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The electronegativity equalization methodology, EEM, is frequently used to calculate the charge distribution
and reactivity index (e.g., local softness and hardness, condensed Fukui function) of molecules. However,
recent work (Chelli, R. et alJ. Chem. Physl999 111, 8569) has shown a serious shortcoming of EEM in

the prediction of the polarizability for large molecules. In this paper, our goal is to show that we can obtain
a reliable dipole moment for polypeptides in vacuum and continuum-dielectric solvent using the constrained
charge approximation and the generalized Born-electronegativity equalization method. Different EEM
parameterizations were tested and compared to the expected values of the dipole moment vector operator as
calculated at the ab initio B3LYP/6-311G(d,p) level. One EEM parameterization (Bakowies, D., Thiel, W.,
J. Comput. Chenl996 17, 87) when used with the constrained charge approximation and the generalized
Born-electronegativity equalization method was comparable to the CM1 charge model (Stordr €oahput.-

Aided Mol. Des.1995 9, 87) in the prediction of the dipole moment vector in vacuum and continuum-
dielectric solvent, but was calculated with a much greater computational efficiency.

I. Introduction 3G level were used in this parameterization of ABEEM.
Although the correlation between ABEEM and RHF/STO-3G
charges was very good, the authors did not shown a comparison
of molecular observables obtained from their method to experi-
ments or ab initio calculations.

Recently, a serious caveat of EEM that can limit its

Despite the number of papers dedicated to the inclusion of
polarization in molecular mechanics force fields (see for
example refs +4) using the electronegativity equalization
method, EEM, only a few works treat the problem of large

molecule$~7 A series of three pape¥s® detailed a means by lication for | leculos h 9t
which one might construct a polarizable molecular mechanics 2PPlication for large molecules has been demonstrét&&M

force field for an arbitrary molecule based on ab initio quantum ©Verestimates the polarizability of a molecule as its size grows
chemistry. The rationale for a good description of polypeptide (it sees molecules as conductors, exaggerating its charge
charge distribution was obtained using permanent (not fluctuat- delocalization). This problem may be the rationale for the
ing) charges and polarizable atomic dipoles. Scheragafet al Method of Kaminski et &°¢ In their work, the permanent
have shown that atomic monopoles can provide a good charge distribution of each amino acid was obtained by an
description of the dipole moment of a molecule. This work €qualization scheme and then was used as a fixed charge model
extended the partial equalization of the orbital electronegativity in the following calculations for polypeptides. It may be possible
method® taking into account the molecular geometry in the that the method of Scheraga effdias the same problem.
calculation of charge distribution of polypeptides. The work of ~ We are also particularly interested in calculation of the charge
Cong and Yanghas generalized the atom-bond electronegativity distribution of molecules in implicit solveHt (continuum-
equalization methoB ABEEM, for the calculation of the charge  dielectric plus first-solvation-shell semiempirical corrections).
distribution in polypeptides. More than 200 model molecules These models can be classified by the treatment of the solute
with Mulliken Charge distributions calculated at the RHF/STO- Charge distribution: quantum mechanica”y or molecular me-
chanically. On a historical note, Onsa¥antroduced the first
~ *Corresponding author: Igdias@email.unc.edu; Department of Chem- molecular mechanical model of the effect of implicit solvent
gg;bglnmﬁ’rsl\'}é°2f7'\5‘gg[13(23§6?“”30hape' Hill, Venable Hall CB# 3290, on a polarizable solute by treating the solute as a polarizable

* Department of Chemistry. dipole in a spherical cavity. Other molecular mechanic-like

