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The differences between two databases describing the polypeptide main chain in

terms of charge-density parameters, directly usable in protein structure

re®nements, are discussed. These databases contain averaged multipole

populations of peptide pseudo-atoms obtained from re®nement against

theoretical simulated data and against high-resolution experimental data on

small peptide or amino acid molecules. The main discrepancy becomes apparent

when electrostatic properties are calculated.

1. Introduction

Since 1990, the number of reported high-resolution protein

structures (d � 1 AÊ ) has increased dramatically. We have

recently shown (Jelsch et al., 2000) that these data deserve a

better model than that of the spherical atom, allowing one to

model the charge transfer and the deformation of the electron

density caused by covalent and intermolecular interactions, as

usually performed in small-molecule crystallography (see, for

example, Coppens, 1997; Koritsanszky & Coppens, 2001;

Lecomte et al., 2003).

In order to model the valence electron density and related

properties of protein atoms (net atomic charges, electrostatic

potential, interaction energy etc.) from X-ray diffraction data,

we have built a database of experimental average aspherical-

atom scattering-factor parameters for chemically unique

peptide pseudo-atoms (Pichon-Pesme et al., 1995). This data-

base is now complete and includes all side chains of biologi-

cally active peptides (Pichon-Pesme et al., 2004). This database

is referred to as P2JL in the following. We have also demon-

strated the transferability of these aspherical scattering factors

for accurate protein crystallography by re®ning large peptide

structures (Jelsch et al., 1998) and ultra-high-resolution

protein data: the database was successfully tested on a scor-

pion toxin (Housset et al., 2000), on protein crambin (Jelsch et

al., 2000) and on aldose reductase (Muzet et al., 2003).

Furthermore, in order to be able to re®ne ultra-high-reso-

lution protein data with an aspherical formalism, we have

written a new re®nement program MoPro (Guillot et al., 2001)

based on the Hansen±Coppens formalism (Hansen &

Coppens, 1978):
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The ®rst two terms describe a spherically symmetric core and

the valence density, while the third term re¯ects the non-

spherical redistribution of the valence-electron density. The

ylm� functions are the multipolar spherical harmonic angular

functions in real form, and Rl = Nlr
n exp�ÿ�0�r� are Slater-type

radial functions, in which Nl is a normalization factor, and n

and � are parameters chosen according to the recipe given by

Hansen & Coppens (1978). Pval, Plm�, � and �0 are the re®ned

parameters for which average values are stored in the data-

base.

Besides aspherical-atom re®nement, the MoPro program

also contains all necessary restraints used for atomic resolu-

tion protein re®nement and allows, or not, depending on the

resolution of the diffraction data, charge-density parameter

re®nement from starting values transferred from the

aspherical scattering-factor database. These aspherical par-

ameters lead to the ®rst experimental determination of the

electrostatic potential of a protein (Muzet et al., 2003).

Recently, in parallel to this research, Koritsanszky et al.

(2002) proposed a database (called KVC in the following) of

theoretical aspherical scattering factors for the accurate

description of the deformation density and electrostatic

properties of large peptides and proteins. These scattering

factors have been obtained from valence-only structure

factors of isolated tripeptide molecules calculated using the

density functional theory (DFT) at the B3LYP level utilizing

the 6-31G** standard basis set. The calculations were

performed on isolated molecules with the GAUSSIAN98

program package (Frisch et al., 1998) after geometry optimi-

zations derived from molecular mechanics. The resulting

calculated static structure factors F(H) were then used for the

charge-density re®nements with a modi®ed version of the

program XD (Koritsanszky et al, 1995) to a maximum reso-

lution of sin �=� � 1.15 AÊ ÿ1; therefore, no experimental data

were used. As shown in Table 1, the multipole expansion was



also limited to l = 3 for C, O and N atoms, and only dipolar

contributions of the H atoms were deemed necessary. These

expansion limits and the chosen local axes systems are iden-

tical to those used for the experimental database. The

re®nements against theoretical data were performed by

imposing m symmetry on the carbonyl C0 and O atoms, and on

the C and O atoms of the COH group, and m3 symmetry on

the methyl group. In contrast, fewer constraints were imposed

on the experimental parameters: the selection of the Plm

parameters was made, a posteriori, on a statistical basis during

the database building (Pichon-Pesme et al., 1995, 2004). The

parameters that ful®l the statistical criteria de®ned in the

above papers were deposited in the experimental database.

These parameters are presented in bold in Table 1.

