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Abstract A new charge distribution is proposed for the
amino acids where each atom is associated with two point
charges while each bond center is associated with one point
charge. Centroids of charges arising due to atomic orbital
hybridization called hybridization-displaced charges (HDC)
and those located at the atomic sites and bond centers obtained
by a modified form of the Mulliken scheme were combined.
The density matrix calculations required for this analysis were
performed at the B3LYP/6-31G** level of density functional
theory. The combination of HDC centroids with the modified
Mulliken charges was found to yield dipole moments and
surface molecular electrostatic potentials (MEP) of the amino
acids in good agreement with those obtained by rigorous DFT
calculations or those obtained using the MEP-fitted CHelpG
charges. This study shows that the combination of HDC
centroids with the modified Mulliken charges is significantly
superior to the conventional Mulliken charges.

Keywords Atomic orbital hybridization - Charge
distribution - Dipole moment - Hybridization-displaced
charges - Molecular electrostatic potential

Introduction

Molecular electrostatic properties and intermolecular inter-
actions can be conveniently studied using point charges
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which are widely used in different types of studies [1-4].
Such charges located at the atomic sites are obtained by
theoretical or experimental methods or by fitting to surface
molecular electrostatic potentials (MEP) [5-10]. The
various theoretical methods partition the total electron
density distribution in different ways. A commonly used
method of this category is the Mulliken population analysis
scheme [5]. Various experimental models are used to
interpret experimental observations on X-ray diffraction
intensity distribution, IR intensity distribution and NMR
spectral features and yield point charges in molecules [9].
Theoretical methods partition the continuous electron
density and place point charges exactly at the nuclear sites
each. It cannot be justified since on molecular formation,
the electronic charge centers may be significantly shifted
from the nuclear sites. The existence of lone pairs clearly
shows that atomic site-based point charge schemes are
deficient. Consideration of charges at off-nuclear sites has
been found to produce improved results [2, 3]. A detailed
theoretical study has revealed that many covalently bonded
atoms of V-VII groups have their surfaces associated
with regions of both positive and negative MEP [11]. It
shows that the usual practice to associate single point
charges with atoms in molecules is not always valid. In the
new charge distribution scheme discussed here, every
atom in molecules is associated with two point charges in
stead of one.

The theoretical electron density partitioning schemes
do not reproduce molecular electrostatic properties
satisfactorily and consistently. A point charge distribution
cannot be considered to be satisfactory until it reproduces
both molecular dipole moments and surface MEP features
satisfactorily. Surface MEP serves as a sensitive electrostatic
property to test accuracy of charge distribution [12, 13]. MEP-
fitted charges generally reproduce rigorously calculated (e.g.
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SCF) molecular dipole moments and surface MEP satisfac-
torily. However, these charges are not satisfactory for
homonuclear diatomic and 7-electron systems. For such
systems, inclusion of off-atomic site charges is necessary
[14]. We have introduced the concept of hybridization-
displaced charges (HDC) and used the same to calculate
electrostatic properties of several molecules including
radicals and ions [2, 14-21]. HDC arise due to atomic
orbital hybridization in the molecular environments [2]. It
has been shown that an improved point charge distribution
can be obtained by combining HDC with Mulliken
charges [15, 20, 21].

