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Abstract

The increasing availability of computational resources over the last years has significantly facili-
tated computational studies which model protein ligand interactions in the atomistic level. In
many of those in silico studies, the process of trying to “fit” a ligand in a protein cavity is an im-
portant first step, especially in the expanding field of computer aided drug design (CADD). In
this work, a novel approach is proposed based on the accurate computation of a protein’s inac-
cessible volume and the corresponding surface area as regards to a ligand, , where the ligand can
be placed so that it “touches” the protein without any overlaps. The proposed approach can be
thought as an extension of the widely used concept of the Solvent-Accessible Surface Area
(SASA), evaluating the surface generated by the ligand while being rolled over all the atoms of
the protein without penetrating them. Identification of the inaccessible volume of each candidate
protein-ligand pair is also provided in the context of this study, along with the boundary surface
where the ligand can be placed so as to be in “contact” with the protein, which is expected to sig-
nificantly enhance the ability to investigate specific protein drug interactions. Several trials have
been conducted upon implementation of the proposed algorithm using the analytical method of
Dodd and Theodorou leading to accurate volume and surface area measurements of an arbitrary

set of fused spheres in test systems of various scales.



Introduction

Contributing to the cell’s structure, metabolism, cycle, communication or response to stimuli,
molecular interactions lie in the core of all fundamental biological processes. The scientific com-
munity has put a great effort in investigating such interactions, especially among molecules like
proteins, also known as protein-protein interactions (PPIs), or between small molecules (ligands)
and proteins, highlighting computational methods apart from experimental techniques (e.g. X-ray
crystallography, NMR). Docking computation is considered a significant approach for the study
of protein-protein or protein-ligand interactions, guided by several theories behind binding phe-
nomena, such as the “lock-key” model', the “induced-fit” theory?, the “conformational selection”
mechanism® and similar established approaches. Development of structure-based virtual screen-
ing and construction of novel therapeutic agents via computer-aided drug design (CADD) have
all been achieved with molecular docking software applications®. The algorithms implemented in
molecular simulations — docking software are intended to predict the structure via conformation
ensemble (sampling algorithms). They can also predict the binding affinity of the tested
biomolecules during the interactions by scoring functions (scoring algorithms) under certain
docking methodologies as shown in Table 1. These algorithms rely on a variety of theoretical,
chemical and geometrical approaches to visualize molecular structures and processes. Interac-
tions are handled based on the properties of the amino acid residues found on the surfaces of the
molecules. Examination of amino acid charge, polarity, shape, potential for intercalation with
other molecules, high evolutionary conservation of surface amino acids and the estimated energy
of molecular interactions, constitute primary elements for the functional interpretation and calcu-
lation of molecular surfaces. Molecular surfaces may have a dual use; heir graphical representa-

tions can provide a prediction of the possible function and interactions which may take place by



visualizing the shape, electron distribution or evolutionary conservation of molecular surface se-
quences. Moreover, quantification of surfaces is mainly used as a descriptor in an attempt to

quantify the binding Gibbs free energy.

Table 1 Molecular docking software classified by implemented algorithm nature and docking

methodology

Sampling algorithms categories Software - Programs

Matching algorithms DOCK?, FLOG®, LibDock’, SANDOCK?®

Incremental construction methods DOCK 4.0°, FlexX', Hammerhead', SLIDE'",
eHiTS"

Monte Carlo Early versions of AutoDock', ICM", QXP'®

Genetic algorithms AutoDock'’, GOLD", DIVALI", DARWIN®

Scoring functions categories Software - Programs

Force-field-based DOCK>?'* GOLD", AutoDock"’

Empirical LUDI*?, PLP***%* ChemScore*’

Knowledge-based PMEF?, DrugScore®, SMoG*, Bleep™

Consensus scoring CScore** (combination of DOCK, ChemScore, PMF,
GOLD, and FlexX)

Docking methodologies Software - Programs

Rigid ligand - Rigid receptor DOCK>*"*, FLOG®, FTDOCK*

Flexible ligand - Rigid receptor AutoDock"’, FlexX"

Flexible ligand - Flexible receptor Glide*, IFREDA*, QXP'®

Calculating accessible molecular surfaces is of high significance to docking methodologies.

