
� �

dridr j;

¼ −1
2

X
i

ρi∫Hui ruið Þhik rikð Þdri
 !

�
X
i

ρi∫Huj ru j
� �

hjk r jk
� �

dr j

 !
;

ð33Þ

which can be calculated by simple Fourier methods and updated as the
calculation proceeds.We note that hij(rij),Hui(rui) and Buk(ruk) are short-
ranged. This approximation is used in Eq. (4) as

Cui x; y; zð Þ ¼ exp −
Xnu
α

βuαi rαið Þ þ Tui x; y; zð Þ þ Bui x; y; zð Þ
( )

−Tui x; y; zð Þ−1:

ð34Þ

2.6. Thermodynamic quantities

We will examine excess internal energies and Kirkwood-G inte-
grals calculated with respect to each solvent site which are calculat-
ed using [6]

Uex
 �
N

¼ 1
2
ρv

X
i

∫ Hui x; y; zð Þ þ 1ð ÞUui x; y; zð Þdxdydz; ð35Þ
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where i represents each solvent site, and

Gui ¼ ∫Hui x; y; zð Þdxdydz: ð36Þ

3. Proximal radial distribution functions

In this section we briefly review the theory underlying the proximal
radial distribution functions (pRDF), and the additional criteria in the
proximal search algorithm.

As reviewed above the partial occupancy of internalwatermolecules
at the distal pocket of myoglobin is established, yet the quantitative
occupancy, the number of hydration sites and their correlation patterns
remains a challenge. The proximal distribution function method (like
I.E.s and MD) considers perturbation of the solvent distribution by the
protein, consequently the effects by the protein conformational charges.
The different hydration correlations within a confined structural pocket
of a protein are a result of the physical and chemical interactions. Water
correlations have shown a rich variety at the various heterogeneous
surface sites of proteins [2,41]. The polar groups (charged or partially
charged) establish strong electrostatic interactions and layering of the
water molecules. In order to explicitly quantify the effects of a confined
structural situationwithin a biological systemon the protein–water pair
correlation function, we consider the conditional pair correlation func-
tion that describes the solvent structure closest to a protein atom at a
distance r, or equivalently perpendicular to the protein surface, g⊥(r)
[31]. This is the first member of a physical cluster hierarchy form of
the partition function written in terms of near neighbors, next near
neighbors etc. Here we only consider the first term as an approximation
to the series. The convergence of the series has been considered previ-
ously and generally the suitably normalized first member of the hierar-
chy captures the major features of the distribution of solvent [9]. The
distribution of solute around solvent converges much differently [42].

These g⊥(r), or perpendicular radial distribution functions (pRDFs),
can later be used to reconstruct the solvent density distribution around,
as well as interior to, proteins or other biological complexes [9,43]. Al-
though the solvent density distribution may be unique to individual
proteins, the pRDFs, are approximately transferable [30] across globular
proteins. We want to utilize the approximate universality of the pRDFs
to predict the hydration structures in a confined region within biologi-
cal assemblies. In this case we want to map the internal water density
distribution near the heme distal pocket. Successfully reconstructing
the water density distribution at the myoglobin distal pocket using
the pRDFs is a challenge. Understanding the occupancy level of the in-
ternalwater can provide evidence that further tests proposed ligand en-
tering and escaping mechanisms.

