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A theoretical method is applied to describe protein structures

in terms of hierarchically related substructures. The approach

is based on the location of local maxima (peaks) in

promolecular electron-density (ED) distributions established

at various smoothing levels. Promolecular ED distributions

are generated using either the Promolecular Atom Shell

Approximation (PASA) representation or the ED are

calculated using the Cromer±Mann coef®cients. The analysis

of the decomposition patterns of a protein structure in its

native and hypothetical extended conformations showed that

the amino-acid residues have a similar decomposition pattern

regardless of their position in the protein sequence, the

protein conformation and the in¯uence of the crystal packing.

A link is proposed with model-building tools in protein

structure determination from diffraction data.
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1. Introduction

Fragments of molecular structures (groups of atoms,

templates) are useful in the ®eld of molecular recognition/

matching (Lemmen et al., 1998; Gillet et al., 2003; Jain, 2003;

KraÈmer et al., 2003), in building molecular structures or

determining their properties from transferable structural

fragments (Walker & Mezey, 1994; Mezey, 1996; Matta &

Bader, 2002), in X-ray diffraction data interpretation etc. Of

the methods proposed in the literature to ®t fragments into a

three-dimensional electron-density (ED) distribution, some

allow the location of molecular structural features below

atomic resolution. More particularly, in the ®eld of protein

crystallography, the concept of fragments is of great impor-

tance, e.g. in the building of molecular models from

diffraction-derived data such as ED distributions. The ®rst

application of structural fragments in macromolecular model

building was proposed by Jones & Thirup (1986) and imple-

mented in the program FRODO (Jones, 1978, 1985). The

authors showed that retinol-binding protein could be recon-

structed from substructures of three other unrelated proteins.

In a crystal structure determination of a biological macro-

molecule, the interpretation of an ED map in terms of a

macromolecular model is an iterative procedure with several

re®nement/reconstruction steps (Lamzin & Perrakis, 2000).

Software which is popular among protein crystallographers

involves the use of databases of fragments, i.e. TURBO-

FRODO, which is a derivative of FRODO (Jones, 1978, 1985),

O (Jones et al., 1991; Jones & Kjeldgaard, 1997), XtalView

(McRee, 1999) or MAIN (Turk, 1992). The `warpNtrace'

method (Perrakis et al., 1999), part of the ARP/wARP suite

(Morris et al., 2003), brings a high degree of automation to the

process of building and re®ning a crystallographic macro-

molecular model. It is based on an iterative procedure in



which a 2.5 AÊ (or higher) resolution map is interpreted in

terms of a hybrid model, a combination of auto-built protein

fragments and individual density centres.

In the literature, tracing a protein skeleton is proposed to be

achievable using different approaches such as core tracing as

presented in Swanson (1994) and references therein. In the

most recent papers, the skeleton is traced by searching for

ridges in the ED obtained at a resolution value of 2.5 AÊ , as

implemented in the program MAID (Levitt, 2001), or at 3.5 AÊ ,

as in QUANTA (Old®eld, 2002). Levitt (2001) used the so-

called skeletonized bones as trial points for the initial posi-

tioning of a helix or sheet, while Old®eld (2002) applied a

pattern-recognition algorithm for �-helix and �-strand motifs

based on a principal component analysis of the inertia tensor

matrix at selected skeleton points. Previously, Fortier et al.

(1997) and Leherte et al. (1997) de®ned geometrical templates

to search for secondary-structure motifs in 3 AÊ resolution ED

maps. These templates were built from the coordinates of

C�ÐC OÐN centres of mass (COM), which were found to

be very close to the local ED maxima obtained using a critical

point (i.e. points where the gradient of the ED is zero) analysis

approach (Johnson, 1977) in 3 AÊ resolution maps.

Protein fragments/templates are often de®ned as short

sequences of amino-acid residues. For example, Kleywegt &

Jones (1997) used ®ve-residue-long poly-Ala sequences in

their work on feature detection in macromolecular ED maps

at 2.7±3 AÊ resolution. Pavelcik et al. (2002) used rigid arbitrary

single-residue or two-residue-long segments and poly-Ala

fragments of up to 18 atoms. These fragments were repre-

sented in terms of spherical harmonic Bessel expansions of

their ED at crystallographic resolution values of around 3 AÊ .

The positioning of fragments in a map often consists of a

six-dimensional search (three translations and three rotations)

as in the program ESSENS (Kleywegt & Jones, 1997), while in

Cowtan's method the three-dimensional translational search is

replaced by a stage of three Fourier transformations as

implemented in FFFEAR (Cowtan, 2001). In this latter

program, skeleton fragments are de®ned as nine-residue-long

poly-Ala (or poly-Gly) sequences that were identi®ed by

cluster analysis of a large subset of the Protein Data Bank

(PDB; Berman et al., 2000). Such fragments are representative

of helix, strand, turn and helix-end secondary-structure

features. Additional ®ve- and ten-residue-long fragments were

also theoretically generated from information extracted from

the Ramachandran plot. Terwilliger (2003a) described an

automated procedure implemented in the program

RESOLVE for macromolecular model building of poly-

peptide backbones. Fragment libraries of helices and �-strands

obtained from re®ned protein structures are positioned at

previously determined potential locations using templates

which are averaged over ED distributions at a crystallographic

resolution of 3 AÊ . These templates are six amino-acids long

and four amino-acids long for helices and strands, respectively.

The four fragment libraries that are considered were built

from selected PDB coordinates: 17 �-helices made of 6±24

residues, 17 �-strands made of 4±9 residues, a library

composed of three-amino-acid-long skeletons including C�

coordinates and a fourth library composed of three-residue-

long segments in which the ®rst residue is represented by its

C�ÐC O atoms. The approximate locations and orientations

of helices and �-strands are identi®ed using the templates and

the FFT-based convolution method proposed by Cowtan

(2001). Once a main chain is built, the side-chain assignment is

performed. For example, Terwilliger (2003b) used templates

built from averaged amino-acid side-chain densities in 574

re®ned PDB structures to calculate probability measures by a

Bayesian approach.