It would be desirable to modify the Mulliken scheme so
that better charges than the conventional Mulliken charges
may be obtained and HDC may be combined with the
same. There are two, six and 12 HDC components
associated with each hydrogen atom, second and third
row heavy atoms respectively when the 6-31G** basis set
is used and the procedure adopted here is employed [15,
19-21]. With larger basis sets, the numbers of HDC
components would increase. While increased numbers of
HDC components would be expected to correspond to
increased accuracy of charge distribution, it would be
inconvenient in certain applications, e.g., simulation
studies, as larger numbers of HDC components would
require significantly increased computational effort. For
C, N and H containing molecules, e.g., the amino acids,
the HDC components are located at small distances from
the atoms [15, 20, 21]. Therefore, in such cases, the HDC
components associated with the different atoms may be
replaced by a single point charge located at their centroids
each. However, this replacement can be accepted only if it
is found not to affect the accuracy of description of
molecular electrostatic properties with respect to that
obtained using individual HDC components significantly.
The present study shows that this approximation is valid
for the amino acids. In turn, it implies that single point
charges located at the HDC centroids near the atoms can
be used in place of the various individual HDC components.
However, use of charge centroids in place of the individual
HDC components would not be justified for metal-containing
molecules where some of the HDC distances from the
corresponding atomic sites are quite large [15, 19]. In a
previous study performed on amino acids using the AMI
semiempirical method [16], HDC were combined with
Lowdin charges. In this work [16], for certain sites, quite
appreciable differences were found between the MEP values
obtained using the (HDC + Lowdin) charges and the
CHelpG charges computed at the HF/3-21G level. Therefore,
an improved charge distribution including HDC was highly
desirable. This objective is met in the present study.
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Computational methodology
Definitions

The total dipole moment (1) of a molecule is a vector sum
of two components, i.e., u™" and 1" [22]. The net charges
located at the atomic sites give rise to u"" while the shifted
charges from the atomic sites due to atomic orbital
hybridization give rise to u" [22]. While u"' can be
obtained using the Mulliken approximation or a variant of
it, u" can be obtained as discussed below. The o™ Cartesian
component of the total contribution of a given atom to the
hybridization dipole moment u" of the given molecule can
be written as follows [2, 14-21]

= (KD,)(Qu/K) = D, 0, (a=x,y,2) (1a)
where,
D, = (ns|a|mpy)

(1b)

(n=1,2,3 etc. and m =2,3,4 etc.)

Qa = _Pns,mp,x (IC)

In the above equations, n and m are the principal
quantum numbers associated with the s and p, atomic
orbitals of the given atom respectively, while P is the
density matrix obtained from the linear combination
coefficients of atomic orbitals in molecular orbitals. K in
Eq. (1a) is a parameter that may be adjusted to reproduce
the value of a selected physical property. D, is the distance
of charge Q,’ along the direction o (x=x, y or z). The
magnitude of the total hybridization dipole moment " can
be obtained as

W= \/((ufz)2 + (ujf)z + (ui’)2> (2)

where, 1!, 1! and 4! are the three Cartesian components
h
of w'.
The resultant displacement D of the Cartesian components
Dy, Dy and D, would be obtained as

D:,/(D§+D;+D§). (3)
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Using contractions of Gaussians, one can calculate the
above-mentioned quantities accurately. However, we eval-
uated these quantities using Slater type atomic orbitals
(STOs) for the sake of computational convenience. Using
STOs, we get

241¢¢ (al)
V32 @mipa) e

(a = X7y,Z) (4)

o =

where a = n(s) + m(p,) + 1, b =n(s) + 1/2, c = m(p,)+
1/2,d = {; + ¢, The principal quantum numbers of the s
and p, (x=X,y,z) atomic orbitals are given by n(s) and m(p)
while the corresponding Slater exponents are represented by
(s and (oo respectively. As Eq. (4) reveals, Dy (x=X.y,z)
depends only on the exponents of the s and p, STOs for
given n(s) and m(p,) values. Thus, for given s and pgy
orbitals having specific Slater exponents, D, (x=x,y,z) and
hence the resultant D are fixed. Since (px=Cpy=Cpz We get
Dy=Dy=D,. Then we get the total HDC denoted by Q as

g (Gre+2)

o=t =\ (5)

Thus we get Q as the root-mean-square of Qy, Q, and Q,.
Eq. (5) would be valid even if the py, py and p, orbitals
belong to a different quantum number than that to which the
s orbital belongs.

