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In this study, the feasibility of building a database of theoretical atomic

deformation density parameters applicable to the construction of the densities

of biomacromolecules and to the interpretation of their X-ray diffraction data

is discussed. The procedure described involves generation of valence-only

structure factors of tripeptides calculated from theoretical densities at the

B3LYP level and the re®nement of multipole parameters against these

simulated data. Our results so far indicate that the backbone pseudoatoms

extracted in such a way are highly transferable and fairly invariant with respect

to rotations around single bonds in the peptide framework. The ultimate goal is

to use the aspherical-atom database for improved macromolecular re®nements

that are based on high-resolution data and for prediction of electrostatic

properties of larger molecules.

1. Introduction

With the revolutionary advances of macromolecular crystal-

lography over the past decade, the time needed to collect an

extended data set has been reduced from months to a few days

or less, while accuracy has been enhanced because of the high

level of redundancy achievable and the now common practice

of low-temperature data collection.

Improved statistical methods for data reduction, re®nement

and structure validation have led to better ®gures of merit to

evaluate the absolute quality of the structure associated with

a given set of diffraction data. These developments are

increasingly producing data of such a quality that application

of scattering models beyond the spherical-atom approxima-

tion is becoming a realistic possibility (FernaÂndez-Serra et al.,

2000).

A scattering model widely applied in the course of experi-

mental charge-density determination is the `pseudoatom' or

multipole formalism (Hansen & Coppens, 1978). The atomic

partitioning that is inherent in the pseudoatom de®nition

makes it possible to explore the degree of transferability of

atomic density functions in large biomolecules with similar

repeating subunits. A plausible reasoning suggests that

chemically equivalent atoms make close to identical contri-

butions to the total density, provided their local connectivity is

similar. Such chemical symmetry is often imposed to reduce

the number of variables in charge-density re®nements. But it

can also be used to construct molecular densities from a

limited number of known pseudoatomic densities. This idea

was ®rst realized in a study of displacement amplitudes, in the

course of which deformation-density parameters (Hirshfeld,

1971) extracted from perylene high-resolution data were used

to improve the static scattering model of the naphthalene and

anthracene molecules (Brock et al., 1991). The same strategy

has been adopted for building the charge distribution of

peptide backbones from experimental pseudoatom densities

of small peptides and amino acids (Pichon-Pesme et al., 1995).

The simulated deformation densities were found to agree

within 0.1 e AÊ ÿ3 in the bonding regions with those extracted

directly from X-ray data. An experimental `deformation

density databank' of averaged multipole populations of

chemically unique peptide pseudoatoms has been reported

(Pichon-Pesme et al., 1995). Application of the database to the

thyrotropin-releasing hormone analog tripeptide pGlu±Phe±

d-Pro±�[CN4]±Me resulted in a signi®cant improvement of

the ®t, as compared to that of the conventional model. This

improvement is re¯ected not only in terms of statistical ®gures

of the ®t but also in terms of enhanced physical signi®cance of

the thermal displacement parameters (Pichon-Pesme et al.,

1995). The treatment of a relatively high resolution (0.82 AÊ )

X-ray data set on the 310 helix octapeptide Ac±Aib2±

l-Lys(Bz)±Aib2±l-Lys(Bz)±Aib2±NHMe likewise gave a

considerable improvement in the crystallographic R factor,

accumulation of electrons in the lone-pair and bond regions in

the Fourier deformation maps and a signi®cant change in the

temperature factors (Jelsch et al., 1998). Efforts have been

made toward aspherical-atom re®nement using the limited

model. The study on the scorpion Androctonus australis



Hector toxin II (room-temperature data of 0.96 AÊ resolution)

also revealed bonding effects, but led to an underestimation of

the net charges on the peptide-bond atoms (Housset et al.,

2000). In the case of the protein crambin (0.54 AÊ resolution,

low-temperature data), the re®nement resulted in multipole

parameters within 25% of those from the transferable data-

base but lower bonding features than predicted by the data-

base (FernaÂndez-Serra et al., 2000).