The proximal distributions are a near neighbor case of the quasi-
component distributions [44]. Consider a solution of a polyatomic solute
molecule and N solvent molecules. The solute–solvent pair correlation
function g(rij) describes the relative probability of finding a solventmol-
ecule i at a given distance r away from a specific solute atom j. It is easily
computed from a trajectory according to the equation,

g ri j
� �

¼ 1
4πr2ΔrN

XT
t¼0

XN
j¼1

δ j r!i tð Þ− r!j tð Þj−r
i
;

h
ð37Þ

where T is the total simulated time, r!i tð Þ and r!j tð Þ represent the posi-
tion vectors of solute atom i and solvent atom j at time t, respectively,
and 1/4πr2δr is the normalization volume of a spherical shell of width
δr. For large non-spherical proteins, the ease of use and interpretation
of g(rij) can suffer complications from the volume element as well as
coupled correlations since the g(rij) implicitly depends on the distribu-
tion of other atomic sites on the solute. To approximate the local corre-
lations and account for the normalization of the volume for a non-
spherical solute, we use a different quantity, a perpendicular or
proximal radial distribution (pRDF), g⊥(rij), which gives the probability
of finding a solute atom closest to a solvent atom. This roughly defines a
perpendicular to the protein surface, and in this sense the pRDF explic-
itly takes into account the solute surface feature closest to any given sol-
vent molecule. Moreover, g⊥(rij) suffers from having the excluded volume
of the protein in the normalization of the solvent distribution around the
solute surface atoms; one expects the radial distribution to approach
unity after a distance corresponding to the radius of gyration. In contrast,
the g⊥(rij) has local characteristics of the proximal protein surface and
does not depend on the rest of the protein volume.We define the pRDF as

g⊥ ri j
� �

¼
XT
t¼0

XN
j¼1

δ inf j r!i tð Þ− r! j tð Þj−r
h i

i¼1;NP

� �
δτ r! j tð Þ; k
� � ; ð38Þ

whereNP is the number of solute atoms,δτð r! j tð Þ; kÞ is the volumearound

solvent molecule j at instantaneous time t. inf r!i tð Þ− r! j tð Þ
��� ���h i

yields

the minimum distance vector between any solvent molecule j and sol-
ute atoms i at instant t. And k is the solute atom that is closest to the sol-
vent atom j

inf r!i tð Þ− r! j tð Þ
��� ���h i

¼
��� r!k tð Þ− r! j tð Þj: ð39Þ

It is nontrivial to compute the g⊥(rij) described in Eq. (38) because
the volume element has to be solved for each solvent molecule j at
any instant t. A computationally cost effective solution is to calculate
the solvent positions on a three-dimensional grid prior to computing
an averaged perpendicular distribution function. The pair correlation
function computed in this way defines an averaged water distribution
at distance r perpendicular to a protein surface, measured with respect
to a reference frame attached to the protein. The g⊥(rij) in this sense is
considered to be a conditional pair distribution function between a pro-
tein surface (a fixed condition) and the water patterns around it. Not
only is the pre-averaged water distribution easier to compute instanta-
neously on a grid, the averaged water distribution function is also more
relevant to X-ray diffraction crystallographic density distributions [9].
The detailed theory and computing procedure of g⊥(rij) is described in
reference [9]. We have found that the hydration around C, N and O
atom types on the surface of a globular protein is transferable to other
proteins [9,45]. From the pre-computed pRDF for specific protein
atom types, one can reconstruct a model for a three-dimensional sol-
vent density distribution ρ(ruvw) around other protein solutes using
the surface atom specific functions

ρ ruvwð Þ ¼ gX⊥ r0
� 	 ð40Þ

where r′ takes the minimum value of |rk − ruvw| for each grid point
for all protein atoms i. X is the atom type of protein atom k, for which
r′ = |rk − ruvw| (X = C, N, O, S, etc) The indices u, v, w denote the grid
along the x, y and z directions, respectively. We have tested and find
the optimal grid spacing for this purpose to be 0.5 Å̊([9]).

