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The charge density of a hexapeptide was determined from

high-resolution CCD area-detector experiments at 100 K. Two

datasets, one from a rotating anode and a second one from

synchrotron radiation, were measured and the results are

compared. The data are interpreted in terms of the `rigid

pseudoatom' model. The topology of the experimental density

is analyzed and compared with the topology of the

constituting amino acids, and shows good agreement. All

critical points of the electron density at the covalent and

hydrogen bonds, as well as those of the Laplacian, were

located. With respect to the transferability of electronic and

bond topological properties the six peptide bonds were

compared with values given in the literature.
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1. Introduction

An important implication of Bader's theory of atoms in

molecules (Bader, 1994) is the partitioning of a chemical

structure into submolecular or atomic fragments and the

question of transferability of topological properties from these

fragments to larger molecules. Chang & Bader (1992) as well

as Popelier & Bader (1994) have recently addressed these

questions to oligopeptides and several other molecules such as

e.g. pyridine (Bader & Bayles, 2000) using theoretical calcu-

lations.

Lecomte and co-workers have investigated the effect of a

transfer of multipole populations of amino acids, pseudopep-

tides and oligopeptides to larger systems (Jelsch et al., 1998;

Pichon-Pesme & Lecomte, 1998; Dahaoui et al., 1999). They

have also compared different topological properties of several

di-, tri- and pseudopeptides (Benabicha et al., 2000).

In general, topological properties such as the electron

density ��rb�, the Laplacian r��rb� and the ellipticity � at the

bond critical point [de®ned by the condition that r��rb� � 0]

are accessible from the three-dimensional distribution of

electron density ��r�, which can be determined theoretically

from an ab initio calculation or experimentally from a high-

resolution X-ray diffraction experiment at low temperatures.

Owing to the introduction of area detectors (CCD or image

plate) in combination with an intense X-ray source (Korit-

saÂnszky et al., 1998), the time-consuming single-crystal X-ray

experiment can now be performed within one or a few days.

Charge density studies are now possible for a whole class of

chemically related compounds or on larger molecules.

After we have shown that experimentally determined

topological properties at the bond critical points rb of several

amino acids exhibit a high degree of transferability (Flaig et

al., 1999, 2002) the title compound, the hexapeptide cyclo-

(d,l-Pro)2±(l-Ala)4 monohydrate (Fig. 1), provides the chance

to examine the transferability of chemically equivalent bonds
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on a larger oligopeptide molecule. It consists of amino acids on

which the experimental charge density is known (KoritsaÂnszky

et al., 1998; Gatti et al., 1992). Additionally it allows the

comparison of the six peptide bonds. A further aspect of

topological studies of oligopeptides is that they may contain

submolecular fragments that are part of compounds of high

biological importance. The penicillines, for example, act as a

substrate analog of the terminal alanyl±alanine fragment of an

oligopeptide, which plays a major role in the bacterial cell wall

synthesis. This hexapeptide, including a tetraalanine fragment,

contains three different Ala±Ala conformations and can

therefore be used for comparative purposes in the charge

density study of penicillines, which is under investigation in

our laboratory (Wagner et al., 2000).

2. Experimental

Two CCD datasets, one using synchrotron radiation, the other

one a rotating anode, were collected. With synchrotron

radiation (beamline D3, Hasylab/DESY) 185 339 re¯ections

were measured on 13 308 frames within 3 d up to a resolution

of sin �=� = 1.32 AÊ ÿ1 and an almost complete coverage

(98.5%) of the reciprocal space at a wavelength of � =

0.5583 AÊ . The decay of the synchrotron radiation was moni-

tored and corrected. The experimental setup consisted of a

Huber four-circle diffractometer and a Bruker SMART 1K

CCD detector; the temperature of the experiment was main-

tained at 100 K using an Oxford cryosystem nitrogen gas

stream cooling device. The measurement strategy was planned

using ASTRO; the SMART and SAINT routines were used for

data collection and integration; SADABS was used for

correction (Bruker AXS Inc., 1994±1996).