Equation (la) shows that for a given atom type, yg is
proportional to Q, as D, is constant. The direction of
displacement of the electronic charge Q (total HDC) with
respect to the atom under consideration can be obtained
using the components of the corresponding vector 4 of the
atom which is the basic quantity. Thus the direction of
displacement of Q with respect to the given atom can be
obtained in terms of the following angles

6= tan”! (ff) (6)

And

6 = cos ! (%) (7

Computational procedure

~—

Geometries of the canonical forms of the amino acids [23]
were optimized at the B3LYP/6-31G** level of density
functional theory [24-26]. Density matrices and overlap
integrals for the amino acids thus obtained were used to

calculate HDC. A modified form of the Mulliken scheme
[21] (m-Mulliken) where 40% of the total overlap charge
associated with a bond is assigned to the bond center and
30% of the same is placed at each of the bonded atoms, was
employed, and the charges so obtained were combined with
the HDC centroids. We also attempted using the point
charges obtained by natural population analysis (NPA) [7]
in place of the Mulliken charges, but this approach did not
yield better results than those obtained using the Mulliken
charges.

With the 6-31G** basis set, HDC consist of two point
charges associated with each hydrogen atom and six point
charges associated with each heavy atom (C or N). In this
study, in the HDC calculations, mixing of only s and p
types of atomic orbitals was considered, and d or higher
atomic orbitals were not included. As an approximation, to
calculate HDC, the density matrix elements were consid-
ered as having been obtained using STOs as basis
functions. This approximation is justified as STOs are
similar to the corresponding contractions of Gaussians. For
the STOs of the innermost (n=1) shells of the different
atoms, the Slater exponents were taken to be the same as
those given in the literature [27]. However, the ( values of
the higher shells were adjusted in order to obtain the best
possible agreement between the dipole moments of several
molecules computed using the combination of HDC and
modified Mulliken charges and those obtained by rigorous
DFT calculations. It must be emphasized that we made no
changes in the exponents of Gaussians used in the DFT
calculations. We only adjusted ¢ values of STOs for HDC
calculations. The parameter K was fixed for different atoms
employing the criterion of best possible agreement between
the MEP values at the van der Waals surfaces of the
molecules obtained using the combination of m-Mulliken
charges with HDC and those obtained using the MEP-
derived CHelpG charges. The adjusted values of K and ¢
for different atoms were the same as those reported earlier
[19]. 1t is to be noted that due to the displacement of the
negative charge (Q) from an atomic site, an equal amount
of positive charge would be acquired by it so that the
overall charge state (e.g., neutral, anionic or cationic) of the
molecule under consideration is not changed.

A limitation of the present HDC scheme has to be noted.
It preserves the contribution of each atom to the total
molecular dipole moment approximately (due to the use of
STOs along with the parameters (), but it does not preserve
the atomic contributions to the higher molecular electric
moments, e.g., quadrupole moments. Therefore, wherever
quadrupole and/or higher electric moments would play an
important role, the present HDC scheme would show
weakness. Nonetheless, it would emulate the chemical
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environments of atoms in molecules in a much better way
than what is possible by the atomic site-based point
charges. The Windows version of the Gaussian 03 program
(GO3W) [28] was used to obtain density matrices and
overlap integrals while the GaussView program [29] was
used to visualize molecular structures and surface MEP
maps obtained using the continuous electron density
distribution. HDC and surface MEP maps based on
(HDC + m-Mulliken) charges were obtained using
programs developed in our laboratory.

%( cg r,sz
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Results and discussion

The structures of the canonical forms of all 20 amino acids
[23] along with the adopted atomic numbering scheme are
shown in Fig. 1. The canonical forms of the amino acids
were considered here as they combine with one another to
form polypeptides. The zwitterionic forms of the amino
acids which are formed from the canonical forms in
aqueous media [23] were not considered since they are
not the building blocks of polypeptides. Use of the HDC
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Fig. 1 Structures of the amino acids optimized at the B3LYP/6-31G** level of theory and the adopted atomic numbering scheme
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centroids in place of all the HDC components was found
not to produce any significant difference in the calculated
dipole moments or MEP values. Therefore, the results
obtained using the HDC centroids only are presented here.
The calculated dipole moments and minimum surface MEP
values of the amino acids presented in Tables 1 and 2
respectively reveal the following features.

