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Summary. Contemporary theoretical models used in describing electrostatic
properties of amino acids in polypeptides rely usually on atomic point charges.
Recently noted defects of such models in reproducing protein folding originate
from the inadequate representation of the electrostatic term, in particular inabil-
ity of atomic charges to account for local anisotropy of molecular charge
distribution. Such defects could be corrected by multicenter multipole moments
derived directly from any high quality quantum chemical wavefunctions. This
1s illustrated by comparison of monopole and multipole electrostatic interac-
tions between some amino acids within glutathione S-transferase.

High quality Point Charge Models (PCM) can be derived analytically from
multipole moment databases. Preliminary results suggest that torsional poten-
tials are controlled by electrostatic interactions of atomic multipoles.

Examples illustrating various uses of multicenter multipole moment da-
tabases of protein building blocks in modeling various properties of amino acids
and polypeptides have been described, including calculation of molecular elec-
trostatic potentials, electric fields, interactions between amino acid residues,
estimates of pK, shifts and changes in catalytic activity induced by amino acid
substitutions in mutated enzymes.
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Introduction

The structure and many properties of proteins are controlied by interactions of
their amino acid residues. Intramolecular interactions due to bond stretching,
bending and rotation as well as nonbonded interactions are frequently modeled
by various simple empirical force ficlds applied in molecular mechanics or
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dynamic calculations for proteins. However, recent studies by Gilson et al. (1988)
and by Roterman et al. (1989a) show that the use of alternative force fields may
sometimes yield different results, at variance with experiment. This may be due
to arbitrary analytical form assumed for all components of the force field and
lack of possibility to verify parameterization of individual terms. More detailed
analysis of this problem by Roterman et al. (1989b)indicates that the main source
of these differences originates from inadequate representation of the electrostatic
term. This is due to strongly anisotropic nature of atomic charge distribution in
molecules, neglected in typical force fields employing isotropic atomic point
charges only. One of the possible ways to correct this problem is to supplement
the standard atomic monopole (point charge) model by higher terms in atomic
multipole expansion (i.e., atomic dipoles, quadrupoles, etc.) derived directly from
quantum chemical wave functions. The corresponding techniques are outlined
in the Methods section. The importance of higher atomic multipoles has been
convincingly demonstrated by Buckingham et al. (1985) by precise prediction of
angular characteristics of many van der Waals complexes. In addition, atomic
multipole moments for larger functional groups are reasonably transferable
between different molecules (see Liang et al., 1986; Price et al., 1992). This allows
to construct multipole models for large biopolymers from data collected for
smaller building blocks.

Next sections briefly review currently available atomic multipole databases
for amino acids and various possible applications of multicenter multipole
moments in modeling electrostatic properties of protein.

Methods

In principle the detailed description of the molecular charge distribution is
contained in the accurate quantum chemical wavefunction. However, such
calculations require use of well saturated basis sets with polarization functions
and including of correlation effects (see Sokalski and Sawaryn, 1987). In practice
for a long time such precise nonempirical calculations in extended basis sets have
been limited to molecules smaller than most amino acids (less than about 200
atomic orbitals). Thanks to significant progress in computational methods of
quantum chemistry as well advances in computer hardware present limit for ab
initio calculations has been shifted to about 1800 atomic orbitals (see Ciostowski,
1993). This way the accurate nonempirical wave functions for amino acids and
small peptides started to be routinely available only very recently. However, due
to the extensive size of wavefunctions permanent storing such huge files is not
practical. On the other hand the properties calculated in conventional calcula-
tions are frequently limited to atomic charges and lowest molecular multipole
moments. Unfortunately neither atomic charges nor low order molecular multi-
pole moments are sufficient to yield precise description of local anisotropy of
molecular charge distribution and fail to describe molecular interactions at
distances close to equilibrium geometry. Fortunately as it has been shown by
Rein (1973) the divergence of molecular multipole expansion could be over-
comed by partitioning molecules into smaller additive segments: atoms, bonds,
etc. and extracting higher multipole moments of these fragments from molecular
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wavefunction. These segmental moments add up to global moments in cumula-
tive fashion allowing much more precise representation of fine details of local
charge distribution. On the same time the higher atomic multipoles (dipoles,
quadrupoles, octupoles, hexadecapoles, etc.) supplement in natural way any
inherently arbitrary definition of atomic charge (Sokalski et al., 1992). In addi-
tion atomic multipoles constitute compact extract from quantum chemical
wavefunction suitable for creating corresponding databases. Among several
different methods for calculation of multicenter multipole moments the most
frequently applied techniques for biomolecules are Overlap Multipole Expan-
sion Procedure (OMTP) by Goldblum et al. (1979), Distributed Multipole
Analysis (DMA) proposed by Stone (1981) and Cumulative Atomic Multipole
Moments (CAMM) described by Sokalski and Poirier (1983). According to
comparative study of Spackman (1986) CAMM and DMA techniques yield
numerically equivalent results, although their features, analytical form and
derivation are entirely different. DMA moments are generated for pairs of
primitive Gausian orbitals in the form of spherical tensors and then transformed
to chosen expansion centers. In the case of CAMM, atomic charges are aug-
mented by higher cartesian moments reproducing in cumulative manner cor-
responding global molecular moments. This unique feature allows to derive
CAMM for any arbitrary definition of atomic charge (Sokalski et al., 1992).