Based on different identi®cation methods, the approach

proposed by Ioerger & Sacchettini (2002) involves a proce-

dure called CAPRA that predicts coordinates of C� atoms in

ED maps and connects them. CAPRA is based on pattern-

recognition techniques and a neural network algorithm to

predict which potential atoms in an 2.4±2.8 AÊ ED trace are

closest to true C� atoms. CAPRA is part of a more general

system called TEXTAL (Ioerger et al., 1999; Gopal et al.,

2003) in which the identi®cation of structural features in an

unsolved map using rotation-invariant descriptors is achieved

by case-based reasoning, i.e. based on previously solved

structures. Such rotation-invariant features are computed

from limited regions of ED distributions and are, for example,

the mean ED value, the moment of inertia, the eigenvalues

and their ratio, distances from centre-of-mass etc. Other

references to works based on geometrical reconstruction of

protein backbones from C� coordinates can be found in Iwata

et al. (2002).

The de®nition of molecular fragments can be achieved by

partitioning ED distributions into separate regions of space

through surfaces. The Atom-In-Molecule (AIM) approach

developed by Bader (2001) is known to assign a basin to an

atom through the de®nition of zero-¯ux surfaces, which are

de®ned by

r��r� � 0: �1�
Walker and Mezey have developed the so-called additive

fuzzy ED fragmentation method which is the basis of the

Molecular ED Lego Assembler (MEDLA) method (Walker &

Mezey, 1994; Mezey, 1996) for the computation of ab initio

quality ED for large molecules. Within the conventional

Hartree±Fock/self-consistent ®eld/linear combination of

atomic orbitals ab initio scheme, an ED distribution is de®ned

as

��r� �Pn
i�1

Pn
j�1

Pij'i�r�'j�r�; �2�

where 'i(r) is an atomic orbital and Pij is an element of the

n � n-dimensional density matrix P. Similarly, the ED of a

fuzzy ED fragment speci®ed as a subset k of nuclei is given by

�k�r� �Pn
i�1

Pn
j�1

Pk
ij'i�r�'j�r�; �3�

where Pk
ij is a function of Pij. On this basis, Walker and Mezey

reconstructed protein structures using a set of 21 different

fragments (Walker & Mezey, 1994) such as carbonyl, amine or

ammonium, carboxylate groups etc.
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Popelier et al. (2003) have extended the AIM approach to

the analysis of the Laplacian of the valence charge density.

Critical points are computed from molecular wavefunctions

and then connected to build the so-called two-dimensional

L-graph. From a set of 31 small organic molecules, the authors

observed that, with basis sets of triple-� quality or higher, 16

invariant (transferable) common motifs assigned to functional

groups could be extracted.

Periodic Nodal Surfaces (PNS) are especially used to

partition space in high and low ED regions. These surfaces are

generated by Fourier summations involving only a small set of

re¯ections in reciprocal space. More precisely, re¯ections are

chosen near the reciprocal-space vector h = 0. From the

resulting ED distribution, three-dimensional periodic surfaces

can be extracted (von Schnering & Nesper, 1991). Applica-

tions are found in the ®eld of phase-transition characterization

of inorganic crystalline materials through the analysis of the

PNS symmetry elements (Leoni & Nesper, 2000, 2003) or to

facilitate structural solution of powder diffraction data as

proposed by Brenner et al. (1997, 2002) for zeolites and

tripeptides.

In the present paper, a method to partition protein struc-

tures into fragments as a function of the ED smoothing degree

is presented. It is based on a decomposition procedure of

promolecular ED distributions presented previously by

Leherte et al. (2003). At any smoothing degree of an ED

distribution function, local maxima are located and their

corresponding fragment content is determined. Although the

smoothing degree is correlated with the overall isotropic

temperature factor rather than with the crystallographic

resolution, the results of such a protein structure analysis

might be seen as a guide to de®ne resolution-dependent

protein fragments that can be ®tted around high-density

centres in ED maps.

In the present work, promolecular representations were

calculated using two different models: the Promolecular

Atomic Shell Approximation (PASA) representation (Amat

& CarboÂ -Dorca, 1997), which assumes a promolecular ED

distribution as a summation over three-dimensional atomic

Gaussian-type ED distributions, and a crystallography-based

model, which involves the so-called Cromer±Mann coef®-

cients for modelling atomic scattering factors (Cromer &

Mann, 1968). The locations of the local maxima found in the

ED distributions are also compared with the residue centres

de®ned by Guo et al. (1999) in their approach to calculating

low-resolution protein ED maps using `globs' rather than

atoms.

In the next section, we describe how to calculate smoothed

PASA and crystallography-derived ED distributions as well as

PASA-derived scattering factors. The hierarchical merging/

clustering algorithm for molecular decomposition is then

presented. Results are then detailed for protein structure 4pti,

a 58-residue sequence, in its native conformation and in a

hypothetical extended geometry.

2. Theoretical background

2.1. Promolecular atomic shell approximation

Promolecular models have often been shown to be a very

good approximation level to model electron-density distribu-

tions in chemical bond analysis or molecular-similarity appli-

cations (for example, Tsirelson, Abramov et al., 1998;

Tsirelson, Avilov et al., 1998; GironeÂs et al., 1998; Mitchell &

Spackman, 2000; GironeÂs et al., 2001; Downs et al., 2002;

Bultinck et al., 2003). In the Promolecular Atomic Shell

Approximation (PASA) approach, a promolecular ED

distribution �M is calculated as a weighted summation over

atomic ED distributions �a, which are described in terms of

series of squared 1s Gaussian functions ®tted from atomic

basis-set representations (Amat & CarboÂ -Dorca, 1997),

�a�rÿ Ra� � Za

P5

i�1

wa;i

2�a;i

�

� �3=4

exp�ÿ�a;ijrÿ Raj2�
" #2

; �4�

where Za and Ra are the atomic number and the position

vector of atom a, respectively. wa,i and �a,i are the ®tted

parameters as reported in Amat & CarboÂ -Dorca (1997). �M is

then calculated as

�M �
P

a

�a; �5�

where there is a change of notation with respect to the original

work (Amat & CarboÂ -Dorca, 1997), in which �M �
P

a Za�a.