An alternative route to a pseudoatom databank is offered

by systematic analysis of theoretical densities that can be

readily calculated for small and medium-size molecules given

the power of modern computers. Model studies using X-ray

data generated from known densities have unlimited poten-

tial. The simulated static data are free of random and

systematic errors as well as thermal motion effects, can be

calculated to arbitrary resolution and with a uniform reci-

procal-space sampling, at different levels of theory, for any

molecule (limited only by the number of basis functions

required), for an arbitrary conformation, either isolated or

embedded in the crystal. Effects such as the size of the basis

set, level of theory and molecular conformation can be studied

separately and the model validation can be based on a suf®-

ciently large sample obtained under systematically varied

conditions. The known phases can be imposed as constraints in

the re®nement of the theoretical data or used as independent

observations.

X-ray charge densities, on the other hand, include crystal

matrix and electron correlation effects, but the extent to which

these effects can be extracted from experimental structure

factors remains to be explored. A comparative analysis of

crystalline densities, derived via periodic ab initio methods and

multipole densities projected from the corresponding struc-

ture factors, revealed that the pseudoatom model is capable of

retrieving the effect of intermolecular interactions (Spackman

et al., 1999). However, a closely related model study on the

non-centrosymmetric structure of urea concluded that random

errors introduced into the simulated structure factors in¯u-

enced the multipole density extracted from the data to such an

extent that the effect of intermolecular interactions could not

be retrieved (de Vries et al., 2000). Correlation effects are also

dif®cult to evaluate separately since the experimental density

does not correspond to a quantum state.

On the other hand, the theoretical approach is compro-

mised by the level of approximation and the size of the basis

set applied. While the density functional theory in principle

includes electron correlation, the basis set utilized is neces-

sarily limited if periodic calculations are to be considered. Our

choice of the B3LYP method utilizing the 6-31G** basis set

relies on the results of recent studies demonstrating that the

density obtained by this method for small molecules compares

well with those extracted from high-resolution X-ray data

(Volkov, Abramov & Coppens, 2001; Abramov et al., 1999).

This is also a feasible level of theory to be applied in periodic

calculations.

The ®rst step towards a theoretical database of pseudo-

atoms is to explore the chemical transferability and the

conformational invariance of deformation density parameters.

These aspects of the theoretical approach to protein electro-

statics have been analyzed by Koch et al. (1995) in terms of

multipole moments based on Stone's distributed multipole

method (Stone, 1981). The conformational dependence of

topological atoms, de®ned within the framework of the theory

of `atoms in molecules' (AIM) (Bader, 1990), has been studied

in amino acids by Matta & Bader (2000). The most recent

related study is concerned with building the electrostatic

potential of macromolecules from those of fragments (Zhong

et al., 2002).

2. Scattering model, data simulation and density
refinement

In the Hansen±Coppens (1978) formalism, the molecular

(crystalline) density is taken as a superposition of atomic

densities:

��r� � �c�r� � Pv�
3�v��r� �Plmax

l�0

Rl��0r�
Pl

m�0

Plmpdlmp��; '�; �1�

where �c and �v are the spherical core and valence densities,

respectively, while the aspherical (deformation) part is given

as a linear combination of density-normalized real spherical

harmonics (dlmp, p = �) expressed in local frames attached to

the nucleus. The core and spherical valence functions are

Hartree±Fock densities (Clementi & Roetti, 1974), while the

radial functions of the deformation part are simple Slater

functions with energy-optimized exponents (Clementi &

Raimondi, 1963). In addition to the conventional parameters,

the number of valence electrons (Pv), the multipole popula-

tions (Plmp) and radial screening parameters (� and �0) are

optimized in the least-squares re®nement against structure-

factor data. The number of independent multipole popula-

tions can be restricted by imposing local symmetries.

The X-ray data were generated from theoretical densities of

isolated tripeptide molecules at the B3LYP level of theory

utilizing the 6-31G** standard basis set using the GAUS-

SIAN98 program package (Frisch et al., 1998). Complex

structure factors were calculated for reciprocal-lattice points

corresponding to a cubic cell with 15 AÊ edges. The Fourier

transform of the Gaussian orbital products was derived

analytically as described by Chandler & Spackman (1978).

Though the quantum-chemical calculations were done at the

all-electron level, the contribution of the core orbitals was not

included in the structure-factor generation. The pseudoatom

model is a frozen-core approximation and the scattering

factors corresponding to the core densities are derived from

more extended calculations than those applied here for the

molecular wave functions. While the difference between

Slater-type and the six-term Gaussian basis functions is

expected to be negligible, the exclusion of the core density

avoids the possible source of bias associated with inadequate

®tting of core features. An additional advantage of the

approach is that data resolution is less of an issue, as the

valence-only structure factor falls of more rapidly as a func-

tion of sin�=� than the total structure factor. At a resolution of
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1.15 AÊ ÿ1 ± a cutoff value applied in the course of this study ±

the scattering power of the molecules studied drops below

0.1% of Fval(000) (the number of valence electrons).

