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The Calculation of Polar Surface Area from First Principles:
An Application of Quantum Chemical Topology to Drug

Design

lan Bytheway,** Michael G. Darley,” and Paul L. A. Popelier*®’

The calculation of polar surface areas (PSA) from the electron
density using quantum chemical topology (QCT) and a newly de-
veloped algorithm to determine isodensity surface areas is de-
scribed. PSA values were calculated from the atomic partitioning
of B3LYP/6-311G* wavefunctions and the results described herein
represent the first application of this new algorithm. PSA values
were calculated for forty drugs and compared to the topological
polar surface area (TPSA) and those calculated by the QikProp
program. Oral bioavailabilities predicted from the QCT PSA
values for a subset of twenty drugs (the Palm set) were similar to
those predicted by the dynamic polar surface area (DPSA) and in

Introduction

The savings in time and cost to a drug discovery campaign
from the early detection of lead molecules with problematic
pharmacology is too important to ignore."™ Of the physical
properties that might be calculated, the polar surface area
(PSA) provides a useful descriptor of bioavailability, an impor-
tant consideration for progression of a candidate through the
drug development process. In this work we consider the calcu-
lation of polar surface areas from a rigorous quantum mechan-
ical viewpoint and compare the results with those obtained
from fragment-based and semiempirical methods to examine
how these methods compare, and how improvements might
be made.

The correlation between the PSA and intestinal absorption
was initially established by comparing dynamic PSA (DPSA)
values, derived from Boltzmann-averaged ensembles of low-
energy molecular conformations, with cell permeabilities and
intestinal absorption.”® The use of PSA values derived for
single, low-energy conformers also correlated with effective in-
testinal permeability”® and penetration of the blood brain
barrier.”” A fragment-based methodology which derived stand-
ardized contributions from functional groups and atom
types'” provides an efficient method to the calculation of mo-
lecular PSA values. Correlation with experiment increases only
slightly when conformation-averaged PSA values were used
over those derived from single conformers.

Examination of the quantitative relationship between the
PSA and oral bicavailability suggested an upper limit of 140 A?
for reasonable bioavailability in the rat." This limit is influ-
enced by the subset of molecules used to correlate the PSA
with experimental data,"? the method of calculation employed
and the constituent atoms included in the PSA total. Neverthe-
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general, are in agreement with the observed values. Overall, PSA
values obtained from QCT were generally similar to the DPSA,
TPSA, and QikProp values, though differences in fragment contri-
butions were found, with nitrogen-bearing functional groups
showing the largest variation between methods. Differences be-
tween methods showed how the calculation of the PSA is depen-
dent on the method used and, therefore, judicious application of
the upper limits used in the prediction of oral bioavailability is
warranted. These results also indicate that, because of the differ-
ences in the way PSA values are calculated, values from the dif-
ferent methods should not be used interchangeably.

less, the development of a bioavailability score that combines
the calculated PSA and the formal charge of a molecule pro-
vides an estimate of bioavailability that can be readily applied
to drug design and discovery,"® although the applicability of
metrics such as the PSA to the prediction of bioavailability has
been questioned."”

Different approaches to the calculation and partitioning of
surface properties have been attempted to understand and
harness their apparent predictivity. Deconstruction of the PSA
into readily interpreted physicochemical properties (for exam-
ple, hydrogen bond counts) provided a picture of their relative
importance and provided a ready route to PSA estimation.'!
Extension of this model based on partitioning of the total mo-
lecular surface area provided an accurate description of mem-
brane permeability, with accuracy comparable to descriptors
derived from low level quantum chemical calculations." Parti-
tioning and scaling of the total molecular surface area, includ-
ing atoms (halogen and aromatic C) not conventionally incor-
porated into PSA determinations, was also used to successfully
predict octanol-water, chloroform-water, and cyclohexane-
water partition coefficients."
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Prediction of human intestinal absorption rates using the
distribution coefficient (logD) and PSA as descriptors further
highlights the utility of the PSA in the drug discovery pro-
cess."” The calculation of characteristics such as intestinal ab-
sorption, solubility, and permeability are important in the early
stages of the drug design and discovery process. Molecular
surface properties provide useful indicators of these character-
istics"® and suggest how an in silico biopharmaceutical classifi-
cation scheme for the selection of drug candidates might be
formulated.™