The g⊥X(r) for reconstruction purposes is defined as a set of functions
of different protein atomic species. We decompose the protein into var-
ious atomic types: non-polar carbon C, backbone nitrogen and oxygen
O, negatively charged amino acid side chain oxygens and polar positive-
ly charged amino acid side chain nitrogens, and sulfur S. The additional
classes of protein atom types over the previous C,H,N and O set improve
reconstructions of water density distributions in this near neighbor
scheme [44]. We also find that reconstructions of water density from
the side chain analogs-water pair radial distribution functions more
closely resemble simulated solvent density distribution [46]. This most
recent method is used in the current work to reconstruct the solvent
density distribution within different confined regions of myoglobin to
scan for internal hydration sites.
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4. Molecular dynamics simulations

The initial coordinates of themyoglobinmolecule are those of sperm
whale myoglobin (Mb) with carbonmonoxide CO (PDB ID 2MGK) [15].
The crystallographicwaters and ionswere removed and the systemwas
protonated and solvated using the PSFGENplugin in VMD [47] using the
CHARMM27 force field [48] with TIP3P waters [49]. The 2553 protein
atoms, including the HEME and CO, were solvated with 15960 water
molecules and one chlorine ion was added to neutralize the system in
a rectilinear box of dimensions 72 × 82.8 × 89.5 Å ̊3. The molecular
dynamics simulations were performed with NAMD 2.8 [50] in the NPT
ensemble using a Langevin thermostat to control the temperature at
300 K and a Langevin Nosé–Hoover piston for constant pressure (P =
1.01 bar). The covalent bonds were kept fixed with the SHAKE algo-
rithm and periodic boundary conditions were enforced. The van der
Waals interactions were cut-off at a distance of 12 Å ̊ and the long-
range electrostatics were determined using the particle-mesh Ewald
summation with a grid spacing of 1 Å̊. Following the procedure used
successfully in our previous studies of BPTI [27] two different simula-
tions were performed. In the first molecular dynamics simulation all
the atoms were allowed to move and the simulation was run with a
1 fs time step for 3 ns after equilibration. This simulation was run for
only a few nanoseconds so as to remove the crystal contacts. An average
structure of the final nanosecond was determined from the trajectory
snapshots that were saved every 500 steps. This yields a time averaged
“solution” structure of this biomolecule with this force field. Because
both the IE and the pRDF methods apply to single conformations, the
time-averaged “solution” protein structure, without any waters, was
used for all subsequent calculations, including the molecular dynamics
simulations. A second all-atommolecular dynamics simulationwas per-
formed in which the average protein molecule from the first simulation
was solvated with 16783 TIP3P waters and 1 chloride ion. For this sim-
ulation, the “solution” time-averaged conformation of the macromole-
cule was centered at the origin and all of the protein atoms were
fixed, i.e., theywere not allowed tomove; the atoms of all the other spe-
cies were allowed to move, and the simulation was performed as de-
scribed above. Any solvent later determined in the interior of the
protein occurs as a result of diffusion and not from pre-assignment.
This second simulation was performed for 50 ns and the last 30 ns
was used for the determination of solvent densities presented below.
The myoglobin H_ui(x,y,z)functions were determined by computing
the solvent positions in a plane of 0.5 Å ̊ cubes centered about two
values. The bulk density was obtained from a 20 Å ̊ cubic box in the
upper corner of the simulation box; in a bulk solvent region away
from the biomolecule.

5. Results and discussion

The heme moiety of myoglobin resides in a cavity that is transiently
accessible. Experiments and simulations have shown that ligands, like
the O2, CO, and NO, canmigrate into and out of the heme cavity via a va-
riety of connected pathways. Yet, outside of the four hydration sites that
are consistently observed, the cavity tends to be low inwater occupancy
even though the volume of that space is large enough to accommodate
many water molecules.

The recent experiments [11] have shown that there are four internal
regions where a water molecule can have a relatively long residence
time and can exchange with the bulk. These internal water molecules
are believed to be located at polar sites which include one of the
xenon-binding sites and are several Å̊ apart, implying more than one
single pathway into and out of the heme-cavity exists. We will use
three different methods to map the solvation of the myoglobin mole-
cule, in particular the internal cavities and some possible paths into
and out of the heme pocket.