It has to be mentioned that atomic multipoles can be decomposed into
off-atom point charges. Such Point Charge Models (PCM) can be derived
analytically (Sokalski et al, 1987) or by approximate fitting procedure pro-
posed by Ferenczy et al. (1991). Quite popular alternative procedure involves
fitting atomic charges to grid of quantum chemical potentials calculated around
molecule (see Williams, 1991). Although such Potential Derived charges (PD)
include effectively some higher multipole moments, they still fail to represent
local anisotropies and are inherently arbitrary and approximate (Sokalski et al.,
1992). In contrast to atomic multipole calculations, calculation of PD charges
becomes very costly for large molecular systems and results are less transferable
(see Chipot et al., 1993),

Recent advances in high resolution X-ray crystallography by Lecomte et al.
(1992) made possible satisfactory comparisons between properties calculated
from theoretical and experimental atomic multipole expansions for several
peptides. However, such experimental studies require exceptional accuracy and
are still quite rare. Therefore it seems probable that at least for some time high
quality theoretical calculations (ab initio LCAO MO SCF, MP2, MRD-CI, etc.)
will be the main source of information regarding charge distribution in ami-
noacids and other related molecules.

Atomic multipole databases for amino acids

The chronology of the development of nonempirical databases of molecular
charge distribution for aminoacids and blocked peptides has been presented in
Table 1. The earliest complete libraries of nonempirical atomic charges for amino
acids, precursors of multipole databases, have been published by Clementi
et al. (1977) and Sheridan et al. (1981) and later by Bellido et al. (1989). However,
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Table 1. Nonempirical databases describing charge distributions
in amino acids and blocked peptides

Authors Theory Basis set Multipole level

Clementi et al. (1977) SCF minimal q

Sheridan et al. (1981) SCF minimal q

Sokalski et al. (1989) SCF minimal CAMM(q, u, ©)
Bellido et al. (1989) SCF DZ q

Price et al. (1991) SCF 321G DMA(q, u, ©, Q)
Sokalski et al. (1992) SCF 321G CAMM(q, i, ©, Q, D)

Sokalski et al. (1993))  MP2  6-31G*  CAMM(q, 1, ©, Q, ®)

" N-acetyl, N'-methylamide-blocked derivatives of glycine, alanine, cys-
teine, threonine, leucine, lysine and serine

as explained in Introduction, atomic charges alone are not always sufficient for
more demanding applications. Therefore parallel with the progress in the effi-
ciency of computational methods and hardware one may notice continuing
quest for better quality databases. The first atomic multipole (CAMM) database
for aminoacids has been published by Sokalski et al. (1989), whereas Faerman
et al. (1990) and Price et al. (1992) published first (DMA) database for blocked
amino acid residues. Earlier systematic studies for smaller systems (Sokalski and
Sawaryn, 1987) indicate that for more precise representation of molecular
charge distribution requires inclusion of correlation effects and the use of ex-
tended basis sets with polarization functions. Therefore our efforts have been
recently directed to collecting correlated CAMM for N-acetyl, N'-methylamide-
blocked derivatives of several smaller amino acids in 6-31G* basis set (Sokalski
et al., 1993).