* Department of Biochemistry. methods that treat polarizable solute coupled to the solvent
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reaction-field have been formulated. As examples, we have the

method of Sharp et al3 the method of Nilat? and the
generalized Born-electronegativity equalization methodoldgy,
GBEEM. The method of Sharp et.® simulates the local
polarizabilities by adjusting the value of the local dielectric
constant in the portion of the cavity belonging to that atom,
while the method of Nildf* considers the solute as a collection

of polarizable point charges located at the nuclear positions and
solves the Poisson and Laplace equations using a boundary

element method. The GBEEM is an implementation of the self-

consistent reaction-field method based on a generalized elec-

tronegativity equalization scheniel®

In this work, we study the effectiveness of EEM for the
calculation of dipole moments in organic molecules and
polypeptides. Different parameterizations were tested for cal-
culations in vacuum and continuum-dielectric solvent. We also

Shimizu et al.
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Figure 1. Thermodynamic cycle showing the decomposition of the
total solvation free energy of the solute into nonpolar, electrostatic,
and internal contributions (see theoretical and computational methods).

Generalized Born-Electronegativity Equalization Method.
The GBEEM is a combination of the generalized Born model

propose here an approximation for the dipole moment calcula- With the electronegativity equalization method for the treatment

tion as an attempt to correct the shortcomings of EEM.

Il. Theoretical and Computational Methods

Electronegativity Equalization Method. For a molecule
with N atomic chargesgy, the energyE, is given by
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N
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wherey; andy; are atomic electronegativity and hardness and

ni(ri) is expressed as an interpolation between the Coulomb

operator and atomic hardness:

1
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Using the principle of the electronegativity equalization
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plus the constraint for the total molecular charge

Q= ZiN=lqi

we obtain the linear system of equations:
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which must be solved to obtain the charggdor each atomic
site, i.

of the effect of implicit solvent on the solute charge redistribu-
tion.!®> The solvation free-energy minimization with respect to
the solute charges produces the renormalized charges due to
the coupling to the solvent reaction-fielel!® The EEM is a
semiempirical version of the density functional theory where
the variational principle leads to charges.

Using the thermodynamic cycdfe!” (see Figure 1) and the
EEM expressions
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We consider the following: (aAGyy,, the nonpolar contribu-
tion'17 to the solvation free-energy, does not depend on the
charge distribution; (DAEgny = Eens — Eenvas the change in

the total electronic and nuclear energy, can be approximated
by the EEM expressions; (?)Egy is also the change in the
internal free-energy of the sold#e"’ (if zero point and thermal
contributions in solution and gas are mutually canceled); (d)
the dielectric properties of the solvent are characterized by a
constant,e (the solvent is an isotropic and homogeneous
continuum).

AGg is the electrostatic reversible work as approximated by
the generalized Born mod&}® GB model. To use the GB
model, we need to compute the effective Born radiy, and
the generalized Born functiofsg. The inverse ofgg is similar
in form to thex; term:

1

\/ru + o el i)

Eacho,® was calculated in the Coulomb field approximatibn
but using a surface integral approdéhThe van der Waals
molecular surface (the envelope surface of a set of intersecting

(6)
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Calculation of the Dipole Moment for Polypeptides

spheres with given atomic radii centered on the atoms) was tiled
using the GEPO? algorithm. The coordinates of the center of
eachtesseragr;, the normalized vector perpendicular to the
surface at this point(r;), and the area of eadesseragAa;,
were applied in the expression below for obtaining the inverse

of o (bold letters are denoting vectors):
1, (r=R)n(r)

aiB_l—— S—Idzr =
4 Ir — Ri|4

1 ’\"res;sera(r'j — RI) n(rj)

At £

e Ag (7)

whereR; is the position vector for thith atom. Bondi's radfit
for the atomsid = 0.120 nm, C= 0.170 nm, N= 0.155 nm,
O = 0.152 nm) were used in the construction of the van der
Waals molecular surface.