Molecular dynamics simulations of detailed atomic models of bio-
molecular systems may be used to determine a description of the
molecular solvation. Such calculations are computationally expensive
whereas simple phenomenological models, such as our pRDF method,
are especially useful for fast calculation of the solvent density and the
electrostatic solvation free energy while retaining most of the accuracy
of the all-atom simulations.Wewish to compare the solvation densities
obtained from three different methods we studied here: IEs, pRDFs, and
molecular dynamics simulations. Because the IE and pRDF methods are
applied to rigid molecules, the molecular dynamics simulation used to
determine the solvent properties were performed for an all-atom simu-
lation where the protein, including the heme, were held fixed and the
water molecules and ions were allowed to move. The conformation of
the protein is the average structure of myoglobin from the all-atom,
flexible, simulation described above; this conformation is used by all
three methods for the determination of the protein–solvent density.

The IE results for our averagemyoglobin structurewere evaluated at
infinite dilution in TIP3P DRISM/HNCwater using themethod described
above, including our improved treatment of the long-ranged Coulombic
tails. The calculations were initially converged with a grid spacing and
range using 1283 points, spaced evenly in all dimensions with a spacing
of 0.5 Å̊. The solvent densities were determined with data structures of
2563 points using the HNCB closure. The IE method samples the ensem-
ble of solvent configurations in all regions of space and will show finite
probability for the population of internal cavities whenever the equa-
tion of state gives favorable free energetics in the volume. However,
there are known problems with the IE method. In an enclosed cavity,
the IE method may incorrectly determine population in that volume.
Many approximate theories tend to over- or under-estimate the cavity
population [24,26,27]. The essential approximation in the method in-
volves missing terms in the density expansions which result in incor-
rectly weighted correlations that are typically most noticed in regions
completely surrounded by solute sites at close range. There are missing
terms in all orders of the density for RISM-like theories, including the
low order terms that contribute directly to the correlation between
the solvent and the solute. Despite this, the IE theories are extremely
beneficial in locating solvent densities in interior regions of biomolecu-
lar systems that would be computationally expensive using more de-
tailed models like MD simulations.

Average pRDFs for C, N, O, and our newly developed representations
for the specific atomic types: non-polar carbon C, backbone nitrogen
and oxygen O, negatively charged amino acid side chain oxygens and
polar positively charged amino acid side chain nitrogen atoms, and sul-
fur S representations are used to reconstruct the solvent densities for
our myoglobin conformation. The density functions for the MD simula-
tionswere obtained by tabulating positions in a plane of 0.5 Å̊ cubes, the
same as used for the pRDF and the IE calculations, centered about the
plane. The bulk density was obtained from a 20.0 Å̊ cubic box cut from
the upper corner of the simulation box in a volume away from the pro-
tein. The solvent distribution for two different planes, cut through the
solute molecule are presented in Figs. 1 and 2. The planes chosen were
the z = −4.0 and y = 13.5 which highlight the solvation sites at the
Xe3 and the apical sites, respectively. As a structural comparison of
these three methods plots of the results centered on the planes cut
through the data are plotted in Figs. 1(a)–(c) for the z = −4.0 plane
and 2(a)–(c) for the y=13.5 planes for the IE, pRDF, and MD densities,
respectively.

The cross-sectional plane for the z=−4.0 slice in Fig. 1 clearly dis-
plays the solvation on the side opposite of the Heme, in the vicinity of
the Xe3 occupation site. For all three methods there is a solvent density
cluster in the vicinity of the Xenon site; the density appears as “islands”
with different ridges at different heights. This cluster contains the ridges
with the highest peaks on the interior of the protein. As discussed above,
the IE results, Fig. 1(a), clearly displays the highest and widest peaks
compared to both the pRDF and the MD methods with a single high
peak closest to the exterior region and a wider cluster with different
ridge heights as wemove further into the cavity. The peaks on the exte-
rior of the protein are also larger for the IE method compared to any of



Fig. 1. Solvent density plots for slice z = −4.0 for IE method a), for pRDF method b), for
MDmethod c).