As examples, wa,i and �a,i coef®cients ®tted from the atomic

3-21G basis set for selected atom types are reported in Table 1.

In the present approach, to generate smoothed three-

dimensional functions, an ED map is a deformed version of �M

that is directly expressed as the solution of the diffusion

equation according to the formalism presented by Kostrowicki

et al. (1991),

�a;t�rÿ Ra� � Za

P5

i�1

�a;i�1� 4�a;it�ÿ3=2 exp
ÿ�a;ijrÿ Raj2

1� 4�a;it

� �
;

�6�

where

Table 1
PASA 3-21G wa,i (no units) and �a,i (bohrÿ2) coef®cients for selected
atoms.

See http://iqc.udg.es/cat/similarity/ASA/funcset.html for more precision
(Amat & CarboÂ -Dorca, 1997).

C N O S

w1 0.507950 0.482876 0.487933 0.432988
�1 0.206511 0.272475 0.347803 0.222102
w2 0.188827 0.258506 0.286441 0.453579
�2 0.555343 0.733120 0.988549 4.10644
w3 0.176511 0.148777 0.125730 0.0517120
�3 7.35320 10.0967 13.0164 46.0626
w4 0.112597 0.0980039 0.0893239 0.0549096
�4 22.0876 30.4880 39.3558 142.191
w5 0.0141154 0.0118374 0.0105727 0.00681092
�5 107.346 149.788 195.531 711.403



�a;i � 2�a;i;

�a;i � wa;i

�a;i

�

� �3=2

;

P5

i�1

wa;i � 1: �7�

In this context, the smoothing parameter t is seen as the

product of a diffusion coef®cient with time. On a similar basis,

Duncan & Olson (1993) also generated smoothed molecular

surfaces by convolving the density function with a three-

dimensional Gaussian function of appropriate variance.

In the next two subsections, atomic scattering factors are

®rst derived from the PASA description of an ED distribution.

The resulting mathematical relationships are then used to

generate an analytical expression of a promolecular ED

distribution function based on the well known Cromer±Mann

coef®cients.

2.2. Atomic scattering factors

The intensity of X-rays diffracted by a crystalline structure

is proportional to the modulus of their corresponding struc-

ture factor F(h),

F�h� �Pnat

j�1

fj exp ÿBj

sin �

�

� �2
" #

exp�2�ih � rj�; �8�

where fj and Bj are the atomic scattering factor and the

isotropic temperature factor of atom j, respectively, 2� is the

angle between the diffracted and the primary beams of

wavelength � and h is a reciprocal-space vector. Within the

crystallographic approach, the ED distribution function �(r) is

calculated as the Fourier Transform (FT) of F(h),

��r� � 1

V

P�1
h�ÿ1

F�h� exp�ÿ2�ih � r�: �9�

In practice, the number of known structure factors occurring

in (9) is not in®nite and varies with resolution. For a set of

re¯ections characterized by �max, the maximum value of �, the

resolution dmin is de®ned by Bragg's law as

sin �max

�
� 1

2dmin

: �10�

In the crystallographic package XTAL (Hall et al., 2002), the

atomic scattering factors fCM(s) are ®tted by the so-called

Cromer±Mann expression which involves nine coef®cients {a},

{b} and c,

fCM�s� �
P4

i�1

ai exp�ÿbis
2� � c; �11�

with s = sin�/� and f(0) = Za. Selected Cromer±Mann coef®-

cients, as implemented in the XTAL package (Hall et al.,

2002), are presented in Table 2.

For a given atom type, the relation between f(h) and the

atomic ED distribution function is (Ladd & Palmer, 2003),

f �h� � R ��r� exp�2�ih � r� dr �12�
or, for spherical symmetry,

f �s� � 4�
R1
0

��r� sin�4�sr�
4�sr

r2 dr: �13�

The application of (13) to the analytical expression of �PASA

(6) allows the establishment of a mathematical expression for

the corresponding atomic scattering factor of atom a,

fPASA�s� � Za

P5

i�1

wa;i exp ÿ 2�2�1� 8�t�s2

�a;i

� �
: �14�

A comparison of the scattering-factor values calculated with

(14) using t = 0.0 bohr2 (coef®cients given in Table 1) with the

Cromer±Mann expression (equation 11, coef®cients given in

Table 2) for a given atom type shows extremely slight differ-

ences between the two kinds of atomic scattering factors f.

2.3. Promolecular electron-density distribution based on
Cromer±Mann coefficients

In the present subsection, the inverse approach is applied in

order to generate ED distributions �CM from the Cromer±

Mann atomic scattering factors.

The analytical expression of fCM given in (11) was modi®ed

into a sum over four Gaussian terms only,

fCM0 �s� �
P4

i�1

a0a;i exp�ÿb0a;is
2�: �15�

This step was achieved using the program ODRPACK (Boggs

et al., 1992), which was con®gured so as to ®nd a solution using

an ordinary least-squares procedure with user-supplied

derivatives. The resulting coef®cients, w0a;i and �0a;i, were

obtained by ®tting 300 fCM(s) values regularly distributed in

the range 0� sin�/�� 1.5 AÊ ÿ1. These coef®cients are reported

in Table 3 together with the values of the quadratic deviation

r.m.s. that provides information about the quality of the ®ts for

atom types C, N, O and S. Thus,

�CM0 �r� �
P4

i�1

a0a;i
4�

b0a;i

� �3=2

exp ÿ 4�2r2

b0a;i

� �
; �16�

where, by analogy with (4),

a0a;i � Zaw0a;i;

b0a;i �
2�2

&0a;i
: �17�

A comparison of the ED distributions calculated using the

PASA approximation (4) and the Cromer±Mann-derived

expression (16) shows that extremely slight differences in the

scattering factors f lead, however, to large differences in the

ED distributions (Fig. 1). Both PASA and CM0 ED models will

thus be used in the present work.