The redundancy of data is even higher for the rotating-

anode dataset. Here, 293 943 re¯ections were collected up to a

resolution of sin �=� = 1.13 AÊ ÿ1 with a coverage of 98.9%. A

Nonius FR 591 rotating anode with a Kappa CCD system and

an Oxford cryosystem nitrogen gas stream cooling device

(100 K) were used. EVAL (Nonius, 2000) and SORTAV

(Blessing, 1995) programs were applied for integration and

absorption correction. Further details on the crystal data and

the conditions for both experiments are given in Table 1.1

3. Density models and refinement strategy

Both datasets were re®ned using the Hansen and Coppens

multipole formalism (Hansen & Coppens, 1978), as imple-

mented in the program package XD (KoritsaÂnszky et al., 1995)

using identical models for both datasets. It allows a modelling

of the aspherical fraction of ��r� using atom-centered multi-

pole functions,

�atom�r� � �core�r� � Pv�
03�valence��0r� � �deformation �1�

with

�deformation �
X4

l�0

�003Rl��00r�
Xl

m�0

Plm�Ylm���; '�:

The starting atomic parameters were taken from the spherical

atom re®nement (SHELXL; Sheldrick, 1997). In the multipole
Figure 1
ORTEP representation (Burnett & Johnson, 1996) of the experimentally
determined molecular structure in the crystal with atomic numbering
scheme; thermal ellipsoids with 50% probability.

Table 1
Crystal and structure re®nement data for cyclo-(d,l-Pro)2±(l-Ala)4

monohydrate.

Empirical formula C22H34N6O6�H2O
Formula weight (g molÿ1) 496.56
Crystal system Orthorhombic
Space group P212121 (No. 19)
Z 4
Temperature (K) 100 (1)
Dataset Synchrotron Rotating anode
Unit-cell dimensions

a (AÊ ) 10.128 (1) 10.127 (1)
b (AÊ ) 12.486 (1) 12.501 (1)
c (AÊ ) 19.507 (1) 19.495 (1)

V (AÊ 3) 2466.8 (4) 2467.8 (4)
Calculated density (g cmÿ3) 1.337 1.336
F(000) 1064.0
� (AÊ ) 0.5583 0.7107
Absorption coef®cient � (mmÿ1) 0.06 0.10
Max. 2� (�) 94.96 107.26
�sin �=��max (AÊ ÿ1) 1.32 1.13
No. of collected re¯ections 185 339 293 943
No. of symmetry-independent

re¯ections
45 772 29 731

Completeness (%) 98.5 98.8
Redundancy after integration 7.45 9.89
Rint�F2� 0.064 0.036
Rw�F� 0.027 0.030
R1�F� 0.025 0.020
Rall�F� 0.031 0.027
Gof 1.41 1.62

Rint�F2� =
P jF2

o ÿ F2
o (mean)|=

P
F2

o , Rw�F� � �
P

wjjFoj ÿ kjFcjj2=
P

wjFoj2�1=2,
w � 1=�2, R1�F� �

P jjFoj ÿ jFcjj=
P jFoj, Rall�F� using all re¯ections, Gof =

�P jjFoj ÿ kjFcjj2=�no ÿmvar��1=2.

1 Supplementary data for this paper are available from the IUCr electronic
archives (Reference: LC0050). Services for accessing these data are described
at the back of the journal.



formalism the core and the spherical valence density of the

heavy atoms were composed of Hartree±Fock wavefunctions

expanded over Slater-type basis functions. For the deforma-

tion terms single-zeta orbitals with energy-optimized Slater

exponents were taken and kept ®xed (Clementi & Roetti,

1974). In all cases the quantity �HwH�jFobs�H�j ÿ kjFcal�H�j�2
was minimized using the statistical weight wH � �ÿ2�Fobs�H��.
Additional to the positional and thermal parameters popula-

tions up to hexadecapoles for non-H atoms and bond-directed

dipoles for H atoms (Pv and Plm) were re®ned together with

expansion/contraction parameters � in the least-squares

procedure. The symmetry 3m was imposed for the methyl

groups (C23, C33, C43 and C53; for atomic numbering scheme

see Fig. 1). Bonds to H atoms were set to the standard neutron

distances. No charge transfer was allowed between the mole-

cules and the total charge was kept constant. For the agree-

ment factors see Table 1. The Hirshfeld test (Hirshfeld, 1976)

shows that the highest difference of mean-squares displace-

ment amplitudes was 0.0006 AÊ 2, indicating a proper decon-

volution of thermal motion and electron density. No

signi®cant electron density was found in the residual density

maps (Fig. 2) that include all re¯ections (no resolution cutoff).