The concept of the accessible surface area was firstly described by Lee & Richards™ in 1971 as



Solvent-Accessible Surface Area (SASA). SASA traces the geometrical locus derived from the
centre of a hypothetical probe-sphere rolling on the van der Waals surface of the molecule with-
out penetrating its atoms. It is also equivalent to the van der Waals surface, with the difference
that the atomic radii r; have been substituted with the total of ri+r, (r, equal to the atomic radius of
the hypothetical probe-sphere, typically 1.4A). Various approaches have been developed for cal-
culating accessible surface areas, with the “rolling ball” algorithm by Shrake-Rupley”’ being one
of the earliest and most popular methods among others. Additional improvements to these meth-
ods delimited the solvent-excluded surface (SES) or widely known molecular/Connolly sur-

face38394041

, which consists of two segments. The first is the contact surface, (part of the van der
Waals surface of the atoms), tangent to the hypothetical “rolled-over” probe sphere. Thee sec-
ond is the reentrant surface, which comprises the inward-facing surface of the probe sphere
when it is simultaneously tangent to two or more atoms. Analytical calculation of Connolly sur-
faces is founded upon numerical algorithms retrieving data from the atomic coordinates, van der
Waals radii and the probe radius, thus generating finite sets of points constructing a network of

convex, saddle-shaped and concave faces defined in terms of vertices, circular arcs, spheres and

tori so as to compute the solvent-excluded surface.

Theoretical Basis

Extending the typical approaches for calculating accessible surface area and volume confined
to the use of probe-spheres, this paper proposes a novel approach based on the analytical calcula-
tion of the accessible volume-area to a hard-sphere poly-atomic molecule. The core idea has
been developed originally as part of the staged particle deletion (SPD) method**, in an effort to

accurately estimate the free energy of cavity formation and its contribution to the chemical po-



tential of small molecules in molecular simulations. According to the SPD method, an intermedi-
ate state is introduced from the initial N-molecule system, which consists of N-1 molecules and
an inserted hard-sphere molecule of given complexity. Generally, the accessible volume of a
molecule is equal to the difference of the total volume of the system minus the excluded volume.
When inserting a mono atomic molecule that is modeled as a single hard-sphere into a system
composed of atoms (represented also as hard spheres), the excluded volume limns the geometric
locus of points where a hypothetical insertion hard-sphere center would cause overlap with any
of the existing hard spheres in the system. More specifically, this geometric locus is a set of
fused spheres, whose centers coincide with these of the spheres of the atoms in the system but
with radii augmented by the radius of the inserted hard-sphere. Provided that a single sphere is
inserted and the system consists of molecules made of atoms modeled as spheres, the accessible
volume calculation can formally be mapped to evaluation of the volume of fused spheres, even
when periodic boundary conditions are implemented. This approach works irrespective of the
presence of inter-molecular connectivity, whereas the computational task is expected to depend
mainly on the number of atoms in the system and the actual size of the spheres. Furthermore, the
estimation of the accessible volume can become computationally quite demanding as the size of
the system increases and the actual accessible volume starts to diminish , including the case of
inserting a mono atomic molecule. On the other hand, what may not be so straight forward is the
ability to estimate the inaccessible and in extension the accessible volume after inserton of an ar-
bitrary polyatomic molecule in a similar manner®. Upon rationalizing the process, a possible so-
lution is to consider the interaction of each sphere in the system with the inserted polyatomic
molecule under fixed internal degrees of freedom. It turns out* that the volume of the loci of

points where a trial insertion of the chain molecule will result in overlap can also be estimated as



the volume of a set of fused spheres. This is a problem that can be handled efficiently by the
method of Dodd and Theodorou®. In order to express the problem of inserting a chain hard mol-
ecule as a problem of fused spheres the following steps can be followed:
. For each atom in the system enumerate a number of fused spheres equal to the
number of atoms in the inserted molecule.
e Given the conformation of the inserted molecule with fixed internal degrees of free-
dom, an auxiliary sphere is inserted in the system for each atom in the inserted molecule.
e For each system atom, the center of the first auxiliary sphere coincides with the cen-
ter of the respective atom
e The rest of the auxiliary spheres are displaced one by one, applying the negative or
antiparallel corresponding bond vector on the inserted molecule.
As a result, the set of auxiliary spheres for each inserted molecule and every atom in the
system constitutes a parallel translated “mirror” image of the inserted molecule. As in
SASA, the radius of each sphere is the original radius augmented by the radius of the cor-
responding atom in the inserted molecule. Therefore, the problem of estimating the
molecular inaccessible volume and accessible surface area has now been expressed as a
problem of evaluating the volume and surface of a set of fused spheres. On the negative
side, the number of fused spheres that one has to consider is now equal to the number of
atoms in the system times the number of atoms of the inserted molecule.
In Figure 1, a graphical representation of the basic concept is depicted, referring to a system of
two water molecules, with the former acting as the protein molecule of the system and the latter
as the inserted ligand molecule. The method is founded on creation of multiple images of the