This work is concerned with the calculation of PSA values
rather than their intrinsic relationships with measures of bio-
availability. That is to say, given the importance of this molecu-
lar property to the estimation of bioavailability, how well do
the largely (semi) empirical methods of calculating PSA com-
pare with more accurate ab initio methods? The use of elec-
tronic structure methods in drug design is becoming more
prominent®? although use in high throughput methodolo-
gies is still not feasible. Nevertheless ab initio methods are well
suited to, and computational resources are capable of, probing
the properties of druglike molecules related to their activity
and bioavailability. In addition to the calculation of all-electron
wavefunctions the partitioning of molecules into constituent
atoms using quantum chemical topology™®?” is applied to the
calculation of the PSA. This approach provides PSA values indi-
cative of their chemical environment determined from the mo-
lecular charge density, which in turn may be used to validate
or update the library values commonly used in PSA determina-
tion.

Theoretical Background and Computational
Methods

A low-energy conformation for each of the molecules in
Table 1 was obtained from 1000 steps of Monte Carlo multiple
minimum (MCMM) searching®® with all energy minimizations
converged to 0.05 kcalmol™ A~". The molecular mechanics cal-
culations were performed with the OPLS-AA forcefield®” and
incorporated solvation in water through the use of the GB/SA
implicit solvation model®” as implemented in the MacroModel
program (version 9).2" The low energy conformers obtained
from MCMM searching were subsequently used in the calcula-
tion of PSA values with QikProp (version 2.5 and 3.08)*? and
as starting points for the wavefunction calculations.
Wavefunctions for each molecule were calculated at the
B3LYP/6-31G**//B3LYP/6-31G** level of theory®™ using the
Jaguar program.®¥ The final OPLS-AA/MCMM geometry for
each molecule was used as the starting point for the corre-
sponding B3LYP/6-31G** geometry optimizations which were
converged to the default convergence parameters (maximum
element of gradient=4.5x10"* au; rms of gradient elements =
3.0x10™*au; maximum element of nuclear displacement=
1.8x107 au; rms of nuclear displacement elements=1.2x
1073 au; difference between final energies from previous and
current geometry  optimization iterations=5.0x 107" au).
Single-point energy calculations were performed with the opti-
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Table 1. PSA values (A% calculated by the different methods for all of the
molecules included in this study.

QCT® QcT QikProp®  QikProp TPSA
Acetaminophen 53.17 48.66 64.38 49.60 49.33
Alprenolol 43.70 43.70 38.17 38.16 41.90
Ascorbic 112.37 107.74 127.28 109.60 107.22
Aspirin 74.44 64.20 86.41 55.02 63.60
Atenolol 88.61 82.54 93.47 78.76 84.60
AZT 130.79 120.87 151.41 123.79 134.08
Cimetidine 94.94 88.36 94.62 83.83 84.60
Ciprofloxacin 96.88 83.63 97.61 69.20 74.60
Diazepam 67.82 49.57 47.07 27.63 32.70
Fenoprofen 50.54 4594 56.40 42.36 46.53
Fluoxetine 26.22 26.22 21.14 21.14 21.26
Foscarnet 97.64 90.69 117.83 100.38 94.80
Ibuprofen 39.10 34.62 48.88 34.66 37.30
Isoniazid 68.79 68.79 81.46 68.49 68.01
Ketoprofen 62.68 51.64 75.04 50.66 54.37
Levodopa 95.59 91.04 115.88 102.21 103.78
Mannitol 109.62  109.62  123.11 123.11 121.40
Mercaptopurine 59.47 59.47 54.67 54.67 54.47
Methadone 34.55 26.13 23.27 17.39 20.31
Metolazone 96.47 91.32 103.64 93.10 92.50
Metoprolol 55.61 55.61 47.99 47.99 50.70
Naproxen 50.01 46.51 57.15 42.93 46.53
Nisoxetine 38.85 38.85 29.34 29.34 30.50
Nordiazepam 59.10 45.57 58.55 36.83 41.50
Norfluoxetine 33.54 33.54 33.29 33.29 35.26
Olsalazine 133.54 12345 163.40 129.76 139.80
Oseltamivir 90.83 78.18 92.45 68.14 78.63
Oxazepam 75.44 64.02 78.30 57.26 61.70
Oxprenolol 57.46 57.46 4511 4511 50.70
Phenazone 39.81 34.92 35.20 21.41 23.55
Phenobarbitol 91.51 78.29 99.61 68.57 75.27
Pindolol 58.85 58.85 53.34 53.34 57.30
Practolol 79.41 74.45 81.63 81.63 70.60
Prontosil 119.28 119.28 13945 139.45 136.94
Salbutamol 76.46 76.46 74.00 74.00 72.70
Sertraline 16.28 16.28 12.73 12.73 12.03
Sulfasalazine 137.76 13244  155.72 138.90 141.30
Sulpiride 11218  105.68 111.68 100.57 101.70
Tranexamic Acid 65.44 59.48 7291 59.21 63.30
Triclosan 31.23 31.23 28.87 28.87 29.46
[a] Contributions from carbonyl and nitrile C atoms are included in the
PSA total.

