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Abstract Several smoothed Gaussian-based descriptors

used in a molecular superposition algorithm are presented.

One descriptor, as detailed in a previous work (Leherte in J

Comput Chem 27:1800–1816, 2006), is the full electron

density approximated through the promolecular atomic

shell approximation (PASA) (Amat and Carbó-Dorca in J

Chem Inf Comput Sci 40:1188–1198, 2000). Herein, we

additionally present a new descriptor, that is, the charge

density of a molecule calculated via the Poisson equation.

The Coulomb potential as approximated by Good et al.

(J Chem Inf Comput Sci 32:188–191, 1992) and atom-

based functions such as hydrogen bond donor or acceptor

properties, lipophilicity as detailed in the work of Totrov

(Chem Biol Drug Des 71:15–27, 2008) were also consid-

ered. A Monte Carlo/Simulated Annealing superposition

method is applied to a set of six families of drug molecules,

that is, elastase inhibitors, ligands of endothiapepsins,

trypsins, thermolysins, p38 MAP kinases, and rhinovirus,

all of them already reported in the literature, for discussing

superposition problems. The results show that the

descriptor selection can be guided by the nature of the

interactions expected to occur between the drug molecules

and their receptor. They also emphasize the particular

efficiency of the PASA descriptor for molecules charac-

terized by significant shape properties.

Keywords Promolecular electron density distribution �
Poisson equation � Coulomb potential � Smoothing �
Molecular alignment � Similarity index

1 Introduction

Since at least two decades, the use of Gaussian functions

for the evaluation of the molecular similarity has been an

attractive strategy as both it allows short calculation times

and it is very easy to implement [1]. Indeed, using such

functions, similarity measures are directly related to dis-

tances between the atoms that constitute the molecular

structures to be compared [2, 3]. In molecular modelling, it

is indeed common to access the shape of a molecule by

fitting spheres at the atom locations, such as the well-

known van der Waals (vdW) spheres [4], or by considering

Gaussian functions as presented, for example, by Good and

Richards [5] and Grant and Pickup [6–8]. In order to

consider some hardness of the atoms when bound in a

molecule, Good and Richards [5] used atomic electron

density (ED) distributions, which are set to zero beyond the

vdW radius of the atoms. Grant et al. [6–8] compared the

conventional hard sphere representation and a Gaussian-

based model and proposed applications in the field of shape

comparison using the so-called shape multipoles or

moments. Their work led, notably, to the implementation

of the program ROCS [9]. Later, applications were repor-

ted by Haigh et al. [10] who suggested a transferable and

fast shape fingerprint approach based on Grant et al.’s

works. Maggiora and coworkers [11] used spherically

symmetric Gaussian functions located on selected atoms
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and characterized by adjustable magnitudes and widths to

modulate the degree of details needed to achieve protein

alignments. Within such a representation, each amino acid

of a protein is described by a linear combination of a

limited number of Gaussians. Their approach was imple-

mented in the program MIMIC [12]. Duncan and Olson

[13] also defined molecular surfaces as a sum over atomic

Gaussian functions. In their work, emphasis was given on

the resolution of these surfaces, which can be modified by

convolving the ED distribution function with a Gaussian

function of selected variance. On such bases, various

applications were proposed in the fields of molecular

comparison and molecular complementarity, as well as in

visual interpretation of molecular surfaces. Klebe et al. [14]

established a mathematical formalism for the evaluation of

molecular similarity in three-dimensional (3D) QSAR

studies. Similarity was evaluated between a given molecule

and a spherical probe and was calculated at each point of a

3D grid as a summation over atomic contributions [14].

More recently, Totrov [15] described a molecule through

seven 3D atomic property fields (APFs) calculated from

Gaussians functions centred on the constituting atoms.

