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Summary. Distributed Point Charge Models (PCM) for CO, ( H 2 0 ) 2  , and 
HS-SH molecules have been computed from analytical expressions using multi- 
center multipole moments. The point charges (set of charges including both 
atomic and non-atomic positions) exactly reproduce both molecular and segmen- 
tal multipole moments, thus constituting an accurate representation of the local 
anisotropy of  electrostatic properties: In contrast to other known point charge 
models, PCM can be used to calculate not only intermolecular, but also 
intramolecular interactions. Comparison of  these results with more accurate 
calculations demonstrated that PCM can correctly represent both weak and 
strong (intramolecular) interactions, thus indicating the merit of extending PCM 
to obtain improved potentials for molecular mechanics and molecular dynamics 
computational methods. 
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1 Introduction 

Molecular force fields form the basis for modeling various properties of 
biomolecules. Due to the large size of  systems involved, the analytical form of 
the potential functions is only approximate and somewhat arbitrary. This 
treatment is acceptable in biopolymers for  interactions in which the interfrag- 
ment separation distance is greater than 10 a.u. In this ease, the approximation 
can lead to increased computational economy. However, at smaller separations, 
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approximation of the electrostatic term by point charge interactions is ques- 
tionable. As a consequence, calculation of the relative stabilities of amino acid 
complexes can give incorrect estimates of the electrostatic term in a simple 
point charge approximation (see Fig. 3 in Ref. [15a]). Indeed, recent tests 
[1-2] indicate that a number of popular force fields can sometimes yield 
different structures; the major source of error in these tests is the electrostatic 
term, which uses an atomic point charge model [2]. These tests illustrate 
a need for a more accurate representation of molecular charge distributions 
used for calculation of electrostatic interactions for separations close to 
van der Waals contacts. This work explores refined, yet computationally eco- 
nomic, approaches to calculating electrostatic interactions at small separation 
distances. 

Usually, atomic charges are determined from arbitrary and basis set de- 
pendent population analysis [3-4] or, in the best case, from fitting charges to 
an electrostatic potential grid [5-10] or molecular multipole moments [11-13]. 
These models do not represent the local anis0tropy of charge distributions in 
large molecules with multiple functional groups such as amino acids; the 
detailed local description, involving higher atomic multipole moments, is 
needed to properly describe electrostatic interactions at separation distances 
close to van der Waals contacts [1-2, 14-15a]. The applications of point 
charge models, fitting only molecular moments, have previously been used; 
however, this treatment was limited to small and symmetric molecules 
[13, 16-19]. In short, these models are not applicable to intra-molecular inter- 
actions, such as those in proteins [1-2, 15a]. This deficiency can be overcome 
with a Point Charge Model (PCM) [15b-c] derived directly from Cumulative 
Atomic/Multicenter Multipole Moments (CAMM) [15d]. As in other multi- 
center multipole expansions [20-24], any monopole deficiency can be compen- 
sated with higher CAMM moments. This feature allows the accelerated 
convergence of the multipole expansion by starting it from an appropriate 
atomic charge definition (Potential Derived (PD) charges [6-7, 9, 10], for ex- 
ample) ensuring minimal contribution from higher moments. Our procedure 
seems more universal for biological applications since it allows automatic 
derivation of PCM by analytical formulas from CAMM databases, [15c] with- 
out involving an approximate fitting process, which may lead to less accurate 
results. 

Herein we report a study examining the number of expansion centers and 
the number of terms in the multipole expansion required for obtaining dis- 
tributed point charges that will yield a convergent representation of electrostatic 
interactions between molecular subunits at short separations. The method is 
applied to CO, (H20)2 and HS-SH to illustrate the applicability of PCM to 
represent anisotropic electrostatic properties. These point charges provide an 
accurate representation of electrostatic interactions, comparable to those ob- 
tained from higher moments, with considerable improvement in computational 
simplicity. 

2 Point Charge Model (PCM) derived from muiticenter multipole moments 

The expectation value of any molecular multipole moment Mkzm= (xkytzm~ 
can be expressed as a sum of additive segmental contributions. Transformation 
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of these additive moments to a local coordinate system provides the expression 
for the Cumulative Multicenter Multipole Moments (CMMM) [15c,e]: 

AO AO 
m kc lm k l m =(~acZaXaYaZa -- ~ ~ O r s ( r l x k y ' z m l s >  

r~c s 

k I ~ ( k ) ( f , ) {  m ~  k k, l_l,  m 
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where Za stands for atomic core charge; Drs, the generalized density matrix [25]; 
and (r I x~y'zmls), the multipole integral in atomic orbital basis with Cartesian 
operators defined relative to a segmental origin [20]. In contrast with an atomic 
multipole expansion CAMM [15d], where only atomic centers are included, Eq. 
(1) permits the use of any number of additional expansion centers outside atomic 
nuclei (on bonds, etc.) allowing increased accuracy and convergence of multipole 
expansion. 