mized geometries by the program GAUSSIANO3®® to generate
the wavefunction files required for QCT analyses.

QCT proposes that topological analysis of the total electron
density provides sufficient information necessary to describe
the atoms and bonds within a molecule.’***3” Topological
atoms are finite portions of three-dimensional space each asso-
ciated with an atomic volume. When occurring in free (that is,
isolated or single) molecules, atoms are capped by constant
electron density contours at the molecule’s exterior and by in-
teratomic surfaces inside the molecule. Interatomic surfaces
consist of bundles of gradient paths, that is, paths of steepest
ascent through the electron density, which originate at infinity
and terminate at a critical point (where the gradient vanishes)
somewhere in between the nuclei. Within QCT a molecule con-
sists of non-overlapping atoms which together form, without
gaps, the molecule from which they stem. QCT partitioning as-
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signs each point in space to an atom, hence each point on a
constant electron density contour capping the molecule also
belongs to an atom. The electron density thus becomes parti-
tioned into well-defined atomic surface regions.

Definition of atoms using capping isodensity values is not
straightforward as the interatomic surfaces increase in com-
plexity as the contour used to describe the outer boundary of
the atom is decreased. This arises from two general causes:

1) Difficulty in completing the surfaces of ring atoms. These
may be conventional heterocyclic rings or arise from the for-
mation of intermolecular bonds. The plane formed by the ring
atoms, the ring plane, must be determined. Once the ring
plane is known a line perpendicular to it, and passing through
the ring critical point, is used to form the boundary of the in-
teratomic surfaces between the ring atoms. The calculation of
a ring plane is more difficult when the ring is not planar and in
extreme cases fails.®¥

2) Complicated surface areas can appear when two critical
points are close together. This can affect nearby atomic surfa-
ces and result in surfaces with high curvature. The gradient
paths of surfaces with high curvature can diverge rapidly and
the tracing of points onto the path can fail. In both cases, fail-
ure to trace the ring plane or gradient path, triangulation of
the surface may be incomplete.

An example of both cases occurs in prontosil where intera-
tomic surfaces are complicated by the formation of a bond
critical point between an azo nitrogen and a hydrogen atom
of the ortho amine group, that is, an intramolecular hydrogen
bond is formed. This results in the formation of a set of topo-
logically connected atoms in a closed ring and the formation
of a ring critical point. This ring critical point is formed in close
proximity to the bond critical point, as shown in Figure 1,
which leads to the formation of a complex interatomic surface.
In such situations the interatomic surfaces are difficult, and for
some of the molecules considered in this study, impossible to
calculate as the capping isodensity values are decreased.

The increase in interatomic surface complexity with decreas-
ing capping isodensity is shown pictorially for prontosil in Fig-
ure 2a. In this Figure the interatomic surfaces obtained with
the 1072 au and 107°au capping isodensities for the azo and
amino N atoms are superimposed. The surface complexity in
the region of the intramolecular hydrogen bond is shown, as is
the change in surface area as the capping isodensity contour is
decreased. The corresponding van der Waals surfaces of these
atoms, generated using the Maestro graphical user interface
(version 7.5),%¥ are shown in Figure 2b for comparison.