These atomic properties are hydrogen bond donor, hydro-

gen bond acceptor, sp2 hybridization, lipophilicity, size,

charge, and electronegativity. The author identified 21

atom types and associated them a value for each of those

seven properties. Totrov’s approach is close to the proce-

dure described by Lemmen et al. [16] in the program

FLEXS wherein physicochemical properties such as

hydrophobicity, charge, hydrogen bonding are approxi-

mated by a set of Gaussian functions centred on atoms or

other regions defined by the user. Proschak et al. [17]

applied a molecular shape description expressed as a

summation over atomic Gaussian functions to define

molecular surface elements useful in surface matching

calculations and implemented their approach in the pro-

gram ‘‘Shapelets’’. Chan et al. [18] used Gaussians to

define a scoring function for their alignment procedure.

The function is calculated as a summation over Gaussian

terms depending upon the distances occurring between

atoms characterized by a given property (size, hydropho-

bicity). The authors implemented their scoring function in

the program MOE [19].

Superposition of molecules is a problem that involves

many local solutions. A way to reduce the number of

possible alignments is to lower the resolution of the

molecular field under consideration, in order words, to

lower the level of details by smoothing the 3D scalar field

[11, 13, 20]. This can easily be achieved through a con-

volution product with a Gaussian function, as proposed by

Kostrowicki et al. [21]. Another approach consists in lim-

iting the number of points representing the molecules, such

as in the studies of Glick et al. [22, 23], wherein the atoms

are clustered based on their separating distances. We also

used such an approach by representing molecular systems

as graphs of smoothed ED critical points [24, 25].

Following a work we previously achieved on molecular

similarity of promolecular ED distribution functions [20],

we expand here the concepts presented before through the

calculation of charge density (CD) distributions calculated

from smoothed electrostatic potential functions via the

Poisson equation. The advantage of Gaussian functions in

evaluating various similarity measures is again considered

to easily calculate integrals such as the overlap and the so-

called Laplacian ones at low cost.

In this paper, we treat various molecular similarity

problems through the study of six different families of

molecules, as already detailed in the literature. The selec-

ted families are the TOMI and DFKi elastase ligands

[26–29], inhibitors of endothiapepsins [16, 20, 30], trypsins

[16, 18, 31, 32], thermolysins [16, 17, 30–32], human

rhinovirus HRV14 [16, 18, 32], and of p38 mitogen-acti-

vated proteins (MAP) [18, 32].

We first used a promolecular description of the ED dis-

tribution function of the various molecules, as reported

before [20]. We also apply the formalism obtained for the CD

calculated from smoothed electrostatic potential functions

through the Poisson equation. Such a CD distribution func-

tion was previously considered to design, through its topo-

logical properties, reduced point charge models for proteins

[33]. This new aspect is considered in comparison with the

method described by Good et al. [34] to superpose Coulomb

potential functions and implemented by us in combination

with a smoothing approach. Finally, we also considered a

smoothed version of the APFs developed by Totrov [15].

Flexibility is not considered in the present work as we

compare alignments to discuss the efficiency of the various

smoothed molecular fields under consideration without the

influence of the conformation. As shown by the results, the

various molecular fields can provide different results and

their efficiency can vary with the nature of the interactions

involved between the molecules and their receptor.

In the next section, we briefly recall the mathematical

expressions needed to superpose the molecules and to eval-

uate the corresponding similarity degree. We detail the new

expressions related to CD distribution functions and

smoothing in general. Thereafter, we present the molecular

systems under study and discuss the alignment results. Con-

clusions and perspectives are provided at the end of the paper.