Furthermore, the crystallographic R value calculated for the

valence-only structure factors provides a more sensitive

®gure-of-merit of the ®t than the R factor for the total struc-

ture.

All re®nements were done with a locally modi®ed version of

the XDLSM module of the XD program suite (Koritsanszky

et al., 1995). The theoretical phases ('theo) were imposed as

constraints during the ®t by replacing, at each cycle, the model

phases with the `true' phases in the calculation of the struc-

ture-factor derivatives:

F � A cos 'theo � B sin 'theo �2a�
@F=@p � �@A=@p� cos 'theo � �@B=@p� sin 'theo; �2b�

where p stands for a valence-density parameter. This restric-

tion resulted in signi®cant changes in odd-order multipole

populations compared to those derived via the corresponding

unconstrained ®t, without a noticeable deterioration in the

convergence of the re®nement. Unit weights were used

throughout.

3. Transferability of the pseudoatoms of the peptide
backbone

The structure factors were derived for molecular structures

obtained by geometry optimizations at the molecular-

mechanics level using the MMFF force ®eld (Halgren, 1996)

implemented in Spartan5.0 (1997). Relevant geometrical par-

ameters are listed in Table 1. The bond distances and angles

are in close agreement with those widely used in constrained

protein re®nements and the  and � torsion angles (dihedral

angles about the C�ÐC0 and NÐC� bonds, respectively)

Table 1
Relevant geometrical parameters of the peptide backbone of the central
serine residue A = Ala, G = Gly, S = Ser.

C0 O 1.2214, CÐO(H) 1.3309, C�ÐN 1.4605, C�ÐC0 1.5097, C�ÐC�
1.5501, C0ÐN 1.3534 AÊ , NÐC�ÐC0 107.4, C�ÐC0ÐN 117.5, C�ÐC0 O
119.4, NÐC0 O 123.1�. Units are AÊ and �.  and � are the dihedral angles
about the C�ÐC0 and NÐC� bonds, respectively.

ASA ASG ASS SSA SSG ASSA

�2 ÿ60.0 ÿ61.5 ÿ59.8 ÿ59.3 ÿ61.2 ÿ62.1
�3 ÿ66.1 ÿ69.0 ÿ67.5 ÿ66.1 ÿ69.2 ÿ53.2
�4 ÿ58.2
 1 ÿ52.3 ÿ52.1 ÿ52.6 ÿ59.4 ÿ59.4 ÿ51.5
 2 ÿ53.6 ÿ55.3 ÿ53.0 ÿ53.3 ÿ54.8 ÿ49.6
 3 ÿ49.0

Table 2
Local coordinate systems assigned to the peptide backbone atoms.

The Axis 1±Axis 2 plane is de®ned by two vectors; one pointing from Atom to
Atom 1, the other from Atom 1 to Atom 2. The third axis is chosen to be
perpendicular to this plane completing a right-handed system.

Atom Atom 1 Axis 1 Atom 2 Axis 2

C� C0 X N Y
C0 O X N Y
C� C� X O(H) Y
N C0 0 X H(N) Y
O C0 X N Y

Figure 1
Deformation densities in the peptide plane of Ala±Ser±Ala. (a) Multipole
model density ®tted to the B3LYP theoretical density. (b) Multipole
density constructed from the pseudoatom database. (c) The difference
between (a) and (b). Contour intervals are at 0.05 e AÊ ÿ3.



correspond to �-helix-type secondary structure. Each non-

hydrogen pseudoatom was represented up to the octupole

level (lmax = 3) in the multipole expansion in local frames given

in Table 2 for the atoms in the central peptide residue. Local

mirror symmetry was imposed on the carbonyl C0 and O atoms

of the peptide backbone, on the C and O atoms of the ÐCOH

group in the side chain of the serine residue and m3 symmetry

on the methyl group of the alanine residue. The deformation

density of the hydrogen atoms in the CÐH bonds was

described by a bond-directed dipole (l = 1, m = 0; one for each

type of hydrogen atom), while a quadrupole of cylindrical

symmetry (l = 2, m = 0) was added to the H atoms of the NÐH

and OÐH bonds. The choice of the site coordinate systems

and the local symmetries imposed are consistent with those

used in building the experimental databank (Pichon-Pesme et

al., 1995), thus allowing direct comparison of the experimental

and theoretical results. All atoms of the peptide backbone

were treated independently but chemically equivalent side-

chain atoms were constrained to have the same deformation

density. Both � and �0 radial screening parameters were

re®ned, even for hydrogen atoms. Each tripeptide was

constrained to remain neutral during the re®nement. Final

valence R values were in the range 0.010±0.012 with re¯ection-

to-variable ratios of over 70.