In light of this surface complexity at lower capping isodensi-
ties only the 1072 au contour was chosen for the purposes of
the calculations described here. Preliminary calculations indi-
cated that the surfaces defined by this isodensity were calcula-
ble across all molecules, whereas the surfaces with lower iso-
density contours were not. Whereas lower capping isodensities
might seem preferable, analysis of the atomic surface areas for
the atoms of fluoxetane (see Table 2) showed that surface
areas of heavy atoms at the 1072 au capping isodensity are ap-
proximately 98% of the surface area at the 107°au capping
isodensity. The comparative surface area of H atoms at the
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Figure 1. The atomic graph of prontosil in the region of the azo group
(atoms N10 and N11) and a nearby amino group (atom N22) showing the
close proximity of the bond and ring critical points that complicate the cal-
culation of interatomic surfaces. Bond paths which connect the nuclei (col-
ored spheres) are shown as gray lines and a bond path denoting an intra-
molecular hydrogen bond connecting an azo nitrogen with a hydrogen of
the ortho amine is shown as a black dashed line. Bond critical points are
shown as purple spheres, and ring critical points as pink spheres.

1072 au isodensity is lower, approximately 89% of the 107 au
surfaces. Importantly, the H atoms make smaller contributions
to the PSA than the heavy atoms so the lower fraction of sur-
face coverage is less important.

The acceptability of the 1072 au capping isodensity in this
study is also confirmed by examining the total electron count
obtained from integration of the atomic basins with the differ-
ent capping isodensities. With the 1072 au capping isodensity
the total integrated charge of the molecule is 97% (that is,
157.8 e of the 162 e in total), which increased to 99% or
better for the smaller capping isodensities. These results are in
agreement with earlier calculations that showed the 1073 au
contour encompasses 96.0 to 96.6% of the electron density of
hydrogen atoms in hydrocarbons,*” and over 99% of the elec-
tronic charge of the atoms carbon to neon.®® Thus the choice
of the 1072 au capping isodensity allows for surface definition
without significant loss of resolution and is sufficient for the
calculation of QCT PSA values.

The radius of the QCT surface used to evaluate the PSA
values was calculated by averaging the distances from the nu-
cleus to points on the isodensity contour capping the atomic
basin. Approximately 1500 points typically defined the isoden-
sity surface. Averaged radii obtained in this way are given in
Table 4.

Solution of the problems associated with the calculating in-
teratomic surface areas required the development of a new al-
gorithm to allow the application of QCT to the calculation of
PSA. This algorithm constructs atoms by means of a finite ele-
ment meshing algorithm,*" which enables the calculation of
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Figure 2. Plots of the QCT and van der Waals surfaces of prontosil in the region of the azo and nearby amino N atoms. a) A plot showing the increased intera-
tomic surface complexity that occurs when the capping isodensity is decreased. Superimposed plots of the total electron density at the 102 au (orange wire-
frame) and 107° au (blue transparent) capping isodensities are shown. Bond paths, and bond and ring critical points are depicted as in Figure 1. b) The

van der Waals surfaces for the same atoms.

% Coverage of the 107° (au) Capping Isodensity

Table 2. Analysis of the total charge density of fluoxetine.”

Isodensity Contour (au)

1072 1073 10 107°
C 98.43 99.89 100.00 100.01
H 88.91 98.33 99.86 99.98
N 98.31 99.83 99.99 100.01
[0} 98.41 99.90 100.00 100.00
F 98.86 99.83 99.98 100.00
% Total Charge ~ 97.43 99.70 99.98 100.0

[a] The average atomic surface areas contained within the atomic basins
capped by the different isodensity contours expressed as a percentage of
the 107° au surface area. The percent total charge was obtained by com-
paring the summed electron populations obtained using the different
isodensity contours with the total electron population for fluoxetine.

surface areas of each atom as defined by the topology of the
charge density, from which the PSA could be derived. Refine-
ments and extensions to this algorithm were needed to tackle
atoms involved in heterocyclic rings. Initially only molecules
with polar atoms involved in noncyclic bonding were chosen,
with the set expanded once the algorithmic issues were re-
solved. All of the QCT surface area calculations were performed
with a local version of the program MORPHY.*?