Atomic multipole applications

One of the most frequently calculated molecular properties are Electrostatic
Molecular Potentials (EMP), representing the unit point charge interaction
energy with the given molecule. This quantity calculated for example on the van
der Waals surface illustrates unique characteristics of molecule closely related
with its specific recognition and binding to receptors and active sites. However,
direct calculations of EMP from wavefunction of large molecules could be very
costly. Alternatively, popular atomic charge models frequently yield qualita-
tively incorrect results. This problem can be effectively corrected by the use of
higher atomic multipoles (Sokalski and Poirier, 1983; Price et al., 1989; Sokalski
and Sneddon, 1991; Sokalski et al., 1993). Analogous role of higher atomic
multipoles has been observed in calculations of electrostatic fields (Price et al.,
1991).

The crucial role of the quality of electrostatic term in structural predictions
has been already noted in calculations for small molecular complexes (Buck-
ingham et al., 1985) and for polypeptides (Roterman et al., 1989b). In order to
examine the role of neglected higher multipole moments relative electrostatic
interaction energies between cysteine 219 and various neutral amino acids lo-
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Fig. 1. Electrostatic interaction energies between CYS 219 and various neutral aminoacids
denoted by one letter codes substituting position 45 in glutathione transferase

cated in position 45 of 3-3 isosyme of glutathione S-transferase (Ji et al., unpub-
lished) have been calculated. The results presented on Fig. 1 illustrate that use
of atomic charges (monopoles) only may lead to qualitative errors in relative
stabilities of different pairs of aminoacids. This may explain observed differences
between structural predictions obtained from various force fields (Roterman et
al., 1989a).

Another remarkable application of CAMM is related to nonempirical mod-
eling of torsional potentials. Preliminary results (Sokalski et al., 1991a) for S-S
bridges typical for cystine cross-linkage indicate that the location of minima in
corresponding torsional potential is determined mainly by electrostatic interac-
tions. For longer bonds such intramolecular interactions can be modeled by
atomic multipoles located on two atoms defining axis of rotation only. This
observation may be used in entirely nonempirical derivation of torsional poten-
tials and rational development of new more efficient procedures for conforma-
tional analysis of polypeptides.

One other promising CAMM application is modeling changes in catalytic
activity in mutated enzymes resulting from amino acid substitutions by site
directed mutagenesis. This is possible by decomposing activation barrier lower-
ing into additive electrostatic, exchange, induction and dispersion components
(Sokalski, 1985). Dominant electrostatic nature of the transition state differential
stabilization permits to model via CAMM catalytic effects for systems as large
as mutated enzymes. Within such approach we examined the locations of the
catalytically active amino acid residues in tyrosyl t-RNA synthetase (Sokalski
et al,, 1991a). The theoretical results coicide with corresponding data from site-
directed mutagenesis experiments (Fersht, 1987) and indicate catalytic nature of
charged amino acids constituting conservative amino acid substitution patterns
HIGH, KMSKS and GSDQ, characteristic of class I of the aminoacyl t-RNA
synthetases.

Analogous approach has been applied to estimate pK shifts of HIS 64 in
several mutated subtilisines (Sokalski et al., 1989). Again the theoretical results
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agreed reasonably with corresponding vacuum scaled experimental data (Stern-
berg et al., 1987).

Both above described applications require access to database of atomic
multipoles for amino acids. Higher atomic multipole moments play important
role in calculations related to catalytic effects due to particularly large deviations
from spherical charge distribution for transition states.

Conclusions

Atomic multipoles compensate deficiencies of conventional atomic charge
models in calculations of molecular electrostatic potentials, electric fields and
intermolecular electrostatic interaction energies at distances close to van der
Waals radit. This allows precise and cost effective modeling of electrostatic effects
responsible for specific recognition and binding of biomolecules.

Atomic multipoles seem to be the key ingredient determining location of the
minima of torsional barriers.

Databases of atomic multipoles for amino acids and peptides can be used in
modeling optimal catalytic activity and pK shifts resulting from amino acid
substitution in mutated enzymes.
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