The generalized principle of electronegativity equalization for
anN atomic site molecule in a continuum-dielectric solvent is
expressed by
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thus, we can easily obtain the linear system
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to be solved to obtain the charges.
The comparison between the linear system of equations (4)
and (9) shows that the above hardness matrix is a matrix of
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Figure 2. EEM-CM1 dipole moment versus PM3-CM1 dipole moment
for molecules classified in different organic functions (see insert). The
continuous line is the identity line.

paper?® Also, single point calculations in vacuum were done
for the Alal-Ala-Ala3-Ala*-Ala®-Alas-Ala’ heptapeptide, (Ala)
Gly!-Ala?-Sep-Gly*-Alad-Sef-Gly’-Ala8-Sef-Gly10-Alall-Sef?-
Gly3-Alal4-Sefs, (GAS) and (Ala)s pentadecapeptides, at the
semiempirical PM3 level using AMSOL&®and at ab initio
B3LYP/6-31G(d) and B3LYP/6-311G(d,p) levels using GAUSS-
IANO3.2” Single point calculations in continuum-dielectric
solvent were done for the polypeptides at the PM3 level using
the Solvation Model 5.4, SM5.4, as implemented in AM-
SOL6.6% and at the ab initio level using the Integral Equation
Formalism for the Polarizable Continuum Model, IEFPCM, as
implemented in GAUSSIAN03’

The amino acid building module from the MacSpartan Pro
v1.02 prograr?® was used to create the polypeptide molecules.
These geometries were not optimized.

I1l. Results and Discussion

Organic Molecules in the Vacuum.Figure 2 exemplifies
the problem of the EEM as the molecule size grows. The values
of the dipole moments calculated using EEM-CM1 were
obtained from our recent EEM parameterizatfomith the CM1
charges calculated at the semiempirical PM3 level as targets.

The spiny pattern seen in Figure 2 results from methylene
group addition to the molecular structure (e.qg., in the aldehyde
series, molecules go from propanal to nonanal; in the carboxylic
acid series, from propanoic acid to eicosanoic acid; in the nitro
series, from nitropropane to nitrohexane). In the aldehyde series,
the positive charge center of the molecule (situated on the alkyl
chain) is pushed away from the negative charge center (situated
on the COH group) as the chain increases.

This feature in the dipole moment calculation is an inherent
problem of EEM and does not depend on the parameterization.
The interesting aspect is that the EEM charges are well

effective atomic hardnesses. These effective hardnesses containorrelated to CM1 charges, but the problem is not evidenced if

the dielectric effect of the solvent. Note that togreater than

molecular observables, such as the dipole moments, are not

one, the effective atomic hardnesses are less than the atomicalculated.

hardnesses in vacuum. This effect was described by Pe#rson,
based on experimental values of the free enthalpy of hydration,
and by Lipinsky and KomorowsKg based on a virtual charge
model for the solvent effect and using a description of the
electronic structure at a semiempirical level.

Semiempirical and Ab Initio Quantum Chemistry Cal-
culations. The geometries and CM4.charges of the organic

Recently, Chelli et al° have suggested the use of the atem
atom charge-transfer model, AACT, to avoid the EEM short-
coming. The AACT model has been introduced as an empirical
procedure that avoids some of the instabilities in the fitting
procedure of the EEM parameters when the electrostatic
potential (ESP) derived charges are used as the target cRarges.
The AACT adds molecular topology as an important factor in

molecules were taken from the database used in our recenthe charge-transfer control.
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0.972,SD= 0.072,F = 1218,N = 73) and EEM*-CM1 ¢ = ax+ b,
a=0.96,b=—-2.6x 105 R=0.973,SD= 0.071,F = 1254,N =
73) charges versus PM3-CM1 charges for the (Alypeptide in