Dipole moments

The calculated dipole moments (1) of all 20 amino acids
are presented in Table 1. In this table, the DFT dipole
moments (1°F") were obtained as expectation values of the
electric dipole operator at the B3LYP/6-31G** level of
theory while the other dipole moments were obtained
using the different types of point charges (CHelpG,
Mulliken, m- Mulliken) and the classical definition of
dipole moment. The last column of Table 1 presents the
percentage changes in dipole moments obtained in going
from the Mulliken to the (HDC + m-Mulliken) charges.
The sign of the %change was taken to be positive if the

m-Mulliken+tHDC_ = Mulliken

change (1 i ) was in the direction of
uPFT or CHePS with respect to uMUMkeM (increasing or
decreasing), otherwise it was taken to be negative.

From the dipole moments presented in Table 1, we
note the following: (i) In 14 out of the 20 cases, the %
changes are positive implying that in these cases, in going
from Mulliken to (HDC + m-Mulliken) charges, the dipole
moments are corrected. However, in four of these cases
(glutamic acid, histidine, lysine and phenylalanine), the
corrections are somewhat excessive. (ii) In five cases
(alanine, glycine, leucine, isoleucine, valine), the %
changes are negative and ~-10% each while in one case
(arginine), the %change is negative but quite small. (iii) In
some cases, the %changes are positive and quite large. For
example, in going from Mulliken to (HDC + m-Mulliken)
charges, in the cases of methionine, serine and tryptophan,
the %changes are ~48%, ~43% and ~251% respectively
though the desirable changes in the latter two cases were
even larger. These results show that the (HDC + m-
Mulliken) charges are usually much better than the
Mulliken charges.

Table 1 Dipole moments (i1*, x=DFT, CHelpG, Mulliken, m-Mulliken + HDC) (Debye) of Amino acids calculated using various methods or

charges at the B3LYP/6-31G** level of theory in gas phase®

S. No. Amino acid® WDFT L CHelpG m-MullHDC Ml % Change®
1. Alanine 1.96 1.98 2.43 2.23 -9.0
2. Arginine 3.10 3.14 3.19 3.14 -1.6
3. Asparagine 2.80 2.80 2.60 2.50 4.0
4. Aspartic acid 2.55 2.59 2.54 2.19 16.0
5. Cysteine 4.45 4.46 433 425 1.9
6. Glutamine 4.03 4.02 3.87 3.19 21.3
7. Glutamic acid 2.83 2.85 3.13 2.51 24.7
8. Glycine 2.00 1.99 2.45 222 -10.4
9. Histidine 2.49 2.44 2.61 2.25 16.0
10. Isoleucine 1.87 1.87 2.18 1.99 -9.6
11. Leucine 1.93 1.96 2.40 2.20 -9.1
12. Lysine 2.42 2.45 2.61 2.12 23.1
13. Methionine 3.04 3.03 297 2.01 47.8
14. Phenylalanine 1.45 1.34 1.60 1.16 37.9
15. Proline 1.58 1.53 1.94 2.05 5.4
16. Serine 0.38 0.38 0.87 1.53 43.1
17. Threonine 3.79 3.79 3.97 4.05 2.0
18. Tryptophan 2.43 2.35 1.37 0.39 251.3
19. Tyrosine 2.55 2.58 2.63 2.07 27.1
20. Valine 1.84 1.87 2.19 2.00 -9.5
m-Mul+HDC

#Mull and m-Mull stand for Mulliken and modified Mulliken respectively. In calculating

b . . . . .
For structures of amino acids and atomic numbering scheme, see Fig. 1

¢ Percentage changes in dipole moment in going from Mulliken to (HDC + m-Mulliken) charges were defined as 100 x (y
m-Mull+HDC Mull

The sign of this % change was taken to be positive if the change (p

, centroids of HDC were used

m—Mull+HDC Mull Mull
v — Mty /M,

CHelpG Mull

n) was in the direction of w with respect to [
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Table 2 Minimum surface MEP values (V*, x=CHelpG, Mulliken and m-Mulliken + HDC) (kcal mol™") on the van der Waals surfaces of amino

acids calculated using different charge distributions obtained at the B3LYP/ 6-31G** level of theory in gas phase®