inserted atoms by maintaining the internal degrees of freedom and relative orientation. The algo-



rithm generates 9 (9=3 protein atoms x 3 ligand atoms) auxiliary spheres (six of them depicted
in pink plus the three that are placed at the same position as the molecule in the system). The
gray 3D surface created by the 9 auxiliary spheres delineates the geometrical locus where the
center of the first atom, as ordered in the inserted molecule (here the oxygen atom as red colored
sphere), can be placed so as for the two molecules of the system to be in “touch”. The annotated
distance of 1.45A is equal to the sum of the atomic radii multiplied by the algorithm’s scaling
factor fz (here adjusted at 0.5). This scaling factor is used to describe the excluded volume inter-
actions of the closest atoms between the inserted and native molecule of the system (the oxygen
and hydrogen atoms in this example), possessing atomic radii of 1.7A and 1.2A respectively. Ad-
ditionally, placing the center of the oxygen of the inserted molecule at different points on the
generated gray 3D surface surrounding the auxiliary atoms, brings the hypothetical ligand and
protein molecules in contact with out overlap. Notably, the connectivity between the inserted
atoms does not add significant complication at this computational stage. This allows the insertion
of two or more molecules simultaneously, as long as the relative position between atoms is main-
tained during the geometrical calculation and the relative inter-molecular degrees of freedom are
sampled in an outer loop. Furthermore regarding SASA, the proposed method is expected to be
used in ensembles, where the system configurations are created based on desirable statistical en-
sembles. Similarly, the internal degrees of freedom of the ligand could be sampled by simulating
the inserted molecule at the ideal gas conditions. The geometrical calculation would then be per-

formed over a double nested loop over the configurations of the ligand and the system ensem-

bles.



Figure 1. Graphical representation of the molecular accessible surface volume methodology in
Jmol®. On the left side, a showcase of the test system consisting of two water molecules, the
former representing a molecule in the system (blue outline) and the latter displaying the in-
serted molecule. On the right side, an illustration of the excluded volume around the water mole-
cule of the test system (blue outline), where the generated gray surface points coincide with the
center of the oxygen atoms of the 3 semi-transparent and 1 opaque inserted surrounding water
molecules, without penetrating the generated gray 3D surface, at a fixed 1.45A distance between

the closest atoms of the inserted water molecules and the center water molecule of the system.

In this work, sampling of the relative protein-ligand orientation is a crucial step, independent of
the way that the rest of degrees of freedom are sampled. Among the various methods expressing

relative molecular orientation, quaternion usage was preferred in order to generate random



molecular orientations. The generation of random molecular orientations has been based on the
Marsaglia G. method*, implemented as follows:
- Firstly, two numbers x; and y, are selected from a random uniform distribution between (-
1, 1), until s, = x,% + y,* < 1 is satisfied.
- Similarly, two more numbers X, and y, are selected respectively from a random uniform
distribution between (-1, 1), until s, = x,* + y,* < 1 is satisfied.

- The generated values of s; and s are used for the production of a random unit quaternion q

asq=[y2\/@,xl,y1,xz\/@]

Sy Sy

By generating sets of unitary quaternions and applying the corresponding rotations to the in-
serted ligand molecules, it is possible to create a set of protein-ligand relative orientations.
However, from a technical perspective , the greatest challenge and major concern in develop-
ing a computational tool capable of estimating the molecular inaccessible volume and molecular
accessible area in protein-ligand systems, has been the memory usage due to the large size of the
resulting system. In order to be able to use Dodd and Theodorou’s analytical approach* as a
black-box library, the distribution of the computational load using Message Passage Interface
(MPI)* over a number of processors was compulsory. This was so as to ascertain the efficient
handling of the memory load. As a result, the user can perform analytical calculations of the
molecular inaccessible volume and molecular accessible area in realistic protein-ligand systems

usign reasonable computational resources.