Figure 3. Effect of the constrained charge approximation in the
aldehyde, carboxylic acid, and nitro series. The continuous line is the

identity fine. the continuum-dielectric solvent & 78.5). The continuous line is the
06 identity line.
®  EEM-CM1 TABLE 2: Dipole Moment Vector for the (Ala) 7 Polypeptide
0'4__ o EEM*-CMI1 (a-helical conformation) in Vacuum?
02- od dipole moment (values in Debye)
. | y model u % Iy Uz  ~%Au"
ED 0.0 EEM-CM1° 11.45 -11.11 0.45 277 55
S EEM-M¢ 19.51 -1896 0.53 4.59 23
et 024 QEg-Mm 13.02 -1265 0.01 3.05 49
= QEq-PD 1019 -9.93 001 227 60
m EEM*-CM1 17.92 -17.34 0.72 445 30
-0.4 1 EEM*-M 26.50 —24.74 0.37 9.48 4
1 QEg*-M 23.67 —23.08 0.30 5.25 7
0.6 @ QEg*-PD 14.84 —14.05 019 477 42
OPLS-AA® 2222 —-21.76 054 450 13
08 PM3-CM1f 2764 —-26.89 0.59 6.36 9
e T T T U B3LYP/6-31G(dy 2535 —2487 0.36 4.86 0.5
08 06 04 02 00 02 04 06 B3LYP/6-311G(d,® 25.47 —24.99 0.33 4.90 0
PM3-CM1 ch
] 3-CMI charges a An asterisk denotes the constrained charge approximation in the
Figure 4. EEM-CM1 (y=ax+b,a=0.99,b=—-27x 10% R= electronegativity equalization method (e.g., EEM*-CM1, QEq*-PD, ...).
0.984,SD= 0.054,F = 2134,N = 73) and EEM*-CM1 § = ax+ b, b Ref 25.¢ Ref 4.9 Ref 29.¢ Ref 30." Dipole moment vector calculated
a=0.99,b=-27x 10°% R=0.982,SD= 0.057,F = 1883,N = using CM1 charges at the semiempirical PM3 level (ref 2@xpected
73) charges versus PM3-CM1 charges for the (Afajlypeptide in value of the dipole moment vector operator calculated at the ab initio
the vacuum. The continuous line is the identity line. level. " %Au = 100/us3Lvpi6-3116(dp) — MmodelHB3LYPI6-311G(d)
TABLE 1: Atomic Electronegativities (x*) and Hardnesses and the tail group (alkyl chain). In this case, each headgroup
(y*) Used in the EEM Parameterization$ . .
- - and tail group net charge has been constrained to zero. Note
EEM-M QEq-PD QEq-M EEM-CM1 that the approximation of a null charge for these headgroups
atom  y* n* P n* x* n* P n* has been used in all the molecular mechanics force fields and

H 101.67 317.62 101.98 319.17 89.33 319.17 89.58 424.40 thatno EEM reparameterization has been done. As can be seen

C 131.00 208.71 116.99 232.09 119.38 258.89 107.36 328.93 in Figure 3, the CCA has reduced the overpolarization of the

N 244.43 304.09 178.42 299.08 174.05 325.87 156.45 309.59 EE'\/|7 resumng in reasonable d|po|e moments.

O 196.02 255.58 190.92 344.35 205.55 371.15 231.93 477.13 Polypeptides in a Vacuum and Continuum-Dielectric

2 Electronegativities are in kcal mdle ! and hardnesses are inkcal ~ Solvent. We tested the CCA for polypeptide molecules with
mol™ e72  Ref 4. Ref 29.9 Ref 25. the two following aims: (i) we have used different EEM

parameterizations in order to determine whether the CCA is

Inspired by the work of Chelli et a5 we have tested a simple  dependent upon these parameterizations and (i) we have
approximation for the dipole moment calculation: the partial considered the solvent effect in the polypeptide charge redis-
sum of charges pertaining to the defined atomic groups (e.g., tribution.
chemical function) is fixed and the charge transfer between these  The following EEM parameterizations have been used: the
groups is not permitted. EEM-CM1 25 the Bakowies and Thi& parameterization based