S. No. Amino acid Min. MEP near atom® MEP %Change® Change of MEP min. site
/CHelpG y/m-Mull+HDC yMull
1. Alanine N1 -49.1 -52.0 -43.3(010)°  20.1 010—NI1
2. Arginine N16 -53.1 -53.3 -43.7(010)°  22.0 010—N16
3. Asparagine 011 -52.4 -52.7 -49.1(011) 7.3 No change
4. Aspartic acid 011 -46.4 -44.8 -42.3(011) 59 No change
5. Cysteine Ol1 -50.0 -50.5 -49.8(011) 1.4 No change
6. Glutamine 014 -52.7 -53.1 -50.0(014) 6.2 No change
7. Glutamic acid NI -47.9 -47.8 -41.8(014)° 14.4 014—NI1
8. Glycine N1 -49.0 -48.6 -42.5(07)° 14.4 07—NI1
9. Histidine NI15 -50.9 -53.9 -44.7(N15) 20.6 No change
10. Isoleucine N1 -46.9 -53.2 -42.8(010)° 243 010—NI1
11. Leucine N1 -50.3 -50.9 -42.9(010)° 18.7 010—NI1
12. Lysine N19 -52.3 -52.7 -42.2(010)° 249 010—N19
13. Methionine N1 -49.2 -49.8 -41.5(010)°  20.0 010—NI1
14. Phenylalanine N1 -44.3 -44.3 -42.4(010)° 4.5 010—NI1
15. Proline 014 -42.7 -47.6 -43.5(014) 9.4 No change
16. Serine 09 -44.9 -54.4 -45.4(09) 19.8 No change
17. Threonine N1 -55.3 -55.9 -48.4(010)° 15.5 010—NI1
18. Tryptophan N1 -45.5 -41.4 -39.7(010)° 43 010—NI1
19. Tyrosine N1 -48.7 -47.8 -41.4(010)° 15.5 010—NI1
20. Valine N1 -46.6 -53.7 -42.9(010)° 25.2 010—NI1

#Mull and m-Mull stand for Mulliken and modified Mulliken respectively. In calculating

b . . . . .
For structures of amino acids and atomic numbering scheme, see Fig. |

ym-MUFHDE - oo troids of HDC were used

¢ Percentage changes in MEP in going from Mulliken charges to (HDC + m-Mulliken) were defined as 100 X (Vm_MUIHHDC - VMu“) /VMUL The sign

of this % change was taken to be positive if the change (

ym-MulHHDC _yyMully wag in the direction of

VCHelpG VMull

with respect to

d Change in site of surface MEP minimum in going from Mulliken charges to (HDC + m-Mulliken) charges

°In these cases, wrong locations of MEP minima were obtained using Mulliken charges

Surface MEP values

MEP is a more sensitive property to charge distribution
than dipole moment. As in a molecule there can be several
local surface MEP minima, the site of the lowest surface
MEP minimum is important and serves as a good point of
comparison between the different charge distributions.
Therefore, MEP offers a superior test for accuracy of a
charge distribution than dipole moment.

The lowest surface MEP minima for the amino acids are
presented in Table 2. The MEP values obtained using three
charge distributions, i.e., CHelpG, Mulliken and (HDC +
m-Mulliken), are presented in this table. The sites of the
lowest surface MEP minima and %changes of MEP, the
latter defined in the same way as %changes of dipole
moment, are also presented in Table 2. The last column of
this table shows the changes of sites of lowest surface MEP
minima which occur in some cases in going from the
Mulliken to the (HDC + m-Mulliken) charges. The MEP