2 Theoretical background

In this section, it is described how smoothed Gaussian-

based scalar fields can be calculated analytically and how

similarity measures and indices are evaluated.
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2.1 Promolecular electron density distributions

In their work related to the Promolecular Atom Shell

Approximation (PASA), Amat and Carbó-Dorca used

atomic Gaussian ED functions that were fitted on 6-311G

atomic basis set results [35]. In the PASA approach that is

considered in the present work, a promolecular ED distri-

bution qA is represented analytically as a weighted sum-

mation over the nat atomic ED distributions qa, which are

described in terms of series of three squared 1s Gaussian

functions fitted from atomic basis set representations [36]:

qA ¼
Xnat

a2A

qa ð1Þ

with:

qa rð Þ ¼ Za

X3

i¼1

wa;i

21a;i

p

� �34
"

e�1a;i r�Raj j2
#2

ð2Þ

where Za, Ra, and wa,i and 1a,i, are the atomic number of

atom a, its position vector, and the two fitted parameters,

respectively.

To generate smoothed 3D ED functions, qA is directly

expressed as the solution of the diffusion equation

according to the formalism presented by Kostrowicki et al.

[21]:

qa;t rð Þ ¼
X3

i¼1

sa;i where sa;i ¼ aa;ie
�ba;i r�Raj j2 ð3Þ

with:

aa;i ¼ Zawa;i

21a;i

p

� �3=2
1

1þ 81a;it
� �3=2

and

ba;i ¼
21a;i

1þ 81a;it
� �

ð4Þ

where t is the smoothing degree of the ED, unsmoothed

EDs being obtained by imposing t = 0 bohr2.

When using the PASA description, only the non-

hydrogen atoms of the molecular structures are considered.

It is done so to limit the calculation time of the alignment

procedures. The advantage of such a descriptor thus relies

in the fact that no a priori knowledge of the protonation

state of the molecules is required.

2.2 Coulomb potential and charge density distribution

functions

The electrostatic potential function generated by a mole-

cule A is approximated by a summation over its atomic

contributions using the Coulomb equation:

UAðrÞ ¼
Xnat

a2A

qa

r� Raj j ð5Þ

qa being the net charge of atom a. A smoothed version of

the potential generated by atom a, Ua,t(r), can be expressed

as [37]:

Ua;tðrÞ ¼
qa

r
erf

r

2
ffiffi
t
p

� �
ð6Þ

where t is the smoothing parameter and erf stands for the

error function. From the potential given in Eq. 6, the

corresponding analytical CD function qa,t(r) can be

obtained from the Poisson equation:

�r2Ua;t ¼
qa;t

e0

ð7Þ

and expressed as:

qa;tðrÞ ¼
qa

4ptð Þ3=2
e�r2=4t ð8Þ

In such a formalism, qa,t(r) cannot be calculated at t = 0.

Indeed, that situation corresponds to the original Coulomb

potential for which the solution of the Poisson equation is

zero.

2.3 Approximation of the Coulomb potential function

In their paper, Good et al. [34] approximated the r-1 term

in the Coulomb potential by a sum over three Gaussian

functions:

1

r
¼
X3

i¼1

kie
�rir

2 ð9Þ

where the three (ki, ri) pairs are (0.3001, 0.0499), (0.9716,

0.5026), and (0.1268, 0.0026 Å-2). A visualization of that

approximate function clearly shows that the fit of r-1 is

acceptable only at distances r that are larger than about

1 Å; the asymptotic behaviour of r-1 at r = 0 is indeed not

satisfied.

A smoothed version can be given by relationships sim-

ilar to Eqs. 3 and 4:

1

r

� �

t

¼
X3

i¼1

ki

1þ 8ritð Þ3=2
e
� ri

1þ8ri tð Þr
2

ð10Þ

The discrepancies between the Good and Hodgkin’s

approximation and the original r-1 function are strongly

reduced when the smoothing factor t differs from zero. This

is particularly due to the fact that the infinite asymptotic

behaviour at r = 0 of function r-1 is not present any longer

in Eq. 6.
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2.4 Atomic property fields

The different 3D atomic property fields Pi(r) selected by

Totrov [15], that is, hydrogen bond donor, hydrogen bond

acceptor, sp2 hybridization, lipophilicity, charge, and

electronegativity, are represented through Gaussian

functions:

PiðrÞ ¼
Xnat

a2A

ui;ae
� r�Raj j2

k2 ð11Þ

where ui,a stands for the atomic property i associated with

atom a (Table 1 of Ref. [15]), and the so-called effective

distance parameter k is set equal to 1.2 Å [15, 16].