2. Electron-density parameters

In Table 1, the aspherical parameters of the peptide unit of the

theoretical database are compared with the experimental

parameters. Note that the experimental parameters have been

updated since the Pichon-Pesme et al. (1995) paper; the

averaged parameters are now calculated on 23 samples

compared with four in the previous paper. For each of the

re®ned structures, the re®nement was performed with the

same strategy: ®rst spherical high-order re®nement to obtain

unbiased positional (x, y, z) and thermal (Uij) parameters, then

multipole re®nement using all re¯ections. At the end, all

charge-density parameters including kappas were re®ned

together with the positional and thermal parameters. Usually,

no large correlation coef®cients were observed. As written in

the KVC paper, the theoretical non-spherical parameters of

C�, C0 and, to a lesser extent, O atoms are in excellent

agreement with experiment (if monopole and kappa param-

eters are excluded), whereas large differences appear for N

and H atoms. Fig. 1 gives the deformation density of the

nitrogen atom using the KVC parameters (Fig. 1a) compared

with that calculated with the experimental parameters (Fig.

1b) stored in the database. The large difference observed is, a

priori, not surprising, because least-squares ®tting of static

theoretical valence-only structure factors may partition the

aspherical density of the central N peptide atom differently

from that obtained through re®nement of accurate experi-

mental dynamic structure factors. This is, however, not

straightforward as the non-spherical parameters of the C0 and

C� neighbouring atoms agree very well. In the experimental

case, the N-atom charge density extends more along the

bonds, as predicted by its negative charge and its �0 value

being smaller than unity (Table 1): �0exp = 0.87, Pval exp = 5.31,

compared with �0th = 1.13, Pval th = 5.13. As the theoretical

re®nement was performed on isolated peptides, Koritsanszky

et al. invoke intermolecular interactions occurring in the

crystalline state to explain this difference. This seems to be in

contradiction with the fact that one observes a much better

agreement for the carbonyl O atom which is also involved in
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Table 1
Averaged multipole populations of the peptide backbone of the P2JL database (upper rows) compared with those given by Koritsanszky et al (2002)
(lower rows).

Bold values are the most signi®cant parameters used for MoPro re®nement of peptides and proteins (Guillot et al., 2001). Numbers between parentheses are the
standard error of the mean. [In the KVC parameters, 0.0 corresponds to insigni®cant populations and `±' are the constrained symmetry-forbidden spherical
harmonics.]

Kappa Kappa0 11+ 11ÿ 10 20 21+ 21ÿ 22+ 22ÿ

� �0 Pval x y z 3z2 ÿ 1 xz yz x2 ÿ y2 xy

C0 0.998 (4) 0.941 (16) 3.976 (3) 0.102 (8) 0.002 (5) ÿ0.009 (6) ÿ0.304 (11) 0.002 (6) ÿ0.007 (4) 0.102 (11) ÿ0.026 (13)
1.002 (1) 0.850 (3) 4.05 (1) 0.115 (7) 0.0 ± ÿ0.303 (5) ± ± 0.096 (3) 0.020 (5)

C� 0.992 (5) 0.911 (18) 4.119 (42) ÿ0.009 (15) ÿ0.051 (17) ÿ0.009 (23) 0.021 (26) ÿ0.006 (13) 0.012 (15) 0.002 (17) 0.023 (13)
1.006 (12) 0.920 (4) 4.02 (2) 0.0 ÿ0.080 (5) 0.092 (5) 0.048 (5) ÿ0.045 (7) 0.0 0.023 (4) 0.058 (4)

O 0.977 (3) 0.960 (28) 6.307 (16) ÿ0.075 (8) 0.011 (7) ÿ0.001 (4) ÿ0.078 (7) 0.002 (5) ÿ0.009 (4) ÿ0.070 (6) 0.005 (6)
0.9869 (2) 1.003 (5) 6.15 (1) ÿ0.098 (3) ÿ0.008 (1) ± ÿ0.087 (1) ± ± ÿ0.095 (1) ÿ0.009 (2)

N 0.987 (3) 0.867 (15) 5.312 (26) ÿ0.005 (7) ÿ0.072 (10) ÿ0.006 (3) ÿ0.050 (11) 0.008 (14) 0.003 (5) 0.000 (8) 0.034 (12)
0.9972 (4) 1.126 (36) 5.13 (3) 0.0 0.040 (6) 0.0 0.066 (2) 0.0 0.0 0.0 ÿ0.018 (3)

HN 1.203 (24) 1.051 (27) 0.700 (22) 0.164 (11)
1.253 (26) 1.537 (40) 0.81 (3) 0.11 (1)

H� 1.182 (16) 1.091 (28) 0.804 (20) 0.107 (9)
1.236 (1) 1.616 (12) 0.825 (5) 0.068 (1)

30 31+ 31ÿ 32+ 32ÿ 33+ 33ÿ

(5z2 ÿ 3)z (5z2 ÿ 1)x (5z2 ÿ 1)y (x2 ÿ y2)z 2xyz (x2 ÿ 3y2)x (3x2 ÿ y2)y

C0 0.000 (4) ÿ0.009 (7) 0.002 (5) 0.005 (6) ÿ0.002 (4) 0.411 (15) ÿ0.011 (7)
± 0.0 0.024 (3) ± ± 0.424 (6) ±

C� 0.017 (11) ÿ0.171 (13) ÿ0.268 (15) ÿ0.001 (13) ÿ0.016 (11) 0.265 (20) 0.056 (11)
0.0 ÿ0.161 (6) ÿ0.213 (2) 0.0 0.0 0.195 (3) ÿ0.062 (4)