Each Cumulative Multicenter Multipole Moment -klm mc can be expressed 
[15b,c] as a set of point charges qp (PCM) located at position p(Xp, yp, Zp) at a 
distance R from expansion center c: 

mkc 'm = ~ qp(Xp -- Xc)k(yp -- yc)l(Zp -- gc) m (2) 
p = l  

Charges can be generated at any level of moments such as monopole (s = 1), 
dipole (s = 3), quadrupole (s = 9). We have chosen in this work the quadrupole 
level (s--9). The detailed expressions for generating PCM are given elsewhere 
[15b,c]. 

3 Resu l t s  and discuss ion 

3.1 PCM for CO molecule 

One of the most difficult systems to generate a reliable point charge model is the 
CO molecule. This is reflected by the large root mean square deviation of the 
electrostatic molecular potential calculated from potential derived (PD) charges 
(either correlated or uncorrelated) [26]. Previous work [9] shows that systems 
containing a carbonyl group often exhibit large differences in interaction energies 
due to PD charges versus segmental multipole moments. In addition, correlation 
effects can reverse the polarity of the CO molecule. 

A set of PCM derived from atomic multipoles (up to quadrupole) is given in 
Table 1 for CO molecule. In this case, the extended 6-311G(3d) basis set has 
been used within Configuration Interaction- Single and Double excitations 
(CISD) approach to generate the generalized density matrix [25], so that the 
Hellman-Feynman theorem is satisfied. As the corresponding SCF value of 
molecular dipole moment ( -  0.088 a.u.) is close to the corresponding Hartree- 
Fock limit value (--0.100 a.u. [27]) one may consider that a significant portion 
of the basis set extension error has been eliminated. Correlated CAMM obtained 
in well-saturated basis set can be regarded as an accurate representation of a 
molecular charge distribution [ 15a], thus serving as a solid basis for systematic 
development of more approximate models. 

The set of 14 point charges presented in Table 1 exactly reproduces molecular 
and atomic charges, dipoles and quadrupoles of the CO molecule. The magnitudes 
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Table 1. Point charge model derived from correlated CAMM m ktm for CO in 6-311G(3d) basis set 
and generalized CISD density matrix (R = 0.1 a.u.) 

Point CAMM Xp [a.u.] Yp [a.u.] Zp [a.u.l qp [a.u.] 
charge 

1 c 0 0 - 1.157 1184.262 
2 rn °°l , m °°2 0 0 - 1.257 - 227.273 
3 m °°1 , m °°2 0 0 - 1.057 - 222.767 
4 0 0 0 0.868 l 112.594 
5 m o°°I, moOO2 0 0 0.768 - 181.179 
6 m~ °1, m °°2 0 0 0.968 - 180.859 

7 -8  m~ °° - / + 0.1 0 - 1.157 - 183.508 
9 10 m °2° 0 - / + 0 . 1  - 1.157 - 183.508 

i 1-12 m 200 - / + 0.1 0 0.868 - 187.685 
13-14 m °2° 0 + / - 0.1 0.868 - 187.685 

o f  these  cha rges  are  d i rec t ly  r e l a t ed  to  the  a rb i t r a r i l y  c h o s e n  r ad ius  R on  w h i c h  
all these  cha rges  ( excep t  the  a t o m - c e n t e r e d  one)  a re  loca ted .  T h e  first  six n o n z e r o  
l o n g i t u d i n a l  c o m p o n e n t s  ( l o c a t e d  on  the  z axis) can ,  in p r inc ip le ,  be  r e d u c e d  to  
two  a t o m i c  centers  (u s ing  the  r e l a t i on  M ° ° l =  q a R c o )  whi le  r e p r o d u c i n g  the  
m o l e c u l a r  d ipole .  H o w e v e r ,  such  a t w o - c h a r g e  m o d e l  c a n n o t  r e p r o d u c e  the  loca l  
a n i s o t r o p y  due  to  a t o m i c  dipoles .  M o r e o v e r ,  the  effect  o f  the  r e m a i n i n g  e ight  
c o m p o n e n t s  c a n n o t  be  desc r ibed  accu ra t e ly  by cha rges  l oca t ed  on  nuclei .  

In  o r d e r  to  i l lus t ra te  the  ro le  o f  o f f - a t o m  p o i n t  charges ,  in T a b l e  2, the  exac t  
e x p e c t a t i o n  va lues  o f  m o l e c u l a r  e l ec t ros ta t i c  p o t e n t i a l  h a v e  been  c o m p a r e d  w i t h  
resul ts  o b t a i n e d  f r o m  v a r i o u s  s imple  C A M M  a n d  P C M  mode l s .  T h e  
C A M M  (R - 3 )  a n d  C A M M  (R 5) r ep re sen t  a t o m i c  m u l t i p o l e  e x p a n s i o n s  t e rmi -  
n a t e d  at  q u a d r u p o l e  a n d  h e x a d e c a p o l e  m o m e n t s ,  respec t ive ly .  P C M  (c = 14) 
deno t e s  full  P o i n t  C h a r g e  M o d e l  g e n e r a t e d  f r o m  C A M M  up  to q u a d r u p o l e ,  