The smoothing of �CM0 can be performed by setting

b0a;i �
2�2�1� 8�0a;it�2

�0a;i
: �18�

At this point, it is interesting to determine the link between t,

the smoothing factor, and s, the crystallographic resolution. A

combination of (8) and (15) considering (18) shows that t is
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actually correlated with B, the overall isotropic temperature

factor,

�P4

i�1

a0a;i exp�ÿb0a;is
2�
�

exp�ÿBs2� �
P4

i�1

a0a;i exp�ÿb0a;i�1� 8�0a;it�s2�
� �

: �19�

Since B = 8�2u, where u is the mean-square atomic displace-

ment, it follows that u = 2t. This equality can be veri®ed by

calculating ED distributions using the program XTAL (Hall et

al., 2002) at a given crystallographic resolution value using,

either fCM0 calculated at t = 0 and u 6� 0 or at t = u/2 and u = 0

(in practice, the very small value u = 0.001 AÊ 2 was selected).

ED results are indeed identical.

2.4. Hierarchical merging/clustering
algorithm

In order to follow the pattern of local

maxima (peaks) in a molecular ED

distribution as a function of the

smoothing parameter t, the algorithm

described by Leung et al. (2000) was

implemented. This algorithm was origin-

ally established to cluster data by

modelling the blurring effect of lateral retinal interconnec-

tions based on scale-space theory. In scale-space theory, it is

considered that an image f(r) is embedded into a continuous

family F(r, t) of gradually smoother versions of it. The original

image corresponds to the scale t = 0 and increasing the scale

simpli®es the image. The work of Leung and coworkers was

adapted to decompose a molecular structure from its ED

distribution function F(r, t) [�(r, t)] (Leherte et al., 2003). The

various steps of the resulting merging/clustering algorithm are

as follows.

(i) At scale t = 0, each atom of a molecular structure is

considered as a local maximum (peak) of the promolecular

ED distribution function. They are consequently considered

as the starting points of the merging procedure described

below.

(ii) As t increases from 0.0 to a given maximal value, each

peak moves continuously along a gradient path to reach a

location in the three-dimensional space where r� = 0. From a

practical point of view, this consists of following the trajectory

of the peaks obtained at t on the ED distribution surface

calculated at t + �t,

rpeak�t� � rpeak�t ÿ�t� � �

�peak�t ÿ�t� r�peak�t�: �20�

The trajectory search is stopped when r�peak(t) is lower or

equal to a limit value, gradlim. Once all peak locations are

found, close peaks are merged if their interdistance is lower

than the initial value of �1/2. The procedure is repeated for

each selected value of t.

If the initial � value is too small to allow convergence

towards a local maximum of the ED within the given number

of iterations, its value is doubled (a scaling factor that is

arbitrarily selected) and the procedure is repeated until ®nal

convergence.

(iii) The procedure can be carried out until the whole set of

maxima becomes one single point. This would be the ultimate

stopping criteria of the merging procedure. In this case, the

®nal point that would be obtained will correspond to the

whole molecular structure.

This approach is inverse of that presented by Glick and

coworkers (Glick, Grant et al., 2002; Glick, Robinson et al.,

2002), who developed a method for ligand-binding site iden-

ti®cation on a protein through the multiscale concept. In their

work, a hierarchy of models generated using a k-mean clus-

tering algorithm for the ligand under consideration is estab-

lished starting from the lowest resolution representation of the

Figure 1
Atomic promolecular ED distributions calculated using the PASA
representation (4) and the modi®ed Cromer-Mann atomic scattering
factors (16).

Table 3
Modi®ed PASA-type w0a;i (no units) and �0a;i (bohrÿ2) coef®cients and
corresponding r.m.s. as obtained using the program ODRPACK (Boggs et
al., 1992) to ®t the modi®ed Cromer±Mann parameters onto the original
expression as de®ned in XTAL (Hall et al., 2002).

C N O S

w01 0.2393 0.287387 0.132836 0.100089
�01 0.12966 0.190588 0.179536 0.0987856
w02 0.44569 0.447482 0.415172 0.324466
�02 0.36378 0.558535 0.461571 0.249377
w03 0.04602 0.126283 0.232106 0.440556
�03 2.739 8.54393 1.08496 3.80834
w04 0.26854 0.138076 0.219764 0.134873
�04 13.722 29.7433 21.8289 47.8362
R.m.s. 1.5412 � 10ÿ3 6.75425 � 10ÿ6 5.86318 � 10ÿ4 1.34458 � 10ÿ4

Table 2
Cromer±Mann scattering-factor coef®cients, a (eÿ), b (AÊ ÿ2) and c (eÿ), as implemented in the
program XTAL (Hall et al., 2002).

a1 b1 a2 b2 a3 b3 a4 b4 c

C 2.31 20.8439 1.02 10.2075 1.5886 0.5687 0.865 51.6512 0.2156
N 12.2126 0.0057 3.1322 9.8933 2.0125 28.9975 1.1663 0.5826 ÿ11.529
O 3.0485 13.2771 2.2868 5.7011 1.5463 0.3239 0.867 32.9089 0.2508
S 6.9053 1.4679 5.2034 22.2151 1.4379 0.2536 1.5863 56.172 0.8669



ligand, i.e. one single point located at the mean position of the

ligand atoms.

The results obtained using the present algorithm can be

interpreted in terms of dendrograms. Visual results were

generated using the web version of the program Phylodendron

(Gilbert, 1996). Input data were written in the adequate

format using DENDRO (Dury, 2002), a home-made program

implemented using Delphi, an object-oriented programming

language that allows the representation and processing of data

in terms of classes of objects.