Table 3 shows multipole populations for the atoms of the

peptide bond of the central serine residue obtained by aver-

aging the results of multipole re®nements of theoretical X-ray

data of tripeptides in their neutral form (Ala±Ser±Ala,

Ala±Ser±Gly, Ala±Ser±Ser, Ser±Ser±Ala and Ser±Ser±Gly).

The relatively small standard deviations (calculated with

respect to the sample's mean) indicate a reasonable invariance

of the multipole populations with change of the terminal

residues of the tripeptides. These results suggest that the

density asphericity at the C�-, C0-, N- and O-atom sites can be

accounted for by, respectively, 10, 6, 6 and 6 extra parameters

(with respect to the spherical-atom model). Of these, 5, 4, 3

and 3 are the minimum number of multipoles needed to

describe the dominant features of the valence deformation

density in each of the atom types, respectively. Bold-faced

entries in Table 3 are the experimental multipole populations

reported earlier (Pichon-Pesme et al., 1995). The two methods

lead to practically identical carbon pseudoatoms of the

peptide unit in terms of the dominant terms of the multipole

expansion (P31+, P31ÿ and P33+ for C� and P11+, P20, P22+ and

P33+ for C0), while for the peptide N atom a considerable

difference is found for the 33+ spherical harmonic density

function, which is the major contributor to its asphericity. The

aspherical density of the experimental O and N pseudoatoms

is represented, respectively, by three (d11+, d20 and d22+) and

one (d33+) signi®cantly populated terms. The extra functions in

Table 3 may be needed for an accurate description of the

valence density.

In Fig. 1, the multipole deformation densities in the plane of

the central peptide group in Ala±Ser±Ala obtained by direct

®t (Fig. 1a) are compared with those constructed from the

averaged pseudoatoms (Fig. 1b). The two maps are practically

equivalent, the differences (Fig. 1c) being in the range of

experimental accuracy of X-ray charge densities. The quality
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Table 3
Averaged multipole populations of the peptide backbone atoms in the central serine residue of the tripeptides Ala±Ser±Ala, Ala±Ser±Gly, Ala±Ser±Ser,
Ser±Ser±Ala and Ser±Ser±Gly.

Ordered pairs in the ®rst column (lm�) designate spherical harmonics (dlm�). Entries corresponding to the symmetry-forbidden spherical harmonics are left blank.
Zero entries correspond to insigni®cant populations: |Plmp| < 3�(Plmp). Numbers in parentheses are standard uncertainties based on unit weight (model errors).
Bold-face entries in lower lines are the experimental populations reported earlier (Pichon-Pesme et al., 1995).

Plmp C� C0 N O H� H(N)

0 0 4.02 (2) 4.05 (1) 5.13 (3) 6.15 (1) 0.825 (5) 0.81 (3)
1 1+ 0.0 0.115 (7) 0.0 ÿ0.098 (3)

0.12 ÿ0.10
1 1ÿ ÿ0.080 (5) 0.0 0.040 (6) ÿ0.008 (1)
1 0 0.092 (5) 0.0 0.068 (1) 0.11 (1)

0.15
2 0 0.048 (5) ÿ0.303 (5) 0.066 (2) ÿ0.087 (1) 0.0

ÿ0.32 ÿ0.06
2 1+ ÿ0.045 (7) 0.0
2 1ÿ 0.0 0.0
2 2+ 0.023 (4) 0.096 (3) 0.0 ÿ0.095(1)

0.13 ÿ0.06
2 2ÿ 0.058 (4) 0.020 (5) ÿ0.018 (3) ÿ0.009 (2)
3 0 0.0 0.0 0.0
3 1+ ÿ0.161 (6) 0.0 0.014 (4) 0.0

ÿ0.16
3 1ÿ ÿ0.213 (2) 0.024 (3) 0.0 ÿ0.004 (1)