Figure 3 shows the effect of the approximation (named as on Mulliken and ESP charges calculated at the RHF/6-31G*
the constrained charge approximation, CCA) on the aldehyde, level (QEg-M and QEQ-PD, respectively), and the Mortier et
nitro, and carboxylic acid series. Each molecule has been brokenal.# parameterization based on Mulliken charges calculated at
into two parts: the headgroup-COH, —NO,, or —COOH) the RHF/STO-3G level (the EEM-M). The CCA consisted of
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TABLE 3: Dipole Moment Vector for the (Ala) 7 Polypeptide TABLE 6: Dipole Moment Vector for the (GAS)s

(o-helical conformation) in Continuum-Dielectric Solvent (e Polypeptide (@-helical conformation, see Figure 8a) in
= 78.5¢ Continuum-Dielectric Solvent (€ = 78.5¢
dipole moment (values in Debye) dipole moment (values in Debye)
model u Ux Uy Uz model u Ux Uy Uz
EEM-CM1P 29.97 —29.38 1.11 5.80 EEM-CM1P 66.04 65.85 —3.80 —3.26
EEM-M¢ 92.62 —91.29 2.40 15.43 QEQg-M° 101.21 100.97 —5.67 —4.03
QEg-m 45.40 —44.66 0.17 8.16 QEq-PD 84.30 84.11 —4.42 —3.54
QEqg-PD 36.88 —36.30 0.20 6.54 EEM*-CM1 63.75 63.60 —2.15 -3.79
EEM*-CM1 26.94 —25.76 1.38 7.75 QEg*-M 97.50 97.34  —2.29 —5.19
EEM*-M 60.30 —55.56 2.25 23.33 QEqg*-PD 66.95 66.78 —1.51 —4.59
QEg*-M 40.79 —39.18 1.10 11.28 PM3-CM1 90.91 90.77 221 —4.62
QEqg*-PD 27.72 —25.81 0.98 10.06 B3LYP/6-31G(dy 89.93 89.81 —2.54 —3.75
PM3-CM1¢ 38.66 —37.14 1.15 10.69 A . . . L
B3LYP/6-31G(d) 34.44 —3344 0.96 3.16 An asterisk denotes the constrained charge approximation in the

electronegativity equalization method (e.g., EEM*-CM1, QEq*-PD, ...).
@ An asterisk denotes the constrained charge approximation in the? Ref 25.¢Ref 29.9 Dipole moment vector calculated using CM1
electronegativity equalization method (e.g., EEM*-CM1, QEg*-PD, ...). charges at the semiempirical PM3 level (ref 26Expected value of
b Ref 25.°Ref 4.9 Ref 29.¢ Dipole moment vector calculated using  the dipole moment vector operator in continuum-dielectric solvent
CM1 charges at the semiempirical PM3 level (ref 2Z@xpected value calculated at the ab initio level using the IEFPCM (ref 27).
of the dipole moment vector operator in continuum-dielectric solvent

calculated at the ab initio level using the IEFPCM (ref 27). .
TABLE 7: Dipole Moment Vector for the (GAS)s