Results and Discussion
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In order to assess the proposed method, several tests were performed on different systems of
varying size. Ligand and protein molecules constituting the main focus systems were mainly
downloaded from the Protein Data Bank PDB* in .pdb format except simpler molecules, which
were retrieved from Github® in .xyz format. PDB files with bound molecules underwent conver-
sion so as to separate ligand and protein components into different .xyz files for more efficient
and convenient file manipulation. All molecules and their generated volume-area surfaces were
visualized by Jmol®. Initial tests of the algorithm were performed between simple molecules like
water”, methane™ and ethane®, following progression to more complex molecular systems
downloaded from PDB and analyzed. More specifically, the 1zp8>', 2bpw™* and 4wtg>* PDB files
were selected as representatives of small-, medium- and large-size scale molecular systems re-
spectively. 1zp8 and 2bpw PDB entries refer to HIV-1 protease-inhibitor complexes. former
1zp8 demonstrates an effective replacement of a peptide group in HIV-1 protease inhibitors with
1,2,3-triazole’’. 2bpw demonstrates the ability to replace a putative inhibitor bound to the HIV-1
protease in single crystals®> The third PDB entry (4wtg) includes a modified version of the
Hepatitis C virus (HCV) RNA-dependent RNA polymerase (RdRp) in complex with the clini-
cally active metabolite formed by sofosbuvir, Mn** and a primer-template RNA®,

Given a PDB file that contains both ligand and protein, estimations were performed on the in-
accessible and accessible volume and surface area of the ligand against each desired protein re-
ceptor at different relative orientations by separating the protein and ligand input molecules
from PDB*. Having assigned an atomic radius to each type of atom of both the ligand and pro-
tein molecules, several calculations were carried out by scaling all distances with a common fac-
tor. This was done in order to investigate the effect of uniformly scaling the contact distance be-

tween atoms. In our attempt to validate the algorithm, we used the default values of van der
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Waals radii as starting values for each atom in Jmol. Depending on the practical application, the
potential user of our computational tool may choose to alter the assignment of each atomic ra-
dius, taking into consideration the difference between ions and uncharged atoms for instance.
Nevertheless in this study, given that the main concern is to provide validation of our approach,
the simplest reproducible cases were selected while the option of changing the values of atomic
radii was deferred for future versions purposes. Due to this reason, no further processes were
performed on protein molecules extracted from the downloaded PDB files, like restoring miss-
ing atoms or imposing the proper protonated state under a given pH.

Despite the development of this computational tool taking advantage of the analytical calcu-
lation of Dodd and Theodorou* to a large extent, the proposed calculations of molecular accessi-
ble surface and molecular inaccessible volume can also be carried out by making use of any
other computational tool capable of calculating SASA. To achieve this, one has to generate the
set of auxiliary spheres in the same manner as described in the previous paragraph (Figure 1)
and then, perform the calculations with the tool of choice. In the context of this research, visual
representation was accomplished by using Jmol and its ability to draw 3D isosurfaces. It should
be noted that visual rendering of the aforementioned isosurfaces is an arduous computational
task, with memory requirements increasing significantly as the size of the molecular systems
grows. Nevertheless, most of the available visualization tools output significantly less accurate
results when compared to the analytical estimation of Dodd and Theodorou*. However, due to
graphical representation necessities in many studies, the best strategy is to combine both ap-
proaches. Subsequently throughout this work, we report our estimations using the analytical
method of Dodd and Theodorou* whereas Jmol is used for visualization purposes. Finally, in or-

der to provide better insight into molecular accessible surfaces, ligand placement on a point of
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the protein surface is also presented, highlighting the contact between the test molecules given
the selected relative ligand-protein orientation.

In Figure 2 , the estimations of the molecular accessible surface area (Figure 2a) and molecu-
lar inaccessible volume (Figure 2b) are presented for various ligand-protein orientations of the
1zp8 test system (HIV-1 protease with its AB-2 inhibitor®"). Relative orientations were ran-
domly produced via quaternion formulation of Marsaglia on the ligand-protein pair found in the
1zp8 PDB file downloaded from the Protein Data Bank. The estimated values of molecular ac-
cessible surface area (Figure 2a) and molecular inaccessible volume (Figure 2b) are plotted ver-
sus the quaternion distance. The baseline against which the quaternion distance was calculated is
the ligand-protein orientation of the original input 1zp8 PDB file configuration. Since plotting
against quaternion distance constitutes projection onto one-dimensional space, the reader should
bear in mind that only distance relevant to the original orientation retains the properties of dis-
tance, meaning that any of the expressed orientations depicted as points in close proximity on
Figure 2, may actually be far apart. Nonetheless, the above representation style was selected
since the deviation of 50 sampled orientations relative to the original one found in the 1zp8 PDB