ÿ0.21
3 2+ 0.0 0.0
3 2ÿ 0.0 0.0
3 3+ 0.195 (3) 0.424 (6) 0.12 (1) 0.0

0.25 0.43 0.27
3 3ÿ ÿ0.062 (4) 0.0 0.009 (2) 0.0
� 1.006 (12) 1.002 (1) 0.9972 (4) 0.9869 (2) 1.236 (1) 1.253 (26)
�0 0.920 (4) 0.850 (3) 1.126 (36) 1.003 (5) 1.616 (12) 1.537 (40)
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of the constructed density was evaluated also by comparing

the corresponding structure factors with those derived directly

from the wave function. Since the superposition of databank

pseudoatoms does not necessarily give rise to a neutral

pseudomolecule, the valence populations (Pv) were readjusted

prior to the structure-factor calculation to obtain the correct

number of electrons. For the Ala±Ser±Ala molecule, an R

value of 1.1% is obtained with the databank densities, that is,

they ®t the structure factors as well as the model based on the

direct re®nement. The same conclusion is reached in the

analysis of the Ala±Ser±Ser±Ala tetrapeptide.

3.1. Bond-topological properties

Table 4 lists bond-topological properties (Bader, 1990) for

Ala±Ser±Ala obtained directly from the theoretical density,

from the multipole density ®tted to it and from the density

constructed on the basis of the theoretical databank. While the

density and the bond-perpendicular curvatures (�1, �2) at the

bond critical points (BCP's) agree well, large discrepancies are

found between the bond-parallel curvatures (�3) derived from

the primary density based on the wave function and those

obtained from the multipole density, especially for the polar

bonds (C0 O and CÐN). This observation is in line with a

previous analysis, and attributed to the bias introduced by

inadequate radial functions of the deformation model

(Volkov, Abramov, Coppens & Gatti, 2000; Volkov &

Coppens, 2001). As both are based on the same radial func-

tions, the bond topological indices of the databank-

constructed density are in almost perfect agreement with

values derived from the ®tted multipole density. Fig. 2

displaying the Laplacian distribution in the peptide bond of

the central serine residue demonstrates that this equivalence is

not only satis®ed at the BCP: both maps show the same

features characteristic to bonded and non-bonded valence-

shell charge concentrations.

3.2. Atomic electrostatic moments

The transferability of the pseudoatoms was analyzed also in

terms of electrostatic moments based on the AIM partitioning

scheme (Bader, 1990). In Table 5, atomic net charges (q),

components and magnitudes of dipole (d) and quadrupole

moments (Q) are listed for the atoms in the central serine

moiety of the ASA molecule. The integration of the theore-

tical density was performed with the PROMEGA module of

the AIMPACK program suite (Cheeseman et al., 1992), while

the multipole densities were integrated with TOPXD (Volkov,

Gatti, Abramov & Coppens, 2000).

For direct comparison of the results, the spherical tensor

atomic moments (Price et al., 1984) in Table 5 are expressed in

local frames used in the re®nements (Table 2). As expected on

the basis of bond-topological data (Table 4), there are signif-

icant discrepancies between theoretical moments and those

derived from the ®tted density. While the B3LYP charges

indicate more polarized bonds (larger charge separations)

Table 4
Critical-point properties of selected bonds in the peptide backbone of
Ala±Ser±Ala.

First line: B3LYP/6-31G** theoretical density; second line: multipole density
®tted to the theoretical density; third line: density based on averaged
multipole populations. Units are electrons and AÊ .

Bond �BC r2�BC �1 �2 �3

C0 O 2.74 1.3 ÿ25.7 ÿ23.9 50.3
2.83 ÿ31.3 ÿ24.5 ÿ22.5 15.8
2.78 ÿ26.9 ÿ24.1 ÿ22.1 19.3

NÐC� 1.77 ÿ17.8 ÿ12.5 ÿ11.8 6.5
1.67 ÿ6.5 ÿ11.6 ÿ10.7 15.7
1.66 ÿ6.8 ÿ11.4 ÿ10.5 15.1

C0ÐN 2.21 ÿ23.0 ÿ17.5 ÿ15.5 10.0
2.18 ÿ18.8 ÿ17.4 ÿ14.6 13.2
2.17 ÿ19.8 ÿ17.2 ÿ14.4 11.8

C�ÐC0 1.80 ÿ16.4 ÿ13.2 ÿ12.5 9.3
1.78 ÿ13.2 ÿ12.9 ÿ11.4 11.0
1.77 ÿ12.9 ÿ12.5 ÿ11.3 10.9

C�ÐC� 1.64 ÿ13.5 ÿ11.3 ÿ10.9 8.6
1.57 ÿ9.2 ÿ10.5 ÿ9.9 11.3
1.57 ÿ9.0 ÿ10.4 ÿ9.9 11.4

�BC and r2�BC are the density and the Laplacian, respectively, at the bond critical point
(where r� = 0), �1 and �2 are bond-perpendicular and �3 bond-parallel curvatures
(r2�BC = �1 + �2 + �3).