Polypeptide (see Figure 8b) in Continuum-Dielectric Solvent

TABLE 4: Dipole Moment Vector for the (GAS) s (e = 78.5}%
\F;glg/upuerﬂglde (@-helical conformation, see Figure 8a) in dipole moment (values in Debye)
dipole moment (values in Debye) mOdiI H X Hy #z
EEM-CM1! 48.87 48.55 2.72 —4.91
model . S . S i QEq-M¢ 7021 6963 481 —7.67
EEM-CM1° 20.81 20.69 —-1.56 -1.64 72 QEg-PD 57.57 57.11 3.83 —6.15
QEQg-M° 23.61 2350 —1.64 -1.56 68 EEM*-CM1 42.66 42.53 2.18 —2.62
QEg-PD 18.83 18.75 —-1.32 -1.14 75 QEg*-M 61.52 61.35 3.39 —3.06
EEM*-CM1 49.78 49.72 —-0.92 -2.15 33 QEg*-PD 40.71 40.61 2.14 —2.05
QEQg*-M 69.64 69.59 —-0.72 -251 6 PM3-CM1 57.26 56.98 4.38 —3.58
QEqg*-PD 4552 4546 —0.38 —2.28 38 B3LYP/6-31G(d} 56.69 56.45 3.35 —4.03
OPLS-AA 61.47 6140 —-2.15 -2.04 17 a . . T
PM3-CM1 74.84 7477 —1.79 -2.77 1 An aster_ls_k denott_as t_he constrained charge approximation in the
B3LYP/6-31G(d) 7272 72.68 —2.05 —1.64 15 electronegativity equalization method (e.g., EEM*-CM1, QEQ*-PD, ...).
B3LYP/6'311G(d,p‘) 73.85 7381 —-2.09 -1.72 0 bRef 25.¢ Ref 29dD|p0|e moment vector calculated USing CM1

charges at the semiempirical PM3 level (ref Z8Expected value of
2 An asterisk denotes the constrained charge approximation in the the dipole moment vector operator in continuum-dielectric solvent
electronegativity equalization method (e.g., EEM*-CM1, QEQ*-PD, ...). calculated at the ab initio level using the IEFPCM (ref 27).
b Ref 25.¢ Ref 29.¢ Ref 30.¢ Dipole moment vector calculated using
CM1 charges at the semiempirical PM3 level (ref 2@xpected value
of the dipole moment vector operator calculated at the ab initio level. EEM*-CM1, EEM*-M ...). The y and % for the EEM

9%Au = 10Qus3Lvpre-3116(d,p) ~ Hmodel/UB3LYPI6-3116(d.p) parameterization can be seen in Table 1.
Figures 4 and 5 show the EEM-CM1 and EEM*-CM1
TABLE 5: Dipole Moment Vector for the (GAS)s charges for the Alanine heptapeptide in a vacuum and continuum-
Polypeptide (see Figure 8b) in Vacuurh dielectric solvent compared to the PM3-CML1 charges. The linear
dipole moment (values in Debye) regre.ssions are st.atistically identical b_ut the clusterir!g pattern
model B i o e oo of points on the third quadrant o_f the Figures 4 and 5 is not the
same, indicating that there are differences between the GBEEM
EEM-CM1® 1568 1551 1.20 —2.00 66 and the SM5.4P in the treatment of the solvent effect on the
QEq-M 16.40  16.16  1.64 :2'27 64 solute electronic structure.
QEq-PD 12.80 1258 1.46 —1.85 72 .
EEM*-CM1 31.67 3162 114 —1.48 31 The dipole moment vectors for (Alan vacuum and solvent
QEg*-M 4210 42.04 1.71 —1.59 8 as calculated by the different charge models are presented in
QEg*-PD 2543 25.39 0.99 —-1.04 44 the Tables 2 and 3, respectively. Table 2 lists ab initio values
OPLS-AA! 38.72 3854 231 —291 15 for reference. Thus, we can compare the accuracy of the
PM3-CMT® 46.63 4645 257 -3.22 methods. As can be seen in Table 2, the best agreement has
B3LYP/6-31G(d) 4506 44.86 1.90 —3.80 1 : . ; * _
B3LYP/6-311G(d,J) 4560 4540 1.98 —3.85 0 been obtained with the EEM*-M, QEqg*-M, and PM3-CML (in

. ) S this order). We must note that all the EEM* models (with CCA
@ An asterisk denotes the constrained charge approximation in the corrections) were more accurate than the EEM models. Table

electronegativity equalization method (e.g., EEM*-CM1, QEq*-PD, ...). . o .
b Ref 25. Ref 29.9 Ref 30.¢ Dipole moment vector calculated using 3 presents the dipole moment vectors in dielectric solvent. The