@ Springer

values presented in Table 2 reveal the following features: (i)
Out of the 20 amino acids, only in seven cases (asparagine,
aspartic acid, cysteine, glutamine, histidine, proline, serine),
Mulliken charges predict correct locations of lowest surface
MEP minima. In the remaining 13 cases (alanine, arginine,
glutamic acid, glycine, isoleucine, leucine, lysine, methionine,
phenylalanine, threonine, tryptophan, tyrosine and valine),
locations of the lowest surface MEP minima were corrected
from O7, O10 or O14 to N1, N16 or N19 in going from the
Mulliken to the (HDC + m-Mulliken) charges (Table 2). (ii)
The %changes in the lowest surface MEP values in going
from the Mulliken to the (HDC + m-Mulliken) charges are
positive in all 20 cases, these changes in some cases being as
large as ~25%. (iii) The lowest surface MEP values obtained
using the CHelpG and (HDC + m-Mulliken) charges are
within 1% and 10% of each other in seven and 16 cases out
of the 20 cases respectively. In four cases, the differences
between the MEP values obtained using the two charge
distributions lie in the range 10-20%. Thus the (HDC + m-
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Mulliken) charges produce the surface MEP values fairly
accurately.

The calculated MEP maps of glycine, taken as an
example, are presented in Fig. 2. In this figure, the maps
presented in the parts (a), (b) and (c) were obtained by
B3LYP/6-31G** calculation (i.e., using continuous electron
density), and using CHelpG and (HDC + m-Mulliken)
point charges respectively. In part (a), the red-colored
patches located near the nitrogen atom of the amino group
and the oxygen atom of the CO group correspond to the
surface MEP value of -43.9 kcal mol'. Further, in (a), the
most negative surface MEP value located near the nitrogen
atom of the amino group is ~50 kcal mol™'. The most
negative surface MEP values obtained using the CHelpG
and (HDC + m-Mulliken) charges near this site are also
similar (~-49 kcal mol™") (Table 2). Further, the surface
MEP maps presented in the parts (b) and (c) of Fig. 2 also
have clear negative MEP regions near the two sites
mentioned above.

GLYCINE (HDC+mn-MULLIKEN)

POTENTIAL IN kcalsmol

-48.

-48. -38.86

-38. -24.29

-24. 8.80
18.94
39.30 .7
37.78

Locations of HDC centroids and total HDC values

In previous studies related to HDC, locations of the
different HDC components associated with different atoms
in molecules were given [15, 20, 21]. Displacements of
HDC from the corresponding atoms depend only on the (s
of atomic orbitals as discussed above. Therefore, for the
same type of atom (e.g., C, N or H) in the same or different
molecules, the HDC distances are the same as reported in
the previous studies [15, 20, 21]. However, HDC centroids
do not depend only on the (s, but also on the values of the
HDC components which may be quite different for the
same type of atom (e.g., C, N or H) in the same or different
molecules. Cartesian coordinates of atoms, HDC centroids
and bond centers and the net charges located at these sites
in all 20 amino acids are presented in Table S1 (Supporting
information). With the help of these coordinates, one can
easily locate the HDC centroids with respect to the atoms in
the amino acids. The values of total HDC and the locations

GLYCINE (CHELPG)
POTENTIAL kcalsnol

-48.
-48.

Fig. 2 Surface MEP maps of glycine. The maps of (a), (b) and (c) were obtained by B3LYP/6-31G** calculations, and using CHelpG and (HDC

+ m-Muliken) charges respectively
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Table 3 Locations of HDC centroids in glycine, alanine and lysine. T is the symbol for HDC, Q stands for total HDC value located at the HDC
centroid and D is the distance of the HDC centroid from the corresponding atom. Distances are given in A while angles are given in degrees