The calculated PSA values are collected in Table 1. The QCT
PSA values obtained from summation of the appropriate sur-
face area contributions obtained from the QCT analysis are
compared with those calculated with QikProp PSA and the
topological PSA (TPSA"®*). It is important to note that the
standard PSA definition employed by QikProp includes surface
area contributions from carbonyl and nitrile C atoms. PSA
values for both the QCT and QikProp methods were, therefore,
calculated both with and without the contributions of these

Table 3. Averaged PSA values (A? of fragments derived from the QCT and QikProp calculations for the set of molecules studied herein compared with the
TPSA fragment values."”

Fragment QCT QikProp TPSA Fragment QCT QikProp TPSA
[N](—*)(—*)—* 8.69 2.82 3.24 [NH] () 14.46 13.99 15.79
[N](—*)=* 12.71 11.32 12.36 [O1(—*)—* 11.44 6.97 9.23
[NH](—*)—* 14.77 11.47 12.03 [O]=F 16.67 16.57 17.07
[NH,]—* 21.46 25.91 26.02 [OH]—* 18.39 20.21 20.23
[N]=*)* 9.22 10.54 13.60 [SI) (=) =)= 5.24 4.92 8.38
[N]#* 15.51 25.70 23.79 [PI=*)(—*)(—*)=* 4.60 8.15 9.81
[n] ()= 12.64 13.16 12.89 [C=0)(—*)—* 5.50 13.81 -
[n](—*)(*)=* 8.80 2.74 4.93 [CIEN) (—*)—* 8.18 8.31 -

448 www.chemmedchem.org © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemMedChem 2008, 3, 445 - 453


www.chemmedchem.org

From QCT to Drug Design

atoms, whilst all TPSA values were calculated without any con-
tributions from these C atoms.

Results and Discussion
QCT predicted oral bioavailabilities

A plot of the fraction absorbed after oral administration in
humans (FA) versus QCT-derived PSA (Figure 3a) is similar to
that of Palm et al.””’ for the same set of molecules (with the ex-
clusion of lactulose and raffinose). The corresponding plot of
observed versus QCT-predicted values also reflects the agree-
ment between experiment and theory (Figure 3b). There are
outliers, tranexamic acid and foscarnet, for which the QCT PSA
values differ from the DPSA by approximately 10-20 A? (Fig-
ure 3¢). Foscarnet is also an outlier™” when the TPSA (90.7 A?
and DPSA (115.3 A%®) values are compared. The QikProp PSA,
117.8 A% is closer to the Palm et al. value, however, this is fortu-
itous as the QikProp value includes a contribution from the
carbonyl C atom, which is ignored in the calculation of the
DPSA. When the carbonyl C is not included in the QikProp PSA
determination a value of 100.38 A% was obtained, closer to the
TPSA value.

Comparison of TPSA and QCT PSA

Agreement between these two methods of calculating PSA is
generally excellent, which can be seen in Figure 4a. There are,
however, a number of molecules that deviate from ideal agree-
ment, which is a consequence of differences in the surface
areas attributed to the different component groups.

The PSA attributed to the OH functional group is the source
of discrepancy between the two methods for olsalazine and
mannitol. The TPSA model assigns 20.23 A? to this group
whereas the QCT values range from 17-19 A%, which although
a small difference, contributes significantly to the difference
between the two models: approximately 16 A? for olsalazine
(9 A? of this from the four OH groups) and 12 A? for mannitol
(from the six OH groups). A similar explanation also holds for
the difference in PSA values for levodopa. Thus small differen-
ces in the PSA of the constituent functional groups can lead to
a large overall systematic difference between the two meth-
ods.