3. Applications

The hierarchical merging/clustering algorithm that is

described in the theoretical section does not require any

calculation of the ED maps. It is based solely on the knowl-

edge of the analytical expression of the promolecular ED

function and its ®rst derivative. The algorithm was applied to

the structure of protein 4pti as retrieved from the PDB

(Berman et al., 2000). This protein consists of 58 amino-acid

residues and crystallizes in space group P212121, with unit-cell

parameters a = 43.1, b = 22.9, c = 48.6 AÊ , � = 90.0, � = 90.0,


 = 90.0�. The primary structure is Arg1-Pro2-Asp3-Phe4-

Cys5-Leu6-Glu7-Pro8-Pro9-Tyr10-Thr11-Gly12-Pro13-Cys14-

Lys15-Ala16-Arg17-Ile18-Ile19-Arg20-Tyr21-Phe22-Tyr23-

Asn24-Ala25-Lys26-Ala27-Gly28-Leu29-Cys30-Gln31-Thr32-

Phe33-Val34-Tyr35-Gly36-Gly37-Cys38-Arg39-Ala40-Lys41-

Arg42-Asn43-Asn44-Phe45-Lys46-Ser47-Ala48-Glu49-Asp50-

Cys51-Met52-Arg53-Thr54-Cys55-Gly56-Gly57-Ala58. H

atoms were not added to the structure. The decomposition of

the protein structure was achieved at t values ranging from 0 to

2.5 bohr2, i.e. B = 0±110.6 AÊ 2, with a step of 0.05 bohr2. The

initial value �init was set equal to 0.0001 bohr2 and gradlim to

0.0001 eÿ bohrÿ4. The value of � was doubled if convergence

was not observed after 2000 iterations. Five different decom-

position calculations were performed: (i) a PASA-based

partitioning of the 4pti structure using space-group and peri-

odicity information; (ii) a PASA-based partitioning of an

isolated 4pti structure in its native conformation; (iii) a CM0-
based partitioning of an isolated 4pti structure in its native

conformation; (iv) a PASA-based partitioning of an isolated

hypothetical extended geometry of the 4pti sequence; (v) a

CM0-based partitioning of an isolated hypothetical extended

geometry of the 4pti sequence. The calculations provided, at

each value of t, the local maxima (peaks) of the ED and the

corresponding fragment contents. They took 67 h 49 min, 9 h

51 min, 8 h 11 min, 4 h 10 min and 3 h 36 min, respectively, on

a Pentium III 1 GHz processor. The hypothetical extended

geometry of the initial 4pti amino-acid sequence was gener-

ated in order to check the in¯uence of the protein confor-

mation on the decomposition results. This single strand was

obtained using the program SwissPDBViewer (Guex &

Peitsch, 1997).

3.1. Influence of the crystal packing

The ®rst two calculations, (i) and (ii), provided almost

identical results in terms of the number and locations of the

ED local maxima (Fig. 2). Fig. 2 shows values of an r.m.s.

function computed over all distances between corresponding

peaks in the two calculations at each smoothing value t. It is

observed that as t increases, the peak locations are separated

by larger distances. This is expected since at very high reso-

lution values, local maxima are essentially located on atoms,

while at higher smoothing degrees peaks are representative of

larger regions of space and are thus more susceptible to being

affected by the crystal packing. However, even at t = 2.5 bohr2,

the r.m.s. stays below 0.02 AÊ . A discontinuity is observed at

t = 2.2 bohr2, with r.m.s. = 0.015 AÊ which arises from a local

maximum that is separated by a distance of 0.093 AÊ between

the crystalline (i) and the isolated (ii) versions. In the isolated

case, this peak corresponds to a fragment composed of seven

atoms, (CÐOÐCBÐOG1ÐOG2)Thr32(NÐCA)Phe33, while in

the crystalline version it contains only four atoms: (CÐOÐ

CB)Thr32(N)Phe33. On the whole, the number of local maxima is

identical, with or without crystal-packing consideration, and

both decompositions lead to identical fragments at each t

value. The r.m.s. calculated over the values of � at the peak

locations also evolves progressively from 0 to the very small

value of 2.69 � 10ÿ4 eÿ bohrÿ3 at t = 2.5 bohr2. Owing to such

small differences between the results obtained using the

crystalline packing information and the isolated molecule,

only these last conditions were considered further in the

present work. All other calculations were thus carried out

without the time-consuming consideration of the crystalline

periodic information, especially for the arti®cially built strand

used in calculations (iv) and (v).

3.2. Analysis of the isolated native conformation

In this subsection, the t-dependent hierarchical description

of the ED peaks is detailed and the corresponding fragment

contents are compared, when possible, with literature data at

speci®c crystallographic resolution values. A complete repre-

sentation of the decomposition results is too large to be shown

here. However, part of the dendrogram obtained from calcu-

lation (ii) is shown in Fig. 3 for the ®rst eight amino-acid

residues (i.e. 67 atoms). It is seen that the merging ®rst occurs

between the C and O atoms of the backbone carbonyl groups
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Figure 2
R.m.s. calculated over distances between corresponding peaks observed
in the two PASA ED distributions of protein structure 4pti in its native
conformation, calculated with and without crystal-packing information.
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at t = 0.45 bohr2. Between t = 0.50 and 0.55 bohr2 the merging

of C and O atoms of Glu and Asp side chains occurs. The

C�ÐS fragment of Cys5 (fragment IX in Fig. 4) appears at

t = 0.65 bohr2, as well as that of Cys30. The chain atoms of

Cys51 and Cys14 are merged at t = 0.60

and 0.70, respectively. Thus, below this

last value of t, the fragments that were

obtained are similar in size (the atomic

content is one to three non-H atoms) to

most of the fragments used by Walker

and Mezey in their MEDLA application

to protein structures (Walker & Mezey,

1994). At the value of t = 0.9 bohr2, all

Pro ®ve-membered rings are fully

merged (except for Pro2, which is clus-

tered with Arg1) and the hierarchical

structure of these three merging

patterns observed up to that point is

identical. It can also be seen in Fig. 4

that the value t = 1.5 bohr2 allows the

partitioning of the protein structure into

parts located either on the backbone or

on the side chains of the protein. This is

actually valid for the entire protein

sequence. At this smoothing value, 43%

of the backbone fragments correspond

to the merging of the Ð(C O)ÐNÐ

C� backbone atoms and 29% to the

merging of Ð(C O)ÐNÐC�ÐC�

atoms. Exceptions are listed: Pro shows

a different behaviour in that some

backbone and side-chain atoms are

merged; the Pro backbone fragments

can be composed of the carbonyl atoms

only as in Pro8 (fragment XV in Figs. 3

and 4); the ®rst two residues, Arg1 and

Pro2, have backbone and ring atoms,

respectively, that are merged into one

single point at t = 1.25 (fragment I in

Figs. 3 and 4); the side chains of Ile18

and Ile19 are clustered into a single

fragment together with some backbone

atoms of both residues; the Lys

backbone fragments are composed of

Ð(C O)ÐNÐC�ÐC�ÐC
 atoms.