Similar to Eq. 10, a smoothed version of Eq. 11 was

implemented as follows:

Pi;tðrÞ ¼
Xnat

a2A

/i;a

1þ 8 1
k t

� �3=2
e
�

1=k
1þ81

k
tð Þ r�Raj j2

ð12Þ

When using such a description, most of the hydrogen

atoms of the molecular structure are eliminated from the

superposition procedure, and only the polar ones, as

described by Totrov [15], are kept. In the implementation

we set up, a global field descriptor is calculated as a

summation over all seven above-mentioned Pi(r) fields.

2.5 Evaluation functions for the alignment of smoothed

distribution functions

The selection of a 3D scalar field as a relevant property to

determine the similarity degree between two molecules

A and B has led to several definitions of similarity measure

[2, 38].

The well-known overlap similarity measure is defined

by:

IAB;overlap ¼
Z

drqA;tðrÞqB;tðrÞ ð13Þ

where t is the smoothing degree of the ED.

Another quantity used in our previous work [20] is the

so-called Laplacian similarity measure IAB,Laplacian:

IAB;Laplacian ¼
Z

drqA;tðrÞT qB;tðrÞ ð14Þ

where the operator T is related to the Laplacian operator

r2 :

r2 ¼ o2

ox2
þ o2

oy2
þ o2

oz2
ð15Þ

by T ¼ �r2=2: It has been shown that the IAB,Laplacian

similarity measure can be seen as the overlap integral of

the gradient of the ED [2, 39]. In the latter reference, the

use of the density gradient in quantum similarity measures

is thoroughly described and is evaluated versus the overlap

similarity measure.

Similarity measures are involved in several well-known

similarity index formulae [2, 38, 40] such as the Carbó

(also known as Cosine) index:

SAB;Carbo ¼
IABffiffiffiffiffiffi

IAA

p ffiffiffiffiffiffi
IBB

p ; ð16Þ

the Hodgkin–Richard (also known as Dice) index:

SAB;Hodgkin ¼
IAB

1
2

IAA þ IBBð Þ
; ð17Þ

and the 3D shape Tanimoto similarity index:

Table 1 PDB access codes and net charge (in |e-|) of the molecules considered in the present work

Structure number

1 2 3 4 5 6 7 8 9 10 11 12 13

Elastase 1PPF 4EST

0 0

Endothiapepsin 2ER7 4ER1 4ER2 5ER1 5ER2

-1 0 -1 -1 0

Trypsin 1PPH 1TNH 1TNI 1TNJ 1TNK 1TNL 3PTB

?1 ?1 ?1 ?1 ?1 ?1 ?1

Thermolysin 1THL 1TLP 1TMN 2TMN 3TMN 4TLN 4TMN 5TLN 5TMN 6TMN

-2 -2 -2 -1 0 0 -2 -1 -2 -2

P38 1A9U 1BL6 1BL7 1DI9 1M7Q 1OUK 1OUY 1OVE 1OZ1 1W7H 1W84 1WBO 1YQJ

0 0 ?1 0 ?1 ?1 ?1 ?1 0 0 0 0 ?1

HRV14 2R04 2R06 2R07 2RM2 2RR1 2RS1 2RS3 2RS5

0 0 0 0 0 0 0 0
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SAB;Tanimoto ¼
IAB

IAA þ IBB � IAB
ð18Þ

SAB,Tanimoto was found to be efficient for the

superposition of 3D fields, both in the position space [9]

and in the momentum space wherein emphasis is given to

the long-range variations of the electron density [41]; it is

known to be more sensitive to size differences between two

structures. It was also found to be efficient in

superpositions of endothiapepsin ligands [20].