Table 2. Molecular electrostatic potentials calculated from generalized correlated CISD wavefunc- 
tion in 6-311G(3d) basis set form various PCM and CAMM models versus accurate expectation 
values for CO molecule. R distance (in [a.u.]) is measured from the center of the mass in the direction 
perpendicular to molecular axis 

R [a.u.] exact CAMM (R -5) CAMM (R 3) PCM (c = 14) PCM (c = 6) 

3 0.0245 0.0159 0.0190 0.0188 0.1000 
4 0.0098 0.0091 0.0096 0.0095 0.0528 
5 0.0053 0.0052 0.0054 0.0053 0.0300 
6 0.0032 0.0032 0.0033 0.0032 0.0183 
7 0.0021 0.0021 0.0021 0.0021 0.0119 
8 0.0014 0.0014 0.0014 0.0014 0.0082 
9 0.0010 0.0010 0.0010 0.0010 0.0058 
i0 0.0007 0.0007 0.0007 0.0007 0.0043 
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whereas PCM (c = 6) denotes its subset, where the off-axis charges have been 
collapsed to atomic centers. There is a good agreement between CAMM (R-3) 
and PCM (c = 14) values while PCM (c = 6 )  fails to reproduce the 
CAMM ( R -  3) results at all the distances examined. These results demonstrate 
the need to include the off-atom point charges by PCM. 

In order to test the convergence of the PCM model, based on CMMM in 
calculating electrostatic interactions, we have chosen to investigate two cases: 

- intermolecular interactions in a hydrogen bonded water dimer, and 
- intramolecular (torsional) interactions in hydrogen disulfide. 

3.2 Intermolecular interactions in (920)2 

Figure 1 illustrates relative errors of several CMMM variants of electrostatic 
multipole interaction energies for a water dimer at different Roo distances 
(Roo = 5.57 a.u. - equilibrium). It seems that the use of an atomic (c = 3) multi- 
pole expansion, at any R n level, is convergent with results from c = 5 (one 
additional center per bond) and c = 7 (two additional centers per bond) expan- 
sions. As the reference values, we used the electrostatic interaction energy 
obtained by perturbational treatment using a ( l l s7p2d/6s lp)  basis set [28]. 
Because the perturbational values also include a penetration term not covered 
within the multipole expansion, the error at equilibrium R00 distance does not 
converge at zero, even at the R -5 level. On the same figure, the values from 
PCM obtained from three sets of  atomic multipoles (c = 3), up to quadrupole 
level (s = 9) using radius of R = 0.1 have also been plotted. The PCM values 
coincide almost exactly with atomic multipole estimates terminated at the 
quadrupole-quadrupole term, so these were not plotted here. For  example, for 
R = 5.67 a.u. the PCM value is -6 .272  kcal/mol, whereas the corresponding 
CAMM estimate (expansion truncated at quadrupoles) yields -6 .270  kcal/mol. 
Since this PCM model accurately represents the molecular charge distribution, it 
can be useful in benchmark calculations testing more approximate charge 
distribution models. The number of  charges per expansion center (c = 9) can be 
gradually reduced, while monitoring the level of convergence and its possible 
influence on accuracy. 

3.3 Intramolecular interactions in H S - S H  

Figure 2 illustrates torsional barrier estimates obtained in supermolecular 
LCAO MO SCF, CMMM and PCM approaches (R = 0.1 a.u., quadrupole level, 
6-31G* basis set). In this case, besides atomic expansion centers, one additional 
center has been located in the middle of  each S-H bond (c = 6). The close 
correspondence of  CMMM and PCM results indicates that PCM model can also 
reasonably represent strong intramolecular interactions, although at such short 
distances one cannot expect impressive accuracy. However, these preliminary 
results suggest that it may be possible to estimate torsional potentials in a 
completely nonempirical way. 

It should be noted that use of lower PCM levels (s -- 1, 3) yields no potential 
barrier, in agreement with our preliminary study [29]. 
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Fig. 1. Relative error in the C M M M  estimates of  electrostatic multipole interaction energy EMr P 
[R -n] in water dimer. Accurate perturbational results ELex~, [28] obtained in (1 ls7p2d/6s lp) basis 
set was taken as the reference value in computing the relative errors. PCM results correspond to 3 
expansion centers (c = 3, quadrupole level (s = 9), R = 0.1 a.u. 
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Fig. 2. Torsional potentials for HS-SH molecule calculated in 6-31G* basis set: a) ab initio SCF 
results, --II- ab initio SCF; b) CMMM estimates (e = 6) up to quadrupole-quadrupole term, 
- @  CMMM (Q-Q); c) PCM results (e = 6, s = 9, R = 0.1 a.u.), - - . - -  PCM (R = 0.1 a.u.) 

4 Conclusions 

Inter- and intramolecular electrostatic multipole interactions can be estimated 
with reasonable accuracy using the PCM and CMMM approach terminated at 
the quadrupole level. PCM derived from multicenter multipole moments can 
represent the local and global molecular charge distribution with any desirable 
accuracy, including the correlated level, without involving any fitting procedure. 
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