In the least-squares module XDLSM of XD (KoritsaÂnszky

et al., 1995) it is possible to constrain multipole parameters to

be equal for chemically equivalent atoms. This procedure, like

the assumption of local atomic site symmetry, reduces the

number of parameters and increases the data/parameter ratio.

Concerning transferability, chemical constraints could create

the problem that too much prior information is entered into a

system. Two multipole models were therefore considered and

compared. The ®rst model does not make use of chemical

constraints. Data presented here are based on a second model

that cautiously uses constraints for the alanine and the proline

fragments. Both models do not differ signi®cantly and show

similar residual and deformation density as well as ®gures of

merit.

4. Theoretical calculations

The program package GAUSSIAN98 (Frisch et al., 1998) was

used for a single-point density functional calculation based on

the experimental geometry with the basis set B3LYP/6-

311++G(3d,3p). The wavefunction obtained was evaluated

with the program AIMPAC (Cheeseman et al., 1992).
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Table 2
Comparison of the electron density, the Laplacian and the ellipticity for the peptide linkages.

Synchrotron Rotating anode B3LYP 6-311++G(3d,3p)

��rb� r2��rb� � ��rb� r2��rb� � ��rb� r2��rb� �

N11ÐC21 P±A 2.44 (3) ÿ26.1 (1) 0.30 2.36 (4) ÿ24.1 (1) 0.22 2.29 ÿ25.9 0.18
N21ÐC31 A±A 2.51 (2) ÿ26.3 (1) 0.16 2.36 (2) ÿ26.8 (1) 0.21 2.29 ÿ25.8 0.15
N31ÐC41 A±A 2.43 (2) ÿ23.4 (1) 0.16 2.30 (2) ÿ24.0 (1) 0.21 2.21 ÿ24.4 0.14
N41ÐC51 A±A 2.43 (2) ÿ23.3 (1) 0.16 2.29 (2) ÿ23.5 (1) 0.21 2.20 ÿ24.5 0.14
N51ÐC61 A±P 2.46 (3) ÿ20.2 (1) 0.15 2.49 (4) ÿ27.5 (1) 0.37 2.32 ÿ26.4 0.16
N61ÐC11 P±P 2.40 (2) ÿ23.0 (1) 0.19 2.21 (4) ÿ21.7 (1) 0.30 2.21 ÿ24.2 0.18

2.4(1)² ÿ26 (4) 0.1

��rb) (in e AÊ ÿ3) and r2��rb� (in e AÊ ÿ5) denote the electron density and the Laplacian at the bond critical point rb . � is the bond ellipticity. ² Mean value from Pichon-Pesme et al.
(2000).

Table 3
Intra- and intermolecular contacts indicating possible hydrogen bonds and their bond topological parameters.

��rb� is in e AÊ ÿ3, r2��rb� in e AÊ ÿ5. D denotes the donating, A the accepting atom. DÐH distances (in AÊ ) were set to the given values.