2.6 Superposition algorithm

Using a Monte Carlo/Simulated Annealing algorithm (MC/

SA), rigid pair alignments were achieved at smoothing

degrees t varying between 1.7 and 1.4 bohr2. The two

values were selected after the studies presented in [42, 43],

which report topological analyses of PASA and Poisson-

based CD distribution functions. Best performances of the

approach were observed at values of t where the critical

points (local maxima and/or minima) of the smoothed 3D

fields correspond to known interaction sites of the ligands

[25] or to locations of point charges on amino acids [33,

43].

Our superposition algorithm consists of a sequence of

MC loops carried out at linearly decreasing acceptance

rates. First of all, the structure to be aligned on the refer-

ence molecule is translated to locate the two centres of

mass at the same position. At each step of a MC loop, the

structure to be aligned is displaced by random translation

and rotation steps. The maximal translation and rotation

displacements were set equal to 0.5 Å and 0.5 rad,

respectively. The new alignment is evaluated using SAB and

is accepted only if it is probable enough, that is:

p ¼ e�b Sold
AB�Snew

ABð Þ[ n ð19Þ

where n is a random number selected between 0 and 1. The

parameter b controls the acceptance rate of the MC loop.

Twenty values are regularly selected between 0.001 and

0.1. The best alignment, that is, the alignment with the

highest SAB value, obtained at a given value of b, is used as

the starting point of the MC loop at the next b value. The

number of iterations per MC loop was set equal to 10,000.

Starting with the PASA molecular description, several

calculations were achieved at t = 1.7 and 1.4 bohr2. It was

also considered to work at a given b value and let t vary

from a high to a low smoothing value during the MC/SA

procedure. This last option did not bring real improvements

versus the first option. Indeed, the MC/SA algorithm is

built to maximize the similarity degree SAB. Starting with a

highly smoothed ED and going to a less well-smoothed ED

leads to values of SAB that tend to decrease for a given

alignment. Nevertheless, the simultaneous variation of

t and b during the MC/SA procedure appeared to provide

rather good results, with a high performance on the

alignment convergence. The MC/SA parameters to be

considered when using the PASA description were finally

set to a simultaneous and linear decrease in t and b from

1.7 to 1.4 bohr2 and from 0.1 to 0.001, respectively. Even

if ED contours obtained at t = 1.7 and 1.4 bohr2 are very

similar as depicted for endothiapepsin ligand 4 (Fig. 1),

letting t vary during the superposition procedure seems to

favour the search for a global solution.

When considering the CD and APF descriptors, it

appeared that the calculation of the similarity measures

should better involve positive integrals (overlap, Lapla-

cian) only, that is, the superposition of negative distribu-

tions onto positive distributions (or inversely) should not

participate to the total value of SAB. This is done to avoid

unfavourable partial alignments of the molecules. Looking

at the CD contours illustrated in Fig. 1 for endothiapepsin

ligand 4, one clearly distinguishes a larger positive iso-

contour 0.0002 e-/bohr3 corresponding to the positive

NH3
? end (left side of the structures in Fig. 1), that is

spread away from the molecular skeleton versus its PASA

counterpart. It is also seen, for example, that aromatic

groups (right side of the structures in Fig. 1) tend to be

surrounded by positive regions while the inner part of the

ring itself leads to a negatively charged area.

When using the smoothed Coulomb potential descrip-

tion, one first wished to emphasize the overlap of the

electrostatic potential acting in regions of space remote

from the molecular skeleton itself, that is, beyond the so-

called solvent accessible surface of the molecule. In that

case, one first used the overlap similarity measure with the

Hodgkin similarity index as Good et al. [44] reported that

this last index is sensitive to the magnitude of the 3D

descriptor field. It, however, appeared that the Laplacian–

Tanimoto combination was more efficient.