At t = 1.5 bohr2, most of the side

chains are represented by one

maximum located at an average

distance of 0.80 AÊ from the side-chain

COMs. Exceptions are Gly and Ala

residues which do not present any side-

chain peaks, Val with only one peak for

the whole residue, the two Ile which are

merged into a single fragment, Pro and

Ser (Table 4). The single peak of Val is

formed at t = 1.1 bohr2. The fragments

observed for each type of amino-acid

residue are described in Table 4 toge-

ther with the average distance with

Figure 3
Dendrogram depicting the results of the hierarchical merging/clustering algorithm applied to the
PASA ED distribution of protein structure 4pti in its native conformation. Only the ®rst eight
residues are shown in this ®gure. Results at various values of t (0.45, 0.9, 1.5 and 1.8 bohr2) are
emphasized using vertical lines.



respect to the corresponding side-chain COM. On the whole,

this corresponds to the decomposition observed in various

critical point analysis of protein structures carried out at

resolution values between 2.85 (Becue et al., 2003) and 3 AÊ

(Leherte et al., 1997) and to the globbic description level

proposed by Guo et al. (1999) in which backbones and side-

chain globs are located on C�(C O)N and side-chain COMs,

respectively. In the cases of the four Tyr side chains, a single

fragment is formed at t = 1.65 and 1.70 bohr2 for Tyr10 and

Tyr23 and for Tyr21 and Tyr35, respectively. It might thus be

thought that t = 1.7 bohr2 is a more appropriate value for a

one-to-one correspondence between ED peaks and residue

COMs; however, at t values larger than 1.5 bohr2 side-chain

groups and backbone fragments begin to be merged. For

example, at t = 1.65 bohr2 the side-chain and carbonyl groups

of each Thr and the NÐC� group of their next residue are

merged. Also, at t = 1.8 and 2.0 bohr2, the two disul®de bridges

are formed, i.e. side-chain groups are merged in pairs. A

display of the ED distributions and their local maxima

obtained at t = 0.45, 0.9, 1.5 and 2.5 bohr2 is shown in Fig. 5 for

the amino-acid residue sequence 1±8.

A comparison between the local maxima obtained with the

original PASA coef®cients and the CM0 coef®cients is illu-

strated in Fig. 6 through the values of the square root of the

quadratic deviation (r.m.s.) between the locations of corre-

sponding peaks. The ®gure shows that the number of local

maxima and their location are similar, in fact almost identical,

from t = 0±0.75 bohr2 and above t = 1.45 bohr2, with r.m.s.

below 0.01 AÊ . A rise in the values of r.m.s. between t = 0.75

and 1.45 is a consequence of the different number of local

maxima found in the PASA and CM0 ED distributions. Fig. 7

illustrates the variation of the number of peaks as a function of

t. It can be seen that the total number of peaks does not differ

between both PASA and CM0 promolecular representations.

The total number of peaks is relatively

constant up to t = 0.4 bohr2 and for

values of t > 1.5 bohr2, while the total

number of points present drastic

changes from about t = 0.4 to 1.0 bohr2

owing to ®rst the formation of C O

clusters and then of large fragments.

Up to t = 0.4 bohr2 (B = 17.7 AÊ 2), all

protein atoms can be detected in the

ED distributions. The largest differ-

ence � in the number of peaks between

the PASA and CM0 representations

occurs at t = 0.75±0.8 bohr2, where

� = 4. At t = 0.75 bohr2, all extra CM0

peaks arise owing to the presence of

small fragments composed of one to

three atoms, i.e. [(N)Cys5], [(CA)Cys5],

[(CE1ÐCE2ÐCZ)Tyr23], [(OH)Tyr23],

[(N)Cys51], [(CA)Cys51], [(N)Arg53] and

[(CA)Arg53], which are replaced by

larger clusters in the PASA ED distri-

bution, i.e. [(NÐCA)Cys5], [(CE1Ð

CE2ÐCZÐOH)Tyr23], [(NÐCA)Cys51]

and [(NÐCA)Arg53]. At t = 1.5 bohr2,

all fragments but four are identical in

both promolecular representations.

The four exceptions are fragments

[(CÐO)Tyr21(N)Phe22], [(CAÐCBÐ

CÐO)Phe22(NÐCAÐCB)Tyr23], [(CÐ

O)Gln31(N)Thr32] and [(CAÐCÐ

O)Thr32(NÐCA)Phe33] in the CM0

representation, which are respectively

replaced by [(CÐO)Tyr21(NÐCAÐ

CB)Phe22], [(CÐO)Phe22(NÐCAÐ

CB)Tyr23], [(CÐO)Gln31(N-CA)Thr32]

and [(CÐO)Thr32(NÐCA)Phe33] in the

PASA representation. It is interesting

to note that at t = 1.5 bohr2, the number

of maxima is close to twice the number

of amino-acid residues, i.e. 103 in both
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Table 4
Protein side-chain fragments obtained at t = 1.5 bohr2 using a hierarchical merging/clustering
algorithm applied to the PASA ED distribution of protein structure 4pti in its native conformation
without consideration of the crystal packing.

Distances with respect to the side-chain centres of mass are given in AÊ . Distances corresponding to
exceptional cases are given in parentheses.