DÐH� � �A DÐH H� � �A D� � �A DÐH� � �A ��rb� r2��rb�
O71ÐH71A� � �O61i 0.95 1.7724 2.7195 (5) 174.46 0.15 (1) 5.8 (1)
O71ÐH71B� � �O31ii 0.95 1.8970 2.8299 (5) 166.66 0.10 (1) 4.2 (1)
N41ÐH41� � �O71iii 1.00 1.9374 2.9103 (4) 163.56 0.08 (1) 3.1 (1)
N51ÐH51� � �O21iii 1.00 2.0023 2.9184 (3) 151.18 0.08 (1) 2.5 (1)
N31ÐH31� � �O41ii 1.00 2.0196 3.0064 (4) 168.66 0.05 (1) 2.6 (1)
N21ÐH21� � �O21iii 1.00 2.1825 2.6219 (3) 104.75 ± ±
N51ÐH51� � �N61iii 1.00 2.2982 2.7159 (3) 103.78 ± ±
N21ÐH21� � �N31iii 1.00 2.3628 2.7735 (3) 103.58 ± ±
C32ÐH32� � �O41iii 1.08 2.2628 2.7723 (4) 106.64 ± ±
C52ÐH52� � �O61iii 1.08 2.3633 2.7817 (4) 101.14 ± ±
C12ÐH12� � �O11ii 1.08 2.2427 3.2390 (4) 152.44 0.04 (1) 1.4 (1)
C32ÐH32� � �O71iv 1.08 2.4546 3.2479 (4) 129.29 0.04 (1) 0.8 (1)
C13ÐH13A� � �O51ii 1.08 2.5035 3.2824 (4) 128.14 ± ±
C15ÐH15A� � �O71v 1.08 2.4904 3.4018 (4) 141.38 0.03 (1) 0.7 (1)
C43ÐH43A� � �O61i 1.08 2.5190 3.5250 (6) 154.57 0.02 (1) 0.6 (1)
C64ÐH64A� � �O31ii 1.08 2.5527 3.5239 (5) 149.18 ± ±
C53ÐH53B� � �O71iii 1.08 2.5960 3.5319 (4) 144.55 0.02 (1) 0.6 (1)
C23ÐH23B� � �O71v 1.08 2.5055 3.5714 (4) 168.91 0.01 (1) 0.7 (1)

Symmetry codes: (i) 1ÿ x;ÿ 1
2� y; 1

2ÿ z; (ii) 1
2� x; 3

2ÿ y; 1ÿ z; (iii) x; y; z; (iv) ÿ 1
2� x; 1

2ÿ y; 1ÿ z; (v) 3
2ÿ x; 1ÿ y; 1

2� z.
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5. Results and discussion
Fig. 3 shows static deformation density maps in the plane of

the six peptide bonds. They show, apart from the good ®gures

of merit and the low residual electron density, the proper

representation of ��r� by the model. In all cases covalent

bonds and lone-pair regions indicate a similar distribution of

electron density concerning shape and intensity. The electro-

static potential (Fig. 4, same orientation as in Fig. 1) reveals a

large negative region around the alanine fragments and a

positive potential in the proline part, so that a charge

separation between the proline and alanine residues is visible.

To compare topological properties the same atoms in a

similar chemical environment are

considered. The C� atom in oligo-

peptides differs from the C� atom in

amino acids as the carboxylate and

amino functional groups form the

backbone in an oligopeptide. Thus

they are not comparable to the

monomer, in contrast to the side

chains. Table 2 lists values for topo-

logical properties of the six peptide

bonds of the hexapeptide of both

measurements. They are compared

with the mean value from the litera-

ture (Pichon-Pesme et al., 2000) and

results from the above-mentioned

density functional calculation based

on the rotating-anode experimental

geometry.

For values of ��rb� or the Laplacian

r2��rb� at the bond critical point rb

we ®nd differences of 0.1 e AÊ ÿ3 or

2 e AÊ ÿ5 for both datasets. These

values are just in the range that

Lecomte and co-workers have

reported for a number of experi-

mental studies on pseudopeptides

(Pichon-Pesme et al., 2000; see also

quantitative results from Table 2), so

that this seems to be the possible

reproducability of experimental

charge density studies.

Table 4 compares ��rb� and r2��rb�
of side-chain bonds of the hexapep-

tide with those of the corresponding

building block amino acids l-alanine

and dl-proline. Here the agreement

for the C�ÐC�, C�ÐC
 or C�ÐN

single bonds between experiment and

theory as well as between the two

experiments is very good, so trans-

ferability for topological parameters

can be concluded for the side chains.

In Table 3 the topological data for

the weak interactions are summar-

ized. Considering geometry criteria

alone, several intra- and inter-

molecular hydrogen bonds are indi-

cated (Spek, 1990). According to

Bader (1994), an attractive interac-

tion between two atoms is a path with

maximum charge density ��r� linking

Figure 2
Residual density maps (synchrotron data) in the planes of the six peptide bonds. Upper left to bottom
right: d-Pro±Ala1, Ala1±Ala2, Ala2±Ala3, Ala3±Ala4, Ala4±l-Pro, l-Pro±d-Pro. Contour lines (full
lines = positive, dotted = negative) are 0.1 e AÊ ÿ3; zero line dashed. No resolution cut-off.



two nuclei, characterized by a (3,ÿ1) bond critical point.