Fig. 2. Solvent density plots for slice y=13.5 for IEmethod a), for pRDFmethod b), forMD
method c).
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the other techniques. For the pRDF results, Fig. 1(b), there are two “is-
land” clusters in this location with ridges of comparable heights. The
MD results, Fig. 1(c), also has two density clusters in this volume but
the cluster with the higher peak is the one at the location deeper into
the cavity and not closer to the bulk as observed for the IE results. The
IE and pRDF results also show a few small peaks deeper into the pocket
but these peak heights are significantly smaller than those observed in
the “island” clusters. The third, most interior cluster, is not seen in the
IE results but the IE interior density is larger and wider than both the
pRDF and the MD results and encompasses these minor peaks.

The Xe3 is the location of the long-lived water molecules and this
solvent occupancy is clearly supported by the densities observed by



Fig. 3. Cartoon representation of CO bound protein with Xe atoms as green balls and sol-
vent density sites as large red balls.
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our three methods. Although the Xe3 is mostly buried in the protein
with very limited access to the bulk solvent there is an opening from
the exterior into the cavity where this Xenon atom would be located.
As shown in Fig. 1 the solvent can, and does, enter the interior and the
hydration sites via this entrance on the back side of the heme. For
these simulations there was no pre-solvating of the cavities; the solva-
tion of the interior cavities is observed by either pre-solvating particular
sites or by diffusion into the cavity. As we have observed in earlier cal-
culations [27], the IE and the MD methods tend to corroborate cavity
solvation densities if there is a pathway; in the case of these results
the MD occupancies result from water diffusing into those hydration
sites during the simulation for the conformation of the protein used.
The experimental data observes solvent molecules in this area and all
three methods clearly observe solvent density in this interior region of
the cavity which is close to the Xe3 site location. Interestingly, the IE and
pRDF calculations also determine a secondhighdensity peak in the interior.
This is the second highest peak for both methods and the IE peak is only
slightly lower in height than the highest peak observed in the Xe3 region.
The MD results do not display this peak. The pRDF results also show
other density probabilities that are not observed in either the IE
or the MD results. The pRDF density calculations are based on atom types,
C, N, and O, and spatial availability. These regions of density are not
accessible to the MD results for the length of the simulation, 50 ns,
presented here.

The cross-sectional plane for y = 13.5 was chosen to elucidate the
solvation of the apical site. The results for this slice are displayed in
Fig. 2 using the same order: Fig. 2(a) is from the IE calculations,
Fig. 2(b) is from the pRDF calculations, and Fig. 2(c) is from theMD sim-
ulations. All threemethods clearly display solvent density in the vicinity
of the apical site. But, more interesting is the solvent densities clearly
map a pathway into the heme pocket. The IE results show the path
with ridges of similar height until the density is located entirely inside
the cavity. Inside the cavity the results then display a second density “is-
land”. Fig. 2(b) represents the results for the pRDF method which also
finds solvent density in the apical region. The density also maps a very
clearly defined pathway produced during the 3ns equilibration. The
MD results, Fig. 2(c), show a similar pathway into the cavity but, not
surprisingly, the interior “island” peak heights are lower than those
closer to the exterior and lower than the IE values. The pRDF andMD re-
sults also determined two density islands in this region of the protein
with peak heights second only the highest peak displayed in the apical
region. The myoglobin molecule, like all proteins, has interior cavities
that are accessible to the solvent and can be populated if the solvent dif-
fuses into those interior regions. This is clearly displayed by the addi-
tional solvent density peaks seen for this slice and may represent one
of those peripherally located hydration sites suggested by Kaieda and
Halle [11] thatmay be necessary for the transport of ligands and solvent
across a cavity as large as the myoglobin cavity for which the hydration
sites are tens of Å̊ apart.