To evaluate the success of the alignments, the coordi-

nates of the non-hydrogen atoms of the aligned molecules

were compared to the corresponding coordinates of their

expected (crystallographic) position. An rmsd value was

calculated to quantify this degree of success.

3 Applications and results

All 3D coordinates of the molecular systems studied in this

paper were retrieved from the Protein Data Base (PDB)

[45]. Table 1 reports the PDB access codes of the various

systems. Based on the atomic hybridization states, H atoms

were added to the structures with the program VEGA ZZ

[46, 47]. Protonation states were considered as found in the

literature. All end NH2 and COOH groups in peptides were

systematically ionized. Charges were added with the same

Theor Chem Acc (2012) 131:1259 Page 5 of 16
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program using the Gasteiger–Marsili [48, 49] scheme. 2D

representations of all molecular structures studied in this

paper are presented in Online Resources 1–6.

Within each family of ligands, all possible pair align-

ments were carried out, that is, the largest structure on the

smallest and inversely. The best solution observed among

the two so-obtained was kept.

3.1 Alignment results for the elastase TOMI/DFKi

system

The system is particular in that the turkey ovomucoid

inhibitor, TOMI (PDB access code 1PPF), is an elastase

inhibitor consisting of 56 residues (814 atoms), that is,

characterized by a size drastically larger than the diflu-

oroketone inhibitor, DFKi (PDB access code 4EST), with

70 atoms (Online Resource 1). Due to that particularity, it

has been the subject of several studies [26–29] regarding

their alignment using molecular similarity-based

techniques.

The desired alignment of TOMI and DFKi, that is, the

expected crystallographic solution, is obtained using the

PASA descriptor with the conditions applied throughout

this paper, that is, t varying from 1.70 to 1.40 bohr2, and

with the Laplacian Tanimoto similarity measure and index.

The corresponding degree of similarity SAB is equal to

0.0697, and the rmsd value of the TOMI structure is 2.26 Å

(Fig. 2a). The low value of SAB is due to the size difference

in the two structures, leading to similarity measures that

differ by an order of magnitude. In the present case,

IAA,Laplacian = 21.052, IBB,Laplacian = 1.966, and IAB,Lapla-

cian = 1.450, at t = 1.4 bohr2. The use of the Laplacian

similarity measure allows to emphasize the importance of

the shape of the molecular skeletons. Another similarity

measure choice, like ‘‘overlap’’, will force the overlap

between the drug DFKi and the helix of TOMI, that is, a

high-density region (Fig. 2b).

All other descriptors did not provide the right alignment

under the calculation conditions used in the present work.

This suggests that the molecular shape is the main infor-

mation required to align the molecules.

3.2 Alignment results for the endothiapepsin ligands

Endothiapepsin is a single-chain proteinase of 330 amino

acids. The structure is largely of b-sheet type and consists

of two related lobes of approximately 170 amino acids

each. The active site resides in a pronounced cleft between

the lobes. Inhibitors have been shown, by X-ray crystal-

lography, to bind in the active site cleft in extended con-

formations. A detailed comparison of the X-ray structures

of 21 inhibitor complexes is given by Bailey and Cooper

[50]. The hydrogen bonds that position the inhibitor main

chain in the active site cleft are largely conserved from one

PASA 

t = 0.00 bohr2 t = 1.40 bohr2 t = 1.70 bohr2

CD 

t = 0.05 bohr2 t = 1.40 bohr2 t = 1.70 bohr2

OH

NH3+ N
H

N
H

O

O

N
H

O

O

Fig. 1 2D representation and

isocontours of the PASA ED

(0.0002 in light blue and 0.075

e-/bohr3 in dark red) and of the

CD (-0.0002 in light blue and

0.0002 e-/bohr3 in dark red) of

endothiapepsin ligand 4,

calculated at various smoothing

degrees t. The molecular

skeleton is displayed using

sticks (H are not shown for

clarity)
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inhibitor to another, implying that the largest determinants

of specificity are the vdW contacts between the enzyme

and the ligand side chains. Side chains of the inhibitors can

adopt different conformations to compensate for greater or

lesser occupation of the neighbouring residues.