file is better illustrated .
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Figure 2. Analytical calculation of ligand-protein molecular accessible surface area (a) and
molecular inaccessible volume (b) of the HIV-1 protease and AB-2 inhibitor complex retrieved
from the 1zp8 PDB entry, at different orientations relative to the ligand-protein orientation of
the standard PDB file configuration (marked as STD PDB configuration).In both charts, the orig-
inal input molecular configuration is show at x=0, followed by 50 random ligand-protein orien-
tations sampled by Marsaglia’s method*’. The estimations are plotted as a function of the quater-

nion distance (in radians) between each orientation and the relative ligand-protein orientation of
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the original PDB molecular configuration. The labeled data points indicate the range of calcula-
tions, while their annotated numbers correspond to the order in which the random orientations
were sampled and aim to help the reader compare the plotted information against the correspond-

ing modelled structures shown in Figure 3.

In Figure 2, the values of the accessible volume and surface area range from considerably
high to low levels, depending on the various ligand configurations compared to the original one.
In Figure 3a, a sample of 3D representations of the protein-ligand molecular accessible surface
are shown , mainly for configurations retrieved from the minima or maxima of Figure 2a and 2b
using Jmol. According to the displayed molecular states, binding of the inhibitor to the protein
can be achieved with significant changes in the relative orientation. Notably, several of the sam-
pled ligand orientations could potentially bind in the opposite direction, reverse to the ligand
configuration of the original 1zp8 PDB file (Figure 3b). We should point out that calculations in
Figure 2 pertain solely to excluded volume interactions. Therefore such observations may serve
exclusively for initial screening. Moreover, in the calculations of Figure 2, we do not distinguish
between placing the ligand into pocket cavities or onto the outer surface of the protein. Never-
theless, once the total molecular accessible surface is evaluated, it is also possible to partition the
area based on concavity, charge, polarity, or hydrophobicity of the protein contact atom utilizing
the tools which have been developed for SASA and are available in visualization software like
Jmol. It should be noted that in the molecular accessible surface, each point corresponds to a spe-
cific atom-atom interaction between the ligand and protein molecules, with more than 3 body
contacts, mapped onto lines and points which form from the intersections of spheres at the sur-

face.
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Figure 3. (a) 3D illustrations using Jmol of the 1zp8 PDB protein-ligand molecular accessible
surfaces extracted from a selected set of sampled relative orientations presented in Figure 2 (la-
beled by their sample number). Ligand and protein molecules are presented at the corresponding
relative orientation by placing the sampled ligand configuration onto the molecular accessible
surface close to the original biding cavity. Unlike SASA, our molecular accessible surface is a
function of both the actual ligand and the ligand-protein relative orientation. (b) A more detailed
view of the sampled ligand configuration No 8 versus the ligand configuration of the original
1zp8 PDB file. Interestingly in this sampled orientation, the No8 ligand can bind in the opposite
direction, reverse to the ligand configuration of the original 1zp8 PDB file which is depicted

transparently in red, while the sampled ligand configuration No 8 is colored bright green.

In an effort to verify and validate the accuracy of the proposed approach, the estimate of the
molecular accessible surface area and an arithmetic finite difference estimate of the inaccessible
volume are shown in Figure 4. The numerical derivative has been estimated by performing vol-
ume calculations over slight increments of the radius parameter dR incorporated in the algorithm.
Confirming the consistency between our estimations of molecular accessible surface and inac-
cessible molecular volume, the analytical calculation of the molecular accessible surface can be
estimated using finite differences provided that the alteration in the radius parameter is neither

too small nor too big as it is the case with most numerical estimations based on finite differences.
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Figure 4. Comparison of the implemented estimation of the molecular accessible area (blue con-
tinuous line) against its derivative equivalent based on numerical differentiation of the inaccessi-
ble molecular volume (black diamonds). The numerical estimate is presented as a function of the
gradually increasing radius parameter 6R used for the calculation of forward finite difference (in
logarithmic scale). The estimations have been performed upon the original input configuration of

the protein-ligand complex inside the 1zp8 PDB file.