Amino acid® Atom No. HDC value (Q) Distance (D) Angle® Dihedral angle®
Glycine N1 -2.691 0.034 C3N1T=108.4 C3N1H2T=117.7
H2 -0.029 0.039 N1H2T=54 N1H2H10T=5.0
C3 -0.537 0.061 NI1C3T=136.6 N1C3C4T=-166.8
Cc4 -0.913 0.077 C3C4T=16.2 C3C408T=1.6
HS5 -0.030 0.028 C3H5T=4.1 C3H5H6T=5.0
H6 -0.030 0.029 C3H6T=1.8 C3H6H5T=-2.5
07 -2.381 0.020 C407T=178.0 C40708T=-179.7
08 -2.112 0.020 C408T=1144 C40807T=0.1
H9 -0.040 0.041 O8H9T=1.3 O8H907T=0.3
H10 -0.032 0.035 NI1H10T=3.5 N1HI0H2T=-5.6
Alanine N1 -2.786 0.033 C3NI1T=105.6 C3N1H2T=115.4
H2 -0.029 0.039 N1H2T=5.9 N1H2H11T=4.5
C3 -0.539 0.061 N1C3T=142.9 NI1C3H4T=-157.3
H4 -0.030 0.028 C3H4T=2.8 C3H4C5T=3.1
C5 -0.326 0.064 C3C5T=39.5 C3C5H7T=33.0
Cé6 -1.027 0.077 C3C6T=13.5 C3C6010T=-4.0
H7 -0.028 0.029 CSH7T=2.5 C5H7C3T=3.7
HS8 -0.029 0.029 C5H8T=2.6 C5H8C3T=3.8
H9 -0.030 0.028 C5HI9T=3.8 C5H9C3T=-2.4
010 -2.320 0.020 C6010T=177.5 C6010012T=179.6
H11 -0.031 0.036 NI1H11T=3.3 NIHI1H2T=-5.3
012 -2.116 0.020 C6012T=114.7 C6012010T=0.1
HI13 -0.040 0.041 OI12H13T=1.3 OI12H13C6T=0.3
Lysine N1 -2.792 0.033 C3NI1T=105.6 C3N1H2T=115.3
H2 -0.029 0.039 N1H2T=5.7 N1H2H22T=4.0
C3 -0.551 0.070 NI1C3T=148.8 N1C3H4T=177.6
H4 -0.030 0.028 C3H4T=2.8 C3H4NI1T=-4.1
C5 -0.341 0.067 C3C5T=67.6 C3C5C9T=-17.2
Co -1.025 0.079 C3C6T=14.1 C3C6010T=-3.6
H7 -0.030 0.028 C5H7T=4.5 C5H7H8T=-0.2
HS8 -0.029 0.028 C5H8T=2.9 C5H8H7T=-1.1
Cc9 -0.164 0.081 C5C9T=62.3 C5C9C13T=38.8
010 -2.309 0.020 C6010T=177.5 C6010023T=179.9
HIl1 -0.028 0.029 C9H11T=3.8 C9H11HI12T=6.3
HI2 -0.030 0.027 C9HI12T=1.8 C9HI2H11T=1.7
C13 -0.231 0.082 CIC13T=58.3 CICI13C16T=36.2
H14 -0.029 0.028 C13H14T=4.5 C13H14H15T=-6.7
HI5 -0.030 0.027 C13H15T=2.4 C13H15H14T=-1.3
Cl16 -0.455 0.079 C13C16T=42.3 C13C16N19T=18.7
H17 -0.031 0.027 C16H17T=1.5 C16H17H18T=-0.9
HI8 -0.030 0.027 C16H18T=1.9 C16H18H17T=-2.8
N19 -2.762 0.034 C16N19T=104.6 C16N19H20T=-116.5
H20 -0.030 0.036 N19H20T=3.7 N19H20H21T=-4.8
H21 -0.031 0.035 NI19H21T=3.8 N19H21H20T=4.8
H22 -0.031 0.036 N1H22T=3.2 N1H22H2T=-5.1
023 -2.077 0.020 C6023T=114.6 C6023010T=0.3
H24 -0.040 0.041 023H24T=1.2 023H24C6T=0.1

# Structures of the amino acids and the adopted atomic numbering scheme are given in Fig. 1

® The angles (XYT) and dihedral angles (XYZT) are given with respect to the atoms X,Y and X,Y,Z respectively
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of HDC centroids associated with the atoms in three amino
acids, i.e., glycine, alanine and lysine, taken as examples,
are presented in Table 3. All the HDC values (in the unit of
magnitude of electronic charge) are negative as they
represent electronic charges (Table 3). In Table 3, the
location of each HDC centroid (denoted by T) is given
using the distance (YT) from the corresponding atom (Y),
the bond angle (XYT) and the dihedral angle (XYZT)
where X and Z are atoms located near Y. We make the
following observations from the data presented in Table 3:

(i) The HDC values (Q) associated with the hydrogen
atoms are in the range -0.04 to -0.03, those associated
with the oxygen atoms are in the range -2.3 to -2.1
while those associated with the nitrogen atoms are in
the range ~-2.8 to -2.7. The HDC values associated
with the carbon atoms vary over a wide range lying in
the range ~-1 to -0.2 which conforms to the fact that
the electronic environments of the different carbon
atoms are quite different.