A difference of approximately 14 A? between the two meth-
ods for AZT is largely attributable to the different treatment of
the azide group by the two methods. A PSA of 34.6 A% was cal-

Figure 3. a) A plot of the observed fraction absorbed (FA) after oral adminis-
tration against the QCT partitioned PSA. The sigmoidal curve % FA =100/
(14+(PSA/PSA4q,,)") was fitted to the data and is also shown

(PSAsqs, = 90.40 A%, y =5.71). b) A plot of the observed FA against that pre-
dicted by the QCT PSA, R?=0.82. The outliers discussed in the text, foscarnet
and tranexamic acid, are depicted by the square and triangle, respectively.
c) A plot of DPSA versus QCT PSA, R*=0.95. FA and DPSA values are for the
set of molecules discussed by Palm et al.®) with the exception of lactulose
and raffinose. QCT PSA values were not calculated for these molecules be-
cause of their size and complexity with respect to the calculation of ab initio
wavefunctions.

ChemMedChem 2008, 3, 445453

T

FA (obs, %)

1 L L 1

b) 100

80 +

FA (obs,%)

20

1
60 80 100 120 140
QCT PSA (A?) ——

1 1 1 1

140 -

120 -

100
T 80
DPSA (A%
60

20 -

40 60 80 100
FA (AIM, %) —s

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.chemmedchem.org

60 80 100 120 140
QCT PSA (A) ——>

449


www.chemmedchem.org

140
120
T 100
80
TPSA ()
60
40

20

160
140

120

T 100

QP g
PSA (A%)

60
40

20

PSA (A%

40

20

450 www.chemmedchem.org

MED

L)
L]
L]
hd L]
]
.°..
L]
L/l
]
. L]
A L[]
L]
1 1 1 1 1 1 1
20 40 60 80 100 120 140
QCT PSA (A) ——>
L]
L]
L]
L]
L]
L]
Cd
L]
L]
L]
L]
L)
..
L ]
e
° .. °
..
L]
L]
L ]
1 1 1 1 1 1 1 1
20 40 60 80 100 120 140 160
QCT PSA () ——
° L]
L]
° )
8 o
L ]
L]
[ ]
(]
o ®
2
L]
[ ]
(4
%
s e
L] L ]
L ]
L]
1 1 1 1 1 1 1
20 40 60 80 100 120 140

QCT PSA (%) ——

© 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

I. Bytheway, P. L. A. Popelier, and M. G. Darley

culated for the azide group by the QCT method whereas the
TPSA method estimates a value of 49.8 A2, These values can be
further partitioned into their N component values, which
shows that, using Lewis notation, the —N= values are similar
(1.4 A2 and 12.4 A%, QCT and TPSA estimates, respectively),
whereas the middle azide nitrogen atom =N'= (9.2 A? and
13.6 A%, QCT and TPSA estimates, respectively) and =N~
(14.0 A? and 23.8 A%, QCT and TPSA estimates, respectively) de-
viate more significantly. The QCT results, therefore, predict sim-
ilar PSA values for these latter two N atoms, indicating that the
formal charge separation invoked to describe the bonding is
not reflected in the size of their PSA contribution.

Another source of discrepancy in the AZT comparison is the
PSA attributed to the tertiary (ring) N atom of 8.7 A? by the
QCT method and 3.2 A% by the TPSA method. The contribution
of this fragment to the PSA of diazepam also differs significant-
ly between the two methods: 11.7 A> (QCT) versus 3.2 A?
(TPSA).

Two other molecules for which there are differences be-
tween the QCT and TPSA values are diazepam and phenazone.
For diazepam the bulk of the difference in the PSA values are
due to the contributions from the two nitrogen atoms. The ter-
tiary N contributes 11.7 A? to the QCT PSA but only 3.2 A% to
the TPSA, whereas the imino N contributes 17.5 A% to the QCT
PSA and 12.4 A% to the TPSA. The difference for phenazone is
due to the contributions from the two aromatic nitrogen
atoms: 17.8 A> and 9.8 A> to the QCT PSA and TPSA, respec-
tively.

Comparison of QikProp and QCT PSA

The QCT polar surface areas are strongly correlated with the
corresponding QikProp values (see Figure 4b) although the
latter tend to be larger even when carbonyl and nitrile C con-
tributions are included in both methods of PSA estimation.
This difference is attributable to the larger contribution of the
carbonyl C to the QikProp PSA, averaging 13.9 A*> whereas the
average QCT contribution is only 5.6 A? for the same atom.
Upon removal of the carbonyl carbons, the QikProp values are
mostly similar to their QCT counterparts (Figure 4c).