Table 5
Topological atomic net charges (q), dipole (dlmp) and quadrupole
moments (Qlmp) in spherical tensor form for the atoms in the central
peptide group in Ala±Ser±Ala.

Upper line: calculated from the B3LYP density; middle line: calculated from
the multipole density ®tted to the theoretical data; lower line: calculated from
the databank parameters. |d| = {

P
(d1m)2}1/2, Q = {

P
(Q2m)2}1/2. Entries are in

atomic units.

C� C0 N O H� H(N)

q 0.41 1.55 ÿ1.25 ÿ1.20 0.05 0.43
0.24 1.30 ÿ0.89 ÿ1.03 0.07 0.32
0.22 1.31 ÿ0.91 ÿ1.04 0.09 0.35

d11+ 0.44 0.50 ÿ0.20 ÿ0.53 0.02 ÿ0.01
0.40 0.45 ÿ0.10 ÿ0.29 0.01 0.0
0.39 0.49 ÿ0.08 ÿ0.31 0.01 0.0

d11ÿ ÿ0.03 ÿ0.52 ÿ0.09 0.02 ÿ0.01 0.0
0.07 ÿ0.29 ÿ0.01 ÿ0.03 0.0 0.0
0.01 ÿ0.35 ÿ0.09 ÿ0.02 0.0 0.0

d10 0.02 0.03 0.03 ÿ0.04 0.12 0.18
0.12 0.02 0.03 ÿ0.01 0.13 0.14
0.11 0.02 0.02 ÿ0.01 0.13 0.14

|d| 0.45 0.72 0.23 0.53 0.12 0.18
0.43 0.53 0.11 0.30 0.13 0.14
0.41 0.60 0.13 0.32 0.14 0.14

Q20 ÿ0.20 ÿ0.79 ÿ1.09 ÿ0.09 0.16 0.02
ÿ0.12 ÿ0.70 ÿ1.22 ÿ0.37 0.20 0.10
ÿ0.18 ÿ0.71 ÿ1.25 ÿ0.36 0.20 0.09

Q21+ ÿ0.03 ÿ0.02 ÿ0.06 ÿ0.02 ÿ0.02 0.01
0.16 ÿ0.01 ÿ0.05 ÿ0.01 ÿ0.02 0.0
0.08 ÿ0.01 ÿ0.06 ÿ0.01 ÿ0.02 0.0

Q21ÿ 0.04 0.02 0.01 ÿ0.02 0.01 0.0
0.15 0.02 ÿ0.01 0.0 0.0 0.0
0.13 0.02 0.02 0.01 0.0 0.0

Q22+ 0.35 0.25 ÿ0.21 0.21 0.0 ÿ0.01
0.25 0.26 ÿ0.09 0.21 0.01 ÿ0.01
0.24 0.26 ÿ0.09 0.18 0.01 ÿ0.01

Q22ÿ 0.01 0.38 0.05 ÿ0.01 0.0 0.0
0.11 0.30 0.17 ÿ0.03 0.01 0.0
0.08 0.34 0.17 ÿ0.01 0.01 0.0

Q 0.40 0.91 1.11 0.23 0.16 0.03
0.37 0.81 1.24 0.42 0.20 0.11
0.35 0.83 1.27 0.40 0.20 0.09



than those calculated from the multipole density, the peptide

unit is neutral in both representations. At each atom, the

bond-directed component (dx = d11+) and the magnitude (|d|)

of the local dipole moment is underestimated by the multipole

model. The quadrupole moments appear to be better

preserved by the multipole projection, except for the N atom.

The important observation is that the dipole and quadrupole

moments derived from the simulated density are practically

equal in value to those corresponding to the ®tted multipole

density.