(il)) The distances of the HDC centroids (D) from the
corresponding oxygen and nitrogen atoms are ~0.02
and ~0.03 A respectively while the corresponding
distances for hydrogen atoms lie in the range 0.028 -
0.041 A (Table 3). For carbon atoms, the distances of
the HDC centroids (D) from the corresponding atomic
sites lie in the range 0.061 - 0.082 A (Table 3). Thus
the distances of HDC centroids from the
corresponding atoms for the different atom types
follow the order O<N<H<C.

(iii) The C3NIT angles in the different cases are more
than 105 deg. while the C3N1H2T dihedral angles are
more than 115 deg. (Table 3). Similarly, in lysine, the
angle C16N19T is ~105 deg. while the dihedral angle
C16N19H20T is ~-117 deg. These angles belong to
pyramidal amino groups of the molecules and the
HDC centroid (T) is located near the N1 atom outside
the pyramid in each case. The dihedral angles show
that most of the HDC centroids are located in cis or
trans position (dihedral angles close to 0 or 180 deg.)
with respect to the atoms given in Table 3. However,
in some cases (e.g., those belonging to C5 in both of
alanine and lysine, and those belonging to C9, C13
and C16 in lysine), the locations of HDC centroids
are significantly away from the cis or trans position
(Table 3). On the whole, as may be expected on the
basis of differences in the structures of the molecules,
there does not seem to be a simple prescription
possible for the locations of the HDC centroids in the
different amino acids.

It may be mentioned that the values of HDC and their
distances from the corresponding atomic sites obtained

carlier for the amino acids using a semiempirical approach
[16] were significantly different from the present ones. As an
example, we may compare the HDC associated with the
carbonyl and hydroxyl group oxygen atoms of glycine. In
the present work, the charges located at these atomic sites
(the quantities corresponding to the hydroxyl group oxygen
atom being given in parentheses) are 2.035(1.739) while
those at the HDC centroids are -2.381(-2.112) and the
distances of the HDC centroids from the corresponding
atomic sites are both 0.02 A. The corresponding charges
located at the atomic and HDC sites obtained using the
semiempirical approach [16] were -0.003(1.119) and -0.379
(-1.372) respectively while the corresponding distances were
both 0.392 A. The lowest surface MEP value for glycine was
found to be located near the carbonyl oxygen atom [16]
while it should be located near the amino group nitrogen
atom as discussed earlier in this work (Table 2). Appreciable
differences are also noted between the present and previous
semiempirical results [16] with regard to the values and
locations of HDC and surface MEP minima for the other
amino acids. Such differences between the semiempirical
and present results are not surprising in view of the facts that
the semiempirical methods only consider valence electrons
explicitly and the results obtained using them are strongly
dependent on the parameters used. Thus the present results
are much more reliable than those obtained by the
semiempirical approach [16].

Conclusions

The present study shows that the combination of HDC
centroids with the m-Mulliken charges provides a much
better charge distribution than that consisting of the
conventional Mulliken charges alone for calculating
electrostatic properties of amino acids. The same is
expected to be true for other molecules containing H,
N, C atoms also. In going from the individual HDC
components to their centroids, the number of charges is
drastically reduced. Thus, in this approach, each atom is
associated with only two point charges, one located at
the atomic site and the other located near the same, while
each bond center is associated with a single point charge.
Therefore, the combination of HDC centroids with the
m-Mulliken charges may be used in preference to
Mulliken charges. Locations of the HDC centroids
obtained in the present work appear to be useful in the
sense that in MEP-based charge fitting schemes, charges
may be fitted at the atomic as well as these sites.
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