There are some differences, however. The PSA values for
mannitol differ by 14 A% attributable to the accumulation of
small differences in the PSA of the OH group. Ciprofloxacin
provides an interesting case where removal of the carbonyl
and nitrile C contributions results in worse agreement between
the two methods. This is attributable to differences in the con-
tributions of the secondary N atom (QikProp=15.7 A%, QCT=
10.0 A?), the tertiary N atom (QikProp=2.7 A%, QCT=8.40 A?),
and the aromatic ring N atom (QikProp=2.5 A%, QCT=8.60 A?).
These differences, along with the minor differences in contri-

Figure 4. a) A plot of TPSA versus QCT PSA values: R?=0.97. b) A plot of Qik-
Prop PSA versus QCT PSA calculations with surface area contributions from
carbonyl C atoms included: R*=0.96. c) A plot of QikProp PSA versus QCT
PSA calculations with surface area contributions from carbonyl C atoms ex-
cluded: R*=0.96. PSA values for all molecules listed in Table 1 are included
in these plots.
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butions from the carbonyl O and hydroxy groups, are amply
masked by the different estimates of the PSA attributable to
the two carbonyl C atoms (QikProp =28.4 A2, QCT=13.20 A?).

As noted when comparing the QCT PSA with the TPSA, dia-
zepam and phenazone also show differences between the QCT
and QikProp PSA values. For diazepam the bulk of the differ-
ence in the PSA values are due to the contributions from the
two nitrogen atoms. The tertiary N contributes 11.7 A to the
QCT PSA but only 1.9 A2 to the QikProp value, whereas the
imino N contributes 17.5 A? to the QCT PSA but only 9.8 A% to
the QikProp value. The difference for phenazone is similarly at-
tributable to the contributions from the two aromatic nitrogen
atoms: 17.8 A2 to the QCT PSA and only 4.6 A to the QikProp
value.

Contributions from fragments

The discrepancy between methods is interesting for two rea-
sons, the cancellation of differences and the PSA attributed to
functional groups by the various methods. Thus for ciprofloxa-
cin similar overall QCT and QikProp PSA values resulted from
different contributions from each of the polar functional
groups. With this in mind the QCT and QikProp PSA values for
the set of molecules considered here have been extracted and
averaged to understand how the different methods treat the
different functional groups. Averaged QCT and QikProp PSA
values per functional group are given in Table 3 along with the
standard values used to calculate the TPSA.

Averaged values are generally similar though notable differ-
ences do exist. The QCT average of 8.7 A> for a tertiary N,
SMILES string [N](—*)(—*)—*, is nearly three times the value as-
cribed to this functional group by the TPSA and QikProp meth-
ods, whereas the QCT average of 15.5 A? for a triply bonded N,
[N]#*, is approximately 10 A® lower than the corresponding
TPSA and QikProp values. The average contributions from the
imine nitrogen, [N](—*)=*, are similar across all three methods,
though it was the difference in this contribution that account-
ed for differences in the PSA values ascribed to diazepam. This
is a potential problem with using averages and a small sample
of molecules as PSA contributions from the N atoms in diaze-
pam occurring at the upper end of the range for QCT and at
the lower end of the range for QikProp.

The difference in PSA contributions from N atoms ascribed
by the different methods may be examined more closely by

considering the nature of the surfaces defined by the QCT
method. Whereas the asphericity of the QCT interatomic surfa-
ces for prontosil is clear in Figure 2, calculation of the distances
from the N nuclei to the QCT interatomic surfaces, given in
Table 4, provide a clear indication of the asymmetry of the sur-
face. The average QCT radii for the two azo nuclei of approxi-
mately 1.35 A are smaller than the 1.824 A used by QikProp or
1.82 A used by Stenberg et al.™ Similarly, the average amino N
radius of 1.4 A is smaller than the radius used by QikProp
(1.852 A) whereas the PSA contribution calculated for this
amino group by the QCT method is higher than either of the
QikProp or TPSA values. This variation in radii used to define
the atomic surface, and therefore its shape, is an important dif-
ference between the QCT and other methods.