O ÿ0.001 (3) ÿ0.013 (7) 0.006 (4) 0.002 (3) 0.003 (2) 0.039 (3) ÿ0.014 (5)
0.0 0.0 ÿ0.004 (1) ± ± 0.0 0.0

N ÿ0.004 (5) 0.011 (5) ÿ0.009 (2) 0.004 (2) 0.008 (5) 0.260 (9) ÿ0.018 (8)
0.0 0.014 (4) 0.0 0.0 0.0 0.12 (1) 0.009 (2)
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hydrogen bonding. The electron density of the carbonyl O

atom together with the NH group is the most subject to

variability depending on the chemical environment within the

polypeptide main chain (Fernandez-Serra et al., 2000).

The theoretical and experimental HN dipolar and Kappa

parameters disagree in Table 1; this is partly a consequence of

the difference between N-atom population parameters. The

theoretical net atomic charges of HN and H� are almost equal

(+0.2), despite the more acidic character of HN compared with

H�. The experimental database shows the acidic character of

HN (qHN = +0.3) compared with qH�
= +0.2 for H�. Further-

more, the HN dipole directed towards the N atom is lower in

the theoretical calculation (0.11) compared with the experi-

mental database (0.16), which re¯ects a weaker electron

transfer from the H atom to the N atom. As intermolecular

effects are averaged over 28 HN atoms of the experimental

database, the experimental database therefore provides elec-

tron-density parameters of a polarized HN atom averaged over

most of the possible intermolecular con®gurations in poly-

peptides, i.e. very suitable for an aspherical scattering-factor

database to be used in protein re®nement, as demonstrated by

Muzet et al. (2003). These comments are also valid for the H�

and O peptide atoms. These observations are con®rmed in

Fig. 2, which gives the theoretical (Fig. 2a) and experimental

(Fig. 2b) deformation densities of the NHC0O group and their

difference (Fig. 2c). Unexpectedly, the bonding deformation

density is generally higher in the experimental database and

the difference in H dipolar population (P11+) appears as a

strong contracted dipole centred on the H atom. The small

features around the O atom (Fig. 2c) can be attributed to the

lack of experimental resolution (�1 AÊ ÿ1).

3. Electrostatic properties

The most important application of building a charge-density

database, either from experiment or from theory, is its appli-

cation to electrostatics. As shown in Table 1, the two databases

clearly disagree when charges (Pval) and Kappa parameters

Figure 2
Static deformation electron densities of the NHÐC0 O group, (a) using the KVC parameters, (b) calculated with the P2JL parameters, and (c) the
difference between (a) and (b). Contours are as in Fig. 1.

Figure 1
Deformation electron density of the N atom (a) using the KVC
parameters and (b) calculated with the P2JL parameters. Contours are
at 0.05 e AÊ ÿ3 with full lines denoting positive contours and dashed lines
denoting negative and zero contours.



are compared. These parameters are the most important for

describing the medium- and long-range interactions. Fig. 3

compares the electrostatic potential obtained from theoretical

(Fig. 3a) and experimental (Fig. 3b) databases for a group of

four atoms involved in a peptide bond (NHÐC0 O), calcu-

lated using the ELECTROS program (Ghermani et al., 1998).

Qualitatively, the experimental database potential is deeper

than the corresponding theoretical potential. This disagree-

ment is partly caused by the net charge of the [C0, N, O, HN]

group: ÿ0.3 e for our database compared with ÿ0.14 e for the

KVC parameters. As most experimental charge-density

analyses of peptides (Pichon-Pesme et al., 2000; Benabicha et

al., 2000) lead to a negative potential of approximately

ÿ0.3 e AÊ ÿ1 around the carbonyl O atom, the experimental

values clearly reproduce the peptide environment on average.

On the other hand, the theoretical potentials obtained for

molecules in vacuo are similar for the KVC database and in a

semi-empirical molecular-orbital calculation (Gopi Mohan et

al., 1996) around O C oxygen atoms in thymine and glycine

molecules (ÿ0.15 and ÿ0.18 e AÊ ÿ1, respectively).

4. Conclusions

The electron-density maps derived from the two methods

agree qualitatively only. Most Pval parameters differ by 0.1 e,

which leads to different electrostatic properties; the charges of

the experimental database are in accordance with chemical

intuition. Finally, the experimental database has been

successfully tested on protein high-resolution X-ray data

(Housset et al., 2000; Jelsch et al. 2000; Muzet et al., 2003;

Blessing et al., 2003).
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Recherche Scienti®que (CNRS) and the French MinisteÁre de

la Recherche.
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Figure 3
Electrostatic potential generated by the NHÐC0 O group obtained
from (a) the KVC and (b) the P2JL database. Contours are at 0.05 e AÊ ÿ1

with full lines denoting positive contours and dashed lines denoting
negative and zero contours.
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