Amino acid Fragment content (notation as in PDB) Frequency Distance

Arg CGÐCDÐNEÐCZÐNH1ÐNH2 5/6 1.17
CDÐNEÐCZÐNH1ÐNH2 1/6

Asn CBÐCGÐOD1ÐND2 3/3 0.28
Asp CBÐCGÐOD1ÐOD2 2/2 0.16
Cys CBÐSG 6/6 0.57
Gln CGÐCDÐOE1ÐNE2 1/1 0.65
Glu CGÐCDÐOE1ÐOE2 2/2 0.60
Ile The two neighbouring Ile are merged 2/2 (3.68)
Leu CGÐCD1ÐCD2 2/2 0.28
Lys CDÐCEÐNZ 4/4 1.38
Met CGÐSDÐCE 1/1 0.68
Phe CBÐCGÐCD1ÐCD2ÐCE1ÐCE2ÐCZ 2/4 0.37

CGÐCD1ÐCD2ÐCE1ÐCE2ÐCZ 2/4
Pro NÐCAÐCBÐCGÐCD 3/4 (1.94)

Pro2 merged with Arg1 1/4
Ser Side-chain and backbone atoms merged with neighbouring

Ala backbone
1/1 (2.62)

Thr CBÐOG1ÐCG2 3/3 0.67
Tyr CGÐCD1ÐCD2 and CE1ÐCE2ÐCZÐOH (two fragments) 4/4 0.93
Val There is only one peak for the whole residue 1/1 (3.66)

Figure 4
Two-dimensional molecular representation of part of the information contained in Fig. 3. Fragments
observed at t = 0.9, 1.5 and 1.8 bohr2 are shown using grey, black and dashed lines, respectively.
Roman numerals indicate the peaks/fragments existing at t = 1.5 bohr2, as in Fig. 3.
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the PASA and CM0 approximations. This ®ts the general usage

that there is one maxima per residue backbone and one per

side chain, except for the six Ala and six Gly residues. At this

smoothing value, it is observed that 61 peaks are close (within

1 AÊ ) to a backbone atom or, more precisely, that 57 peaks are

close, at an average distance of 0.197 AÊ , to C�(C O)N COMs

as de®ned by Guo et al. (1999). The distribution of the average

distance dav between peaks and C�(C O)N COMs as a

function of t is shown in Fig. 8, where it is again observed that

both promolecular description levels provide extremely

similar results. dav is minimum at t = 1.8 (dav = 0.180 AÊ ) rather

than 1.5 bohr2 (dav = 0.197 AÊ ), but 1.8 bohr2 corresponds to a

reduced number of backbone fragments, i.e. 55 rather than 57.

In fact, backbone fragments are completely formed at t =

0.9 bohr2, a value from which the number of peaks located at a

distance <1 AÊ from C�(C O)N COMs is almost constant

(Fig. 7).

3.3. Analysis of the isolated hypothetical extended
conformation

In this subsection, the decomposition results obtained using

the hierarchical merging/clustering algorithm are described

Figure 6
R.m.s. calculated over distances between corresponding peaks observed
in the PASA and CM0 ED distributions of protein structure 4pti. Results
are reported for the native and hypothetical extended conformations.

Figure 5
Three-dimensional representations of the ®rst eight amino-acid residue
sequence of protein 4pti in its native conformation (sticks) and
corresponding local maxima (black spheres) observed in PASA ED
distributions smoothed at t = 0.45, 0.9, 1.5 and 2.5 bohr2. Isodensity
contours are as follows. (a) t = 0.45 bohr2: 0.2 (triangulated) and
0.125 eÿ bohrÿ3 (solid). (b) t = 0.9 bohr2: 0.15 (triangulated) and
0.1 eÿ bohrÿ3 (solid). (c) t = 1.5 bohr2: 0.125 (triangulated) and
0.1 eÿ bohrÿ3 (solid). (f) t = 2.5 bohr2: 0.1 (triangulated) and
0.075 eÿ bohrÿ3 (solid). Roman numerals indicate the peaks/fragments
obtained at t = 1.5 bohr2, as in Figs. 3 and 4.

Figure 7
Total number of fragments (peaks) and numbers of peaks close to any
backbone atoms within a distance of 1 AÊ in PASA and CM0 ED
distributions of protein 4pti in its native conformation.

Figure 8
Average distance between ED peaks and C�CON centres of mass of
protein 4pti in its native conformation.



for an hypothetical extended conformation of protein 4pti.

Comparisons with results for the native geometry are

presented in order to elucidate the in¯uence of the protein

conformation.

Fig. 9 depicts a three-dimensional representation of the 1±8

amino-acid sequence of 4pti together with the peaks obtained

at the PASA description levels at t = 0.45, 0.9, 1.5, and 2.5

bohr2. At the smoothing value t = 1.5 bohr2, all but four

fragments observed from the decomposition of �PASA and �CM0

are identical and the resulting r.m.s. calculated over distances

between corresponding peaks is equal to 0.0095 AÊ (Fig. 6).

The four fragments that differ between both promolecular

representations are [(CÐO)Arg17(NÐCA)Ile18], [(CÐOÐCBÐ

CG1ÐCG2ÐCD)Ile18(NÐCAÐCBÐCG1ÐCG2ÐCD1)Ile19],

[(CÐO)Ala25(N)Lys26] and [(CÐOÐCAÐCBÐCG)Lys26(NÐ

CAÐCB)Ala27] in the CM0 representations, which are

respectively replaced by [(CÐO)Arg17(NÐCAÐCBÐCG1Ð

CG2ÐCD1)Ile18], [(CÐO)Ile18(NÐCAÐCBÐCG1ÐCG2Ð

CD1)Ile19], [(CÐO)Ala25(NÐCAÐCB)Lys26] and [(CÐOÐ

CG)Lys26(NÐCAÐCB)ALA27] in the PASA representation.

The largest values of r.m.s. occur at t = 0.8 and 1.15 bohr2 and

correspond to different fragment contents. At t = 0.8 bohr2,

[NArg20]PASA has its closest corresponding peak [CAArg20]CM0

located at a distance of 1.44 AÊ , while at t = 1.15 bohr2,

[CE2Phe22]PASA is at a distance of 1.63 AÊ from [(CGÐCD1Ð

CD2ÐCE1ÐCE2ÐCZ)Phe22]CM0, i.e. no real correspondence

was found. Globally, the values of r.m.s. are lower on a larger

range of t values than in the native conformation (Fig. 6), so a

better agreement between the two ED models, PASA and

CM0, is observed between the local maxima found for the

hypothetical extended conformation, owing to the fact that

side chains are separated in space and their atoms do not tend

to merge together, especially at high values of t.