Examining the weak interactions in detail reveals that for

some of them no bond critical point is found. There are three

such groups of interactions to consider; the ®rst one is a NÐ

H� � �X (with X = N, O) case, where the ring structure and the

rigid peptide bond forces N21ÐH21� � �O21, N21ÐH21� � �N31

and N51ÐH51� � �N61 to close contacts. The second group are

the close C�ÐH� � �O contacts C32ÐH32� � �O41 and C52Ð

H52� � �O61. Finally, the methyl H atom in C64ÐH64A� � �O31

is also forced to be close to an O atom. While for none of them

a critical point was found, this was the

case for some further CÐH� � �O
interactions, as shown in Table 3.

Topological analysis helps to differ-

entiate between problem cases and

allows to quantify the strength of

these hydrogen bonds.

Espinosa et al. (1998) have investi-

gated the correlation between

hydrogen-bond strength (the density

and the Laplacian found at the bond

critical point) and the hydrogen±

acceptor distance and found an

exponential behaviour. Spackman

(1999) has shown that except for very

strong interactions this can also be

described by the promolecule alone.

The hydrogen bonds of the title

compound agree with these ®ndings

and also show the exponential beha-

viour described.

The hydrogen-bonding pattern

in¯uences the lone-pair density.

Table 5 shows the results for a lone-

pair search around the O atoms. The

distances of the maxima to their

parent O atoms and the electron

density, as well as the values of the

Laplacian function at these points,

compare very well with earlier ®nd-

ings for the dipeptide glycyl-l-threo-

nine dihydrate (Dittrich et al., 2000).

If the positions of the (3,+3) critical

points are considered with respect to

the O atoms and the corresponding

hydrogen-bond critical points, it turns

out that the (3,+3) critical points are

rearranged in directions towards the

H atom that they accept. The strength

and number of weak interactions

seem to be correlated with the

amount of lone-pair electron density.

The strongest hydrogen bond is

formed by O71, which donates one of

its H atoms to O61 of a neighboring

hexapeptide molecule. O71 also has

the weakest lone pair. The sum of

both lone-pair densities is smaller for

O atoms that are involved in

hydrogen bonding (O21, O31, O61

and O71), whereas for O41, that

accepts just one very weak CÐH� � �O
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Figure 3
Static experimental deformation density maps (synchrotron data) in the plane of the six peptide
bonds. Upper left to bottom right: d-Pro±Ala1, Ala1±Ala2, Ala2±Ala3, Ala3±Ala4, Ala4±l-Pro, l-Pro±
d-Pro. Contour lines (full lines = positive, dotted = negative) are 0.1 e AÊ ÿ3; zero line dashed.
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hydrogen bond, and O11, that has no such interaction, the sum

is higher. The distance of the lone pair to the O atom increases

with decreasing density. Whether these tendencies are gener-

ally valid cannot be decided from these few observations and

more data are needed for a deeper understanding.

6. Conclusions

In this study a topological analysis of the experimental charge

density��r� could be performed on a hexapeptide molecule of

71 atoms. The experiment makes use of highly intense X-ray

radiation (synchrotron or rotating anode) and area detection.

Two datasets using a different experimental setup were

compared. The quantitative results allow one to judge about

the reproducibility of studies of this kind.

This study is one of the ®rst of its kind on a larger oligo-

peptide (Abramov et al., 2000; Jelsch et al., 1998, 2000; Wiest et

al., 1994). The molecule is a suitable model compound for the

backbone of a peptide as no other functional groups or

charged terminal groups that would in¯uence the charge

distribution exist. As oligopeptides rarely form crystals of a

quality that is suitable for a charge density study, the experi-

mental characterization of the atomic interactions in the

peptide bonds is especially valuable.