Myoglobin is an example of a biological molecule with an internal
prosthetic cavity with a volume large enough to accommodate many
solvent molecules but which has been found to be underoccupied,
with only four hydration sites regardless of the technique used to deter-
mine the solvent occupancy. For myoglobin, the other factor of interest,
is that the heme region is the main site of biological function. In Fig. 3
the location of the three interior solvent density sites determined by
our methods is represented as red spheres and the Xenon binding
sites are represented as green spheres. Our results indicate that for
the two slices chosen, there are buried solvent binding sites formyoglo-
bin and they span the large cavity. There have been numerous hypoth-
eses about the hydrophobicity of the heme cavity being the reason for
the low occupancy of that volume coupled to the gating of that region
for entrance and exit of ligands. The pRDF and the IE methods are two
computational methods that determine a solvent path into the heme
pocket by identifying the high-probability solvent density locations
for a given conformation of the protein.
In this study we have beenmost interested in the heme cavity occu-
pation versus the solvent density of the protein's exterior. With simula-
tions the interior pockets may not be populated during short time
scales. If by chance there is diffusion into the pocket, those events
tend to be rare. The X-ray crystallography results do not resolve signif-
icant solvent population in the heme pocket. From our earlier work on
BPTI [27], we found that if internal cavities are populated, as determined
experimentally, and that population is preset at the beginning of the
simulation, there is a high probability that the cavity remains populated
throughout the simulation and that population density is confirmed by
the IEmethod. For themyoglobin structure used therewere no such ex-
perimental solvent densities in the molecule's interior and, as such,
none were placed there at the start of the simulations. Our results indi-
cate that there are multiple paths into the cavity which is in agreement
with the work of Elber on possible entry and exit paths for ligands [51].
If the mechanism of exchange of the diatomic ligands depends on
migration to and from the heme-bound iron our results indicate that
there may be multiple pathways into and out of the pocket for one
single protein conformation.

6. Conclusions

This work is the first comparison of these three different theoretical
methods for calculating the solvent distribution around an atomic site
model of a biomolecule. Our 3D IEmethod with exact Coulomb interac-
tions [27] and proximal radial distribution function reconstruction [46]
are compared to all-atom molecular dynamics simulations. The solu-
tions for both the IE and pRDF techniques are easily and efficiently de-
termined for small and large molecules and comparison to all-atom
MD simulations provides a determination of how well they predict the
solvent distribution around and inside myoglobin. While simulations
may take CPU days, the integral equations are typically finished in 10s
of minutes and the pRDF reconstructions in seconds or less.

Comparison of the differentmethods showed that the computed sol-
vent densities for both theXe3 and apical regions, two of the interior sol-
vent hydration sites, are reproduced by all of the methods. It is well
known that the IE method overestimates some peak heights and that
is observed in our calculations here. But, the hydration locations,
matching the cavity solvent locations, are reproduced by all three
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methods. The IE and pRDFmethods, as expected, did determine solvent
densities that were not quantitatively in perfect agreement with the
simulation results. However, as we have observed in other studies,
[27] these may be either an overestimation of the approximate method
or hydration site locations that theMD simulations can either not access
or do not observe because they are low probability events and the sim-
ulations can never be run long enough to properly observe statistically.
The results also clearly determine a solvent pathway via the apical site
from the exterior into the cavity. We have also determined a secondary
interior hydration site, not in the cavity, that may correspond to one of
the auxiliary pathways used by the myoglobin molecule to shuttle mol-
ecules into and out of its large cavity [11].While interior sites have been
studied by integral equations [24] these results provide thefirst system-
atic study of the solvent density probabilities among the IE, pRDF, and
MD methods. The corroboration of the results indicate that these
approximate methods that can be successfully applied to large biomo-
lecular systems with multiple hydration sites at a computational cost
that is much less than direct simulation.
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