When comparing the number of peaks obtained for the

hypothetical extended conformation and the native geometry,

regardless of the promolecular description, PASA or CM0, the

main differences are found to occur at t = 0.4 and 0.8 bohr2.

These differences arise from the merging of C O atoms into

fragments which are set at t = 0.4 bohr2 for the extended

conformation rather than at 0.45 bohr2 for the native confor-

mation. This can be correlated with the average C O

distance, which is slightly lower in the extended conformation

(1.229 AÊ ) than in the native conformation (1.254 AÊ ). Thus,

very small differences in bond lengths may locally affect the

merging pattern. On the whole, in the extended conformation

the C O and C�ÐN fragments are merged at t = 0.8 bohr2, at

which point this is not yet the case in the native conformation.

At t = 1.5 bohr2, the main differences between the native and

extended conformations arise at the level of the fragment

content rather than the fragment number. Except for four

observed differences, all fragments are identical; 36% of the

backbone fragments correspond to the merging of the

Ð(C O)ÐNÐC� backbone atoms and 24% to the merging

of Ð(C O)ÐNÐC�ÐC� atoms.

The analysis of the decomposition patterns of both native

and hypothetical extended geometries shows that the amino-

acid residues have a similar decomposition pattern regardless

of their position in the protein sequence. The decomposition

patterns show that there is no merging before t = 0.4 bohr2 and

backbone fragments appear at about t = 0.9 bohr2, while

unique side-chain motifs are formed around t = 1.5 bohr2.

These three values of t correspond to a mean-square

displacement u equal to 0.224, 0.504 and 0.840 AÊ 2, respectively

(1 bohr = 0.529177 AÊ ).

This is consistent with the conclusions raised by Matta &

Bader (2002) about the high degree of transferability of

geometrical parameters (bond lengths and angles) in amino

acids, a prerequisite condition for transferability of their ED

distribution. Matta and Bader also observed that although the

main-chain group is greatly altered in passing from an isolated

amino acid to its residue form owing to the peptidic bonds,

there is only little change in the geometric parameters of the

remaining main-chain group. Their conclusions were raised

from the analysis of non-promolecular ED distributions, which

can be a priori assumed to be even less transferable than

promolecular properties.

In a ®nal step to relate the decomposition results to

literature data, a tentative correspondence was established

between t and the crystallographic resolution d (rather than u)

by visually comparing ED distributions calculated along the

axis of a CO2 molecule using (6) at various values of t and

using XTAL at various crystallographic resolution values d.

Owing to its linear geometry, this small molecule was selected
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Figure 9
Three-dimensional representations of the ®rst eight amino-acid residue
sequence of protein 4pti in its hypothetical extended conformation
(sticks) and corresponding peaks (black spheres) observed in PASA ED
distributions smoothed at t = 0.45, 0.9, 1.5 and 2.5 bohr2. Isodensity
contours are as follows. (a) t = 0.45 bohr2: 0.2 (triangulated) and
0.125 eÿ bohrÿ3 (solid). (b) t = 0.9 bohr2: 0.15 (triangulated) and
0.1 eÿ bohrÿ3 (solid). (c) t = 1.5 bohr2: 0.125 (triangulated) and
0.1 eÿ bohrÿ3 (solid). (d) t = 2.5 bohr2: 0.1 (triangulated) and
0.075 eÿ bohrÿ3 (solid). Roman numerals establish a correspondence
with peaks/fragments obtained for the native conformation, as in Fig. 5.
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for simplicity of the visual results. The results are presented in

Fig. 10, which shows a similar ED shape at t = 0.45 bohr2 and

d = 2 AÊ , t = 0.8 bohr2 and d = 2.5 AÊ , and t = 1.5 bohr2 and

d = 3 AÊ . That last correlation is consistent with our fragment

contents obtained at t = 1.5 bohr2 and Guo's globbic repre-

sentation of a protein structure at about 3 AÊ .

4. Conclusions and perspectives

A method for the hierarchical decomposition of a molecular

structure, particularly a protein structure, based on its

promolecular ED distributions is presented. The decomposi-

tion is achieved by following the trajectories of the atoms in

progressively smoothed molecular ED distributions. Various

patterns are observed as the smoothing degree t (correlated

with B, the overall isotropic temperature factor) increases,

with a very interesting situation at t = 1.5 bohr2 (B = 66.3 AÊ 2),

where the protein structure is clearly partitioned into back-

bone and side-chain fragments. At t = 1.5 bohr2, one fragment

is observed for each residue backbone, mainly composed of

Ð(C O)ÐNÐC� or a derivative, and one fragment for each

residue side-chain, except for Gly and Ala (no fragment at all)

and for Tyr (two fragments). These observations are consistent

with several descriptions already proposed in the literature,

such as the critical point and the globbic description levels of

protein structures, both of which were established at a crys-

tallographic resolution of about 3 AÊ .

The analysis of the decomposition patterns of both a native

and a hypothetical extended geometry showed that the amino-

acid residues have a similar decomposition pattern regardless

of their position in the protein sequence; also, the decom-

position pattern does not vary signi®cantly with the protein

conformation (at least up to t = 2.5 bohr2), the promolecular

description (Promolecular Atom Shell Approximation or

Cromer±Mann) and the in¯uence of the crystal packing.

The calculations presented in this paper were all achieved

using ideal Gaussian-type ED distributions without any

random noise. A statistical analysis of several factors such as

the fragment content, the effect of conformation, crystal

packing, solvent molecules, noise etc. probably needs to be

considered for practical applications to protein crystallo-

graphy. So far, the results have shown that crystal packing and

protein conformation are not crucial in the hierarchical

merging patterns that were obtained. Thus, it might be

considered that the de®nition of fragments of a protein

structure could be performed without any precise information

regarding its three-dimensional geometry. The fragments thus

obtained might be used to feed a dictionary of templates for

model building with information about their hierarchy as a

function of the smoothing degree or resolution. All these

practical aspects constitute a further step which will require, in

addition to model-building expertise, automation in the

analysis of the merging/clustering results.
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