Having established the consistency between molecular inaccessible volume and accessible
molecular surface, in Figure 5 we demonstrate the validity of molecular inaccessible volume
calculation by comparing the proposed analytical calculation with the estimation based on ran-
dom “Widom”-like test insertions> under the original input relative orientation regarding a sim-
ple test system, where methane and caffeine act as ligand and protein molecules, respectively. To
perform the stochastic estimation, we initially enclosed the molecule of caffeine in a box and
then, measured the ratio of attempts which failed to place the methane molecule without overlap

in the box, given the original relative orientation. An estimate of the inaccessible volume was
18



produced after multiplying the volume of the box by the ensemble average of the ratio of failed
“test” insertions. In Figure 5, the stochastic estimation is reported as a function of the number of
insertions, alongside the analytical volume estimation at the same original relative ligand-protein
orientation, where the results from the stochastic method coincide with our analytical calculation

output.
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Figure 5 Comparison of analytical inaccessible volume calculation (blue circular points) versus
the stochastic evaluation based on test “Widom”-like insertions in a simple molecular system,
consisting of methane and caffeine as ligand and protein molecules respectively (black triangular
points). The stochastic estimation results were acquired after 5 repetitive runs on the aforemen-
tioned test system at the original relative orientation with different seed numbers for each given
number of insertions. All calculations coincided with the analytical estimation of inaccessible

volume, within the 95% confidence interval (depicted as error bars in the above graph).

In this work, accurate evaluation of the molecular inaccessible volume and molecular accessi-

ble surface is rendered possible, given the values of inter-atomic distances where two atoms are
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expected to exclude each other. As it has already been shown in the development of particle

#3.42.3657.58 and staged insertion methods™, it is also possible to use estimations of the ac-

deletion
cessible volume. These estimations are based on hard core interactions as part of the evaluation
of the chemical potential in the case of molecules interacting via “soft” potential., In this case,
the free energy difference related to the transformation of hard cavities formed through the hard
core interactions is added to the final “soft” molecule. The overall calculation becomes indepen-
dent of the actual choice by considering the range of hard core interactions smaller or larger than
the minimum distance of two atoms expected to contact each other under the given conditions. If
the free energy difference is estimated via the staged insertion method, hard core interactions
should be smaller than the minimum distance. If the particle deletion method is used, hard core
interactions should be larger than the minimum distance. In any case, the range of hard core in-
teractions is expected to be smaller than the distance at the first pick of inter-atomic radius of gy-
ration. Consequently, the proposed algorithm for the estimation of molecular inaccessible vol-
ume of ligands is expected to have practical uses in the estimation of protein-ligand binding
affinities via staged insertion or particle deletion methods. It is therefore interesting to assess the
effect that the range of hard core interactions may have on the proposed estimation.

In Figure 6, we observe the effect of scaling all inter-atomic contact distances by a common
factor fz covering the range which is expected to be used by the method as part of a staged inser-
tion and the particle deletion scheme, regarding 3 molecular test systems of different sizes based
on the 1zp8, 2bpw, 4wtg files downloaded from PDB. More specifically, the smallest 1zp8 sys-
tem consists of 812 atoms in total, 765 of which form the HIV-1 protease while the remaining
47 atoms form its ligand inhibitor AB-2°'. The mid-sized scale 2bpw system contains 1559

atoms, 1514 constituting the HIV-1 protease and 45 its potent ligand inhibitor™. Lastly, the
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largest 4wtg system consists of 4357 atoms, 4327 of which belong to the modified version of
HCV RdRp and the remaining 30 atoms are found within its ligand, the clinically active metabo-
lite formed by sofosbuvir, Mn*" and a primer-template RNA*. Examination of the accessible
surfaces dependency on the algorithm’s parameter fz promotes an interesting perspective. There
is a certain range where increasing the scaling factor fz leads to reduction of the accessible area,
strongly indicating presence of concave parts on the protein surface which shrink as the radius
expands . However, one may conceive of an approach that uses such observations to identify the
presence of cavities but to our knowledge, there is no such method. This is probably due to the
usual alternative methods being quite sufficient in identifying cavities or due to the fact that sim-
ilar calculations would require significant accuracy in the estimation of accessible surfaces. This
would not be a practical choice since most of the available methods are of a stochastic nature.
On the other hand, implementing the analytical calculation of Dodd and Theodorou* leads to ac-
curate estimations which can be used to estimate partial differences from finite differences. Fi-
nally, for users that would like to use our approach in combination with existing (or newer meth-
ods) for partitioning the surface area based on concavity, we should note that the correlation be-
tween accessible area of a concave cavity formed out of spheres can be affected by the actual