CML1 charges at the semiempirical PM3 level (ref 2@xpected value ~ CCA reduced the dipole moment produced by all EEM
of the dipole moment vector operator calculated at the ab initio level. parameterizations. The QEq*-M model has a dipole moment
9 %A,u = 10q,l,£B3Lyp/57311c;(d,p)* Mmodei/‘UBsLYPlerMG(d,p) near to that of the PM3-CM1 model.
In vacuum, the EEM*-M dipole moments for each amino
acid (~6 D) are greater than the other EEM parameterizations,
the assumption of null net charge for each amino acid and it OPLS-AA and PM3-CML1. In solvent, the dipole moments of
was denoted by an asterisk for each EEM parameterization (e.g.the amino acids, as calculated by the EEM*-M, are amplified,
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TABLE 8: Dipole Moment Vector for the (Ala) 15
Polypeptide (@-helical conformation, see Figure 9a) in
Vacuum?

Shimizu et al.

TABLE 11: Dipole Moment Vector for the (Ala) 15
Polypeptide (see Figure 9b) in Continuum-Dielectric Solvent
(e = 78.5}

dipole moment (values in Debye)

dipole moment (values in Debye)

model u Ux Uy uz  ~%Aud model u Ux uy Uz

EEM-CM1° 17.87 17.84 0.13 1.02 73 EEM-CM1° 32.70 31.18 1.64 9.71
QEqg-M° 19.87 19.84 0.11 1.02 70 QEqg-M° 50.39 48.30 3.45 13.96
QEQ-PD 1543 1541 0.04 0.68 77 QEg-PD 41.42 39.64 2.76 11.68
EEM*-CM1 46.14 46.11 0.00 1.73 30 EEM*-CM1 28.52 26.49 212 10.35
QEQg*-M 65.23 6520 —0.14 1.90 2 QEg*-M 43.80 41.05 2.73 15.04
QEqg*-PD 4184 41.80 —-0.01 191 37 QEqg*-PD 28.96 26.02 1.47 12.62
OPLS-AA 4958 4957 —0.49 1.01 25 PM3-CM1¢ 40.77 37.12 2.15 16.73
PM3-CM1° 67.51 67.47 —-0.65 241 2 B3LYP/6-31G(d} 38.36 35.78 2.45 13.61
B3LYP/6-31G(d) 6563 6562 —034 116 1 @ An asterisk denotes the constrained charge approximation in the
B3LYP/6-311G(d,d) 66.23 66.22 —0.35 1.22 0

electronegativity equalization method (e.g., EEM*-CM1, QEq*-PD, ...).

a An asterisk denotes the constrained charge approximation in the ° Ref 25.°Ref 29.9Dipole moment vector calculated using CM1
electronegativity equalization method (e.g., EEM*CM1, QEq*-PD, ...). charges at the semiempirical PM3 level (ref Z6xpected value of
b Ref 25.¢ Ref 29.9 Ref 30.© Dipole moment vector calculated using the dipole moment vector operator in continuum-dielectric solvent
CM1 charges at the semiempirical PM3 level (ref 2@xpected value  calculated at the ab initio level using the IEFPCM (ref 27).
of the dipole moment vector operator calculated at the ab initio level.

SER1S
99%Au = 100u3LyPs-3116(d,p) — Umodel/UB3LYPI6-311G(d,p). (a)

TABLE 9: Dipole Moment Vector for the (Ala) 15
Polypeptide (see Figure 9b) in Vacuurh ALAL4