4. Conformation dependence of the backbone
pseudoatoms

The conformational ¯exibility of a peptide backbone arises

from the low-energy-barrier rotations about the C�ÐC0 and

C�ÐN single bonds. To examine the conformation depen-

dence of the theoretically derived multipole parameters,

structure-factor data sets were generated for Ala±Ser±Ala

from B3LYP/6-31G** wave functions calculated at different

geometries. The  (C�ÐC0)±�(NÐC�) conformation space

associated with the serine residue was represented by 20

points given in Table 6. The coordinates cover regions char-

acteristic to both the �-helix- and �-sheet-type secondary

structures. The dependence of the backbone C�ÐC0 and

NÐC� bond lengths and the NÐC�ÐC0 bond angles on the

 (C�ÐC0) and �(NÐC�) torsion angles was accounted for as

described by Jiang et al. (1997). Their analysis includes high-

resolution structural data of 43 oligopeptides retrieved from

the CSD and arranged according to ( ,�) regions of 30 � 30�.
The C�ÐC0 and NÐC� distances and the NÐC�ÐC0 bond

angles assigned to each ( ,�) interval are average values over

the peptide population found in that interval. Simulated data

sets derived for each molecular geometry were ®tted using the

model described above, after which the resulting multipole

populations for chemically equivalent atoms were averaged.

Fig. 3(a) displays the evolution of the net charge of each

pseudoatom in the serine peptide group with a change in the

 (C�ÐCÿ) torsion angle fromÿ60 to +165� and �(NÐC�) =

ÿ105�. The two C atoms appear to be the most sensitive to the

changes in the torsion angle and a small charge transfer seems

to be taking place between these sites. To a good approxi-

mation, the overall charge of the peptide group remains

unchanged when the conformation is changed from the
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Table 6
Geometrical data of the central serine residue in Ala±Ser±Ala.

 and � refer to dihedral angles about the C�ÐC0 and NÐC� bonds,
respectively. Units are AÊ and �. The last column gives the number of structures
with a particular backbone conformation over which average distances and
angles were calculated.

�  NÐC� C�ÐC0 NÐC�ÐC0
No. of
structures

ÿ45 ÿ15 1.434 1.513 114.33 5
ÿ45 ÿ45 1.459 1.512 112.84 7
ÿ75 165 1.455 1.530 109.45 6
ÿ75 135 1.463 1.515 109.62 7
ÿ75 105 1.496 1.532 106.89 1
ÿ75 45 1.464 1.516 111.64 2
ÿ75 ÿ15 1.459 1.528 113.14 24
ÿ75 ÿ45 1.462 1.522 111.36 41
ÿ105 165 1.460 1.517 110.43 3
ÿ105 135 1.454 1.536 110.16 3
ÿ105 105 1.462 1.525 107.71 7
ÿ105 45 1.464 1.516 111.64 2
ÿ105 ÿ15 1.456 1.523 114.82 8
ÿ105 ÿ30 1.457 1.519 113.52 3
ÿ105 ÿ45 1.457 1.519 113.52 1
ÿ105 ÿ60 1.457 1.519 113.52 1
ÿ135 105 1.467 1.537 107.41 2
ÿ135 75 1.466 1.541 108.32 6
ÿ135 15 1.463 1.523 113.20 2
ÿ165 165 1.452 1.533 105.86 3

Figure 2
Relief map of the Laplacian distribution in the peptide plane of Ala±Ser±
Ala (a) from the multipole model density ®tted to the theoretical density,
(b) constructed from the pseudoatom database
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�-sheet to the �-helix. Higher-order populations ¯uctuate

somewhat as  (C�ÐC0) increases. The changes displayed for

the octupole populations (P31ÿ and P31+) of the C� atom are

typical and do not seem to reveal any systematic trend

(Fig. 3b).

Table 7 lists multipole populations and radial scaling par-

ameters (� and �0) for the atoms in the serine residue averaged

over 20 conformations. As the standard deviations in Tables 3

and 7 are comparable, variations in the populations upon

conformational change (amounting typically to 10% with

respect to mean values) are in the range of those found upon

changing the sequence along the peptide backbone.

5. Summary

As pointed out earlier (Pichon-Peshme et al., 1995), there are

three important points to consider when building a database

of pseudoatoms applicable to model macromolecular densi-

ties: (i) chemical transferability; (ii) conformation invariance;

and (iii) the effect of intermolecular interaction. The former

two aspects were explored in this study, while the third one

will be the objective of a future study in which results of

periodic crystal calculations will be compared to those

obtained for the corresponding isolated molecules.