definition of the criteria used to separate concave from convex regions.
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Figure 6. Estimations of the accessible surface area (a) and inaccessible volume (b), both ex-

pressed as functions of the algorithm’s parameter scaling factor fz. The radii of the auxiliary
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spheres which determine the range of hard core inter-atomic interactions have been estimated by
scaling by a common factor, the sum of the van der Waals radii for each atom pair that is used in
the formation of the auxiliary sphere. Tests were performed upon 3 molecular systems of varying

size (1zp8, 2bpw, 4wtg).

Finally, as mentioned previously, a considerable amount of effort has been put in decomposing
analytical calculations into independent sub-calculations which can be performed in parallel,
since dealing with all of the auxiliary spheres using a single processor may not be feasible for
most of the protein-ligand complexes of interest. Aiming to distribute the memory load into mul-
tiple processors even at the expense of performing more arithmetic calculations, in Figure 7 we
present the algorithm’s execution time as a function of the number of processors used in our par-
allel decomposition (Figure 7a) as well as a function of f; alterations utilizing all processors of
our computational nodes through MPI*’ (Figure 7b). The system examined in Figure 7a consists
of the protein-ligand complex retrieved from the 1zp8 PDB entry where all radii have been
scaled at half of their van der Waals value by setting the fz parameter to 0.5, while in Figure 7b,
the largest in size 4wtg system (4357 atoms) is tested with increasing fz values exploiting plenty
of computational resources (38 processors). As the size of the molecular system increases rele-
vant to the available resources per processor, the necessity and parallel efficiency of actual calcu-
lations may differ, but our approach is expected to be applicable provided that sufficient compu-
tational resources are allocated. Subsequently, parallelization through MPI makes our approach

suitable both for super-computers and homemade clusters alike.

23



600

536.776

500

400

300

200

Completion time (seconds)

100 55.09

12345678 9101112131415161718192021222324252627282930313233343536373839

Number of processors

1000 888.105
900
800
700
600
500
400
300

Completion Time(seconds)

200
22.475

100

0
0.05 0.1 0.I5 02 025 03 035 04 045 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 095 1
1R

Figure 7. Inaccessible volume and accessible surface area calculations completion time as a
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well as a function of /R alterations upon the largest in size 4wtg molecular system utilizing all 38

processors of our computational nodes through MPI (b).

Conclusion

In this work, the estimation of the molecular inaccessible volume and accessible surface area
are proposed as a generalization of SASA. We implemented the proposed approach for estima-
tion of protein-ligand inaccessible volume and accessible surface area upon a set of molecular
systems of various sizes. We demonstrated how it is possible to estimate the proposed molecular
volumes and surfaces using any available tool that can be used for the estimation of SASA by
adding the proper set of auxiliary spheres as in the included example of Jmol. Furthermore, by
utilizing the power of analytical calculation of the volume of fused spheres by Dodd and
Theodorou plus distributing the computational load via MPI, it is possible to make very accurate
estimations in a variety of protein-ligand systems. The validity of our approach was assessed
firstly by estimating the inaccessible volume via stochastic Widom-like test insertion method and
secondly, by comparing the molecular accessible surface with a numerical finite difference cal-
culation. Finally, by drawing the connection between the proposed molecular inaccessible vol-
ume and free energy difference estimations via the staged insertion and deletion schemes, the
molecular inaccessible volume ought to be used in the future for estimation of protein-ligand
binding affinities. Alternatively, it is expected to constitute an additional visualization tool, pro-

viding more specificity to the examination of protein-ligand interactions.

Data and Software Availability
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We provide a FORTRAN based program that is able to perform the inaccessible volume and ac-
cessible surface calculations reported in this work by performing calls to a static library that de-
ploys Dodd and Theodorou estimation of the volume of fused spheres, kindly provided to us by
Professor Theodorou. The program requires a minimal input of two .xyz files, the first one con-
stituting the protein molecule and the second one possessing the ligand coordinates at the desired
relative orientation. Additionally, example files are provided as supplementary material which
can be used for verification purposes. For more details, please check Supporting Information be-

low.
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