/An SER12
/ﬁna

dipole moment (values in Debye)

model u ux uy Uz ~%Au9
EEM-CM1° 9.72 8.65 0.18 4.43 69
QEQg-M¢ 10.69 949 059 4389 65 ALAB Gl 1o
QEg-PD 824 722 057 3.92 73
EEM*-CM1 2066 19.72 162 5.96 33 GLY7
QEqg*-M 29.00 28.07 230 6.95 6
QEg*-PD 16.88 15.83 142 570 45 Y4
OPLS-AA! 2296 2157 214 758 26 /(
PM3-CM1 31.85 3028 1.33 9.77 3 ALAS oFRe
B3LYP/6-31G(d) 3055 2943 1.70 8.02 1 /(
B3LYP/6-311G(d,p) 30.89 29.78 1.83 8.01 0 SER3
@ An asterisk denotes the constrained charge approximation in the SN

electronegativity equalization method (e.g., EEM*-CM1, QEq*-PD, ...).
b Ref 25.¢ Ref 29.9 Ref 30.¢ Dipole moment vector calculated using
CML1 charges at the semiempirical PM3 level (ref 2@xpected value

/5&\2

of the dipole moment vector operator calculated at the ab initio level. (b) SER15
99%Au = 100ussLyPe-311G(d,p) — Mmodel/UB3LYPI6-311G(d,p).
TABLE 10: Dipole Moment Vector for the (Ala) 15 ALAL4
Polypeptide (@-helical conformation, see Figure 9a) in
Continuum-Dielectric Solvent (€ = 78.5¢ Lv13
dipole moment (values in Debye) SER12
model u Ux Uy Uz ALl
EEM-CM1° 61.87 61.84 —0.18 2.18
QEqg-M¢ 94.38 94.33 —-0.28 3.00
QEq-PD 76.83 7679  —0.44 2.33 aLY1 10
EEM*-CM1 59.67 59.57 0.10 3.44 m“
QEqQ*-M 91.61 9147 —061  5.06 SERS "
QEg*-PD 61.66 61.48 —0.60 4.64
PM3-CM1 81.91 81.77 —-1.35 4.55 GLY7
B3LYP/6-31G(d} 79.44 79.39 —0.70 2.80 ALAS

@ An asterisk denotes the constrained charge approximation in the
electronegativity equalization method (e.g., EEM*-CM1, QEq*-PD, ...).

SERE
bRef 25.°Ref 29.9Dipole moment vector calculated using CM1 \

charges at the semiempirical PM3 level (ref 28xpected value of Figure 6. Ribbon representation of the two (GAS)onformers: (a)
the dipole moment vector operator in continuum-dielectric solvent helical conformation; (b) perturbed conformation.
calculated at the ab initio level using the IEFPCM (ref 27).

(Figure 6) and (Ala) (Figure 7) pentadecapeptides, such that
resulting in exaggerated values10 D). Also, the charges of  two different conformations are evaluated for each polypeptide.
the N and O atoms are overestimated (not shown). Therefore,As for the heptapeptide, all the EEM calculations in vacuum
the EEM-M parameterization was excluded from the following using the CCA were more accurate than the EEM calculations
tests. without the CCA (using the ab initio values as references). The

Tables 4-11 show the dipole moment vectors as calculated PM3-CM1 and QEqg*-M models have produced similar values
by the charge models and by the ab initio method for the (GAS) and agree well with the ab initio values.
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(a)

Figure 7. Ribbon representation of the two (Alaxonformers: (a)
helical conformation; (b) perturbed conformation.

In continuum-dielectric solvent, the PM3-CM1 had a very
good agreement with the IEFPCM at the ab initio B3LYP/6-
31G(d) level (we used Bondi's radii, van der Waals surface,
and electrostatic scaling factor equal to 1.0 for the IEFPCM
calculations). In general, the QEq*-M had a higher polarization
when compared to the PM3-CML1 or IEFPCM. Indeed, the QEQg-
PD had a better performance than the QEg*-M in the continuum-
dielectric calculations for the polypeptides, but this is probably
due to a fortuitous compensation of terms since its results in
vacuum were not good.

IV. Conclusions and Perspectives

J. Phys. Chem. B, Vol. 108, No. 13, 2004177

K.S. is a FAPESP graduate fellow (01/05852-8). The ab initio
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the North Carolina Supercomputing Center.
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