Chemical transferability seems to be an intrinsic property of

the pseudoatoms in the peptide backbone for the tripeptides

considered here. The density of the Ala±Ser±Ala tripeptide, as

built from the limited databank, resembles quantitatively that

derived from re®nement of the theoretical structure factors,

not only in terms of deformation features and associated

structure factors but also in terms of bond topological ®gures,

the Laplacian distribution and AIM moments. For the C atoms

(C� and C0), the results clearly support the experimental

method of deriving transferable multipole populations.

However, noticeable discrepancies between theoretical and

experimental deformation parameters were found for the

N and H atoms. In the analysis of these deviations, several

factors should be considered. First, the well known dif®culty

of the experimental method in retrieving the deformation

density at the hydrogen sites should be mentioned. Further-

more, the error free, static, valence-only structure factors

analyzed in this study allow re®nement of the radial screening

parameters of the deformation density (�0), even for the H

atoms, while in X-ray charge-density re®nements the same

procedure often fails. Since the N and H atoms for which

discrepancies occur are involved in hydrogen bonding, the

effect of intermolecular interactions on the density, which is

not accounted for in our current calculations, is a possible

source of disagreement. Last but not least, basis-set inade-

quacies have to be explored before a ®nal conclusion can be

drawn.

The small charge redistribution with geometry change is

re¯ected in the multipole density, but the dependence of the

pseudoatom populations on the  (C�ÐC) and �(NÐC�)

torsion angles of the central residue in ASA is too complex to

be described in terms of a few parameters. The multipole

populations corresponding to the 20 points of the Rama-

chandran domain that have been considered are scattered in a

relatively narrow range of not more than 10±15%, their

standard deviations are as small as those found upon variation

of the terminal residue. It follows that the conformational

dependence of the pseudoatoms is relatively small but not

completely negligible for the backbone carbon atoms.

Relevant to the above discussion is the degree of locality of

the pseudoatomic density and the ¯exibility of the deforma-

tion radial functions. The much discussed question to what

extent individual multipole populations can be considered as

`atomic properties' should be revisited if better transferability

is to be achieved. Model inadequacies mentioned above are

being analyzed in our laboratory. The possibility of multipole

representation of pseudoatoms derived via the stockholder

partitioning scheme (Hirshfeld, 1977) and the design of radial

functions capable of retrieving bond-parallel curvatures is

being investigated.

Figure 3
(a) The variation of the atomic net charges with the  (C�ÐC0) torsion
angle of the central serine residue in Ala±Ser±Ala [�(NÐC�) = ÿ105�].
(b) The variation of the dominant multipole populations of the central C�
atom with the  (C�ÐC0) torsion angle of the central serine residue in
Ala±Ser±Ala [�(NÐC�) = ÿ105�].



Nevertheless, the results reported here are promising as

they support `atomicity' as a practical concept to be applied in

charge-density studies of macromolecules. We have described

a strategy that can be adopted to identify chemically unique

atoms in biomacromolecules. The simplest approach considers

only the primary structure and de®nes atoms having the same

®rst neighbor to be equivalent. At this level, a division into

peptide groups and side groups emerges naturally. Since all

but the C� atom in a peptide backbone have the same

connectivity, the transferability of the peptide groups is

expected to break down only locally, i.e. at the C� sites. It is

anticipated that the effect of a side group on the C� atom is

determined by the chemical nature and connectivity of the C�
atom. This argument implies ®ve types of C� atoms corre-

sponding to the ®ve distinct C� atoms [H(GLY), CH3, CH2,

CH and CH2(PRO)] found in naturally occurring proteins.

The same strategy can be followed for de®ning transferable

side-chain atoms. In the side groups of the 20 amino acids

found in genetically encoded proteins, there are, all together,

206 atoms (118 H, 68 C, 9 N, 9 O and 2 S) that can be reduced,

according to the above approach, to 36 types (7 H, 19 C, 4 N,

4 O and 2 S). More atom types are to be introduced to account

for ionized sites.

We conclude that construction of the electron density of

peptides and proteins on the basis of atom-centered multipole

formalism is a realistic goal. Such a density can be used to

improve high-resolution protein re®nement. It has the

potential of predicting electrostatic properties of large mole-

cules and estimating the Coulomb interactions between

macromolecules and substrates.
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