Contributions from oxygen-bearing functional groups are
generally more similar across methods. Hydroxy group contri-
butions from the QCT analysis are slightly lower than the corre-
sponding TPSA and QikProp values, as noted above for the
case of mannitol, whereas doubly bonded O, [O]=*, are similar
across all three methods.

The PSA contribution of the ether O, [0](—*)—*, from the
averaged QCT values and the TPSA method are similar, differ-
ing by approximately 2 A? whereas the QikProp contribution is
lower by approximately 3-5 A% To examine this further a value
of 1.375 A was calculated for the average radius of the QCT
surface for the ether O in atenolol (see Table 4). As found for
the N atoms in prontosil, this value is smaller than those used
by other methods in the evaluation of PSA (for example, Sten-
berg et al."™ used 1.74 A and QikProp used 1.628 A). The varia-
tion in this radius, approximately 0.4 A, suggests that the QCT
surface is not uniformly spherical which, as discussed with re-
spect to the N atoms above, accounts for the differences in
the PSA contributions for this atom. Importantly, these results
for the ether O are not particular to atenolol with average,
minimum and maximum radii obtained from all 21 ether O
atoms of 1.377 A, 1.252 A, and 1.694 A, respectively.

It is important to consider the meaning of these differences
in PSA fragment contributions. If one is interested in the likely
bioavailability of molecules and the PSA is being used as a
guide (along with other factors) then, as long as upper limits
are not rigidly adhered to and methods are not used inter-
changeably, these differences are perhaps not very important.
If, however, one is interested in formulating quantitative rela-
tionships between PSA and biological processes (for example,

intestinal absorption, oral bio-

Table 4. The average, minimum and maximum distances (A) from the nuclei to the 102 au capping isodensity

availability, blood-brain barrier
crossing) then it is important

[a]

surfaces. that the most realistic PSA con-

QCT Nucleus-Surface Distance (A) PSA Contribution (A% tributions are considered and in-

Average™ Minimum Maximum QcT QikProp TPSA corporated.

N10 (azo) 1351 1242 1782 1214 11.91 1236 These results suggest differen-
N11 (azo) 1362 1.233 1.742 11.63 11.19 12.36 ces between quantum topologi-
N22 (amino) 141 1272 1.565 21.52 25.10 26.02 cal and traditional (van der
O (ether) 1375 1271 1677 11.80 738 9.23 Waals radii based) derived

[a] Values are provided for the three N nuclei in prontosil shown in Figure 1 and the ether oxygen atom in ate-
nolol. The PSA contributions (A?) for these atoms obtained from the various methods are also shown for com-
parison. [b] Obtained from approximately 1500 points on the outer (nonbonded) surface.

atomic surface areas and their
use in the calculation of the
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quantum chemical calculations and the complexity of inter-
atomic isodensity surfaces that require QCT analysis preclude
the examination of a large number of molecules typical of ear-
lier studies in this area. With the generation of this algorithm
capable of providing PSA from ab initio wavefunctions based
on electron density partitioning, however, continued analyses
of more molecules is warranted to establish the importance of
the differences between the models described here.

Conclusions

The calculation of polar surface areas has received attention as
a potential descriptor for a number of different biological pro-
cesses. Whereas previous calculations have based the calcula-
tion of PSA values from surfaces created with standard van der
Waals radii, herein we described the calculation of polar sur-
face areas from the total electron density partitioned according
to quantum chemical topology. This necessitated the develop-
ment of a new algorithm to enable the definition of the com-
plex surfaces, for example resulting from intramolecular hydro-
gen bonding, often found in druglike species.

Comparison of PSA values obtained from this method with
other readily available methods, TPSA and QikProp, showed
how the different atomic and functional group descriptions af-
fected the calculation of the PSA. Comparisons between meth-
ods showed differences in PSA, with contributions from the
various nitrogenous functional groups showing the greatest
variation between methods. Comparisons also highlighted the
importance of including similar atom sets in PSA determination
and the possibility of fortuitous agreement from dissimilar sets
of PSA contributors. While the applications of the PSA to drug
design continue to be exploited it is important that the meth-
ods used to obtain it are also explored, and where necessary,
updated to reflect the results from quantum chemical studies
such as these.
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