A good agreement between topological properties for the

side chains has been found. This might have an interesting

application for modelling the electron density of larger

peptides from fragments de®ned according to Bader's theory.
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kennzeichen 05 SM8KEA0, the Deutschen Forschungsge-
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Comparison of the electron density �(rb) and the Laplacian r2�(rb) at the
bond critical point rb for the side chains.

��rb� is in e AÊ ÿ3, r2��rb� in e AÊ ÿ5.

Synchrotron Rotating anode

��rb� r2��rb� ��rb� r2��rb�
Cyclo- C12ÐC13 1.62 (2) ÿ8.0 (1) 1.61 (1) ÿ10.9 (1)
(d,l-Pro)2- C13ÐC14 1.65 (2) ÿ11.2 (1) 1.55 (1) ÿ8.8 (1)
(l-Ala)4 C14ÐC15 1.74 (2) ÿ12.7 (1) 1.72 (1) ÿ11.3 (1)
Prolin 1 C15ÐN11 1.76 (2) ÿ10.9 (1) 1.74 (1) ÿ13.1 (1)
Cyclo- C62ÐC63 1.65 (2) ÿ8.4 (1) 1.64 (1) ÿ11.3 (1)
(d,l-Pro)2- C63ÐC64 1.71 (1) ÿ13.1 (1) 1.66 (1) ÿ10.4 (1)
(l-Ala)4 C64ÐC65 1.64 (2) ÿ10.2 (1) 1.57 (1) ÿ9.0 (1)
Prolin 2 C65ÐN61 1.74 (1) ÿ10.5 (1) 1.72 (1) ÿ12.7 (1)
dl-Prolin² C2ÐC3 1.66 (2) ÿ11.6 (1)

C3ÐC4 1.64 (2) ÿ12.0 (1)
C4ÐC5 1.75 (2) ÿ15.9 (1)
C5ÐN1 1.70 (2) ÿ8.2 (1)

Cyclo- C22ÐC23 1.64 (1) ÿ9.8 (1) 1.63 (1) ÿ8.9 (1)
(d,l-Pro)2- C32ÐC33 1.65 (1) ÿ10.0 (1) 1.64 (1) ÿ9.0 (1)
(l-Ala)4 C42ÐN43 1.65 (1) ÿ10.0 (1) 1.63 (1) ÿ8.9 (1)
Alanin 1-4 C52ÐN53 1.66 (1) ÿ10.3 (1) 1.65 (1) ÿ9.2 (1)
l-Alanin³ C2ÐC3 1.66 (2) ÿ11.6 (1)

² Data from KoritsaÂnszky et al. (1998). ³ Data from Gatti et al. (1992).

Table 5
Non-bonded valence shell charge concentration of O atoms (synchrotron
data).

��rCP� R r2��rCP� CÐOÐCP CP1ÐOÐCP2

O11 6.58 0.338 ÿ150.2 106.1 ±
6.41 0.339 ÿ148.7 97.8 155.6

O21 6.31 0.340 ÿ131.5 106.6 ±
6.30 0.340 ÿ129.7 119.8 133.5

O31 6.29 0.340 ÿ144.2 110.5 ±
6.57 0.338 ÿ147.8 105.6 142.0

O41 6.65 0.338 ÿ155.2 111.7 ±
6.44 0.339 ÿ135.0 95.3 152.5

O51 6.71 0.337 ÿ162.0 117.5 ±
6.17 0.341 ÿ127.2 108.2 127.3

O61 6.55 0.339 ÿ135.4 115.5 ±
6.16 0.340 ÿ136.5 113.2 127.3

O71 6.61 0.337 ÿ154.7 102.7 ±
6.02 0.343 ÿ119.1 140.1 87.4

R is the radial distance of the (3,+3) critical point (CP) of the Laplacian from the oxygen
atom, CÐOÐCP is the angle formed by the CÐO bond and the OÐCP vector, CP1Ð
OÐCP2 is the angle formed by the CP1ÐO and OÐCP2 vectors. ��rCP� is in e AÊ ÿ3,
r2��rCP� in e AÊ ÿ5.

Figure 4
Electrostatic potential (synchrotron data), isosurfaces with 0.6
(turquoise) and ÿ0.18 e AÊ ÿ1 (orange).
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