The five ligands considered in this work were selected

following the work of Lemmen et al. [16] (Online Resource

2). For convenience, the five molecules will be numbered

1–5 further in the text (Table 1).

Alignments achieved using the PASA descriptor toge-

ther with the Laplacian and Tanimoto similarity evaluators

showed that the only problematic case occurred when one

superposed ligands 2 and 4 (Table 2). Indeed, the obtained

similarity degree SAB, 34 %, is higher than the SAB degree

calculated for molecules in the experimental orientation,

SAB = 22 % at t = 1.40 bohr2, where a partial overlap is

observed. With the CD descriptor, this problem is can-

celled since SAB expected, 25 %, is larger than SAB full overlap,

17 %, and a good alignment is obtained between the two

ligands 2 and 4 (Table 2). With the CD descriptor, a mis-

alignment remains between ligands 2 and 5. A deeper

insight showed that this is due to non-convergence of the

algorithm, with SAB expected = 23 % at t = 1.40 bohr2,

rather than 20 %, as shown in Table 2. Thus, with PASA,

only 9 alignments over 10 are successful while one can

expect a 100 % success when using the CD descriptor.

Lemmen et al. [16] obtained a success rate of 70 %.

Besides the use of the PASA and CD distributions func-

tions, the Coulomb potential descriptor did not provide

satisfactory alignment results (Table 2). Indeed, only one

superposition is characterized by a rmsd value \2 Å, and

rmsd values beyond 20 Å suggest that some superposition

results completely diverge from the expected ones. The

APF descriptor is efficient, except for all alignments that

involve ligand 2 (Table 2). This is due to the absence of a

negatively charged carboxylate group. Indeed, when pres-

ent, the two negative oxygen of the carboxylate bear a

highly negative charge descriptor value ui,a of -1.5 as well

as a highly positive hydrogen bond value, 1.5, in the

framework of the APF representation. It is then possible to

slightly improve the efficiency of the APF-based align-

ments, with a success rate of 8 over 10 alignments, by

working with the size component of the APF representation

only (Table 2).

Thus, one concludes that the orientation of the drug

molecules in the binding pocket of the receptor is mainly

governed by their shape, a property that is often related to

vdW contacts discussed above.

3.3 Alignment results for the trypsin ligands

Trypsins belong to the family of serine proteases and are

constituted by about 245 amino acid residues. Their active

site contains a serine residue, located at the junction of two

b-barrel domains. The seven ligands (Table 1) considered

in this work were taken from the work of Chan et al. [18].

Except for the largest ligand, 1PPH, all of them present a

rather similar structure (Online Resource 3) that consists in

an aromatic group and a positively charged amine group

separated by aliphatic linkers of different lengths. All

molecules thus bear a net ?1 charge. Ligand 1TNI (ligand

3), with a longer linker, assumes a binding mode that is

slightly different from the other molecules. The positively

substituted phenyl moiety of the larger molecule (ligand 1)

is oriented in a similar manner as benzamidine (ligand 7)

and faces the negatively charged carboxylate group of

residue Asp189 of trypsin while also interacting through

hydrogen bonds [51].

None of the alignments involving the largest structure

(ligand 1), achieved using either the PASA or the CD

descriptor, provided satisfactory results (Online Resources

7 and 8). Indeed, all rmsd values are larger than 5 Å. In

such cases, the positively charged N atom of the small

ligands is aligned with the SO2 group of ligand 1 (Fig. 3).

This leads to a higher similarity measure due to the larger

density distribution of the sulphonate group of ligand 1.

With the CD descriptor, two positive regions appear at the

level of the C(NH2)2
? and SO2 groups of atoms and

a 

rmsd = 2.26 Å 

b 

rmsd = 19.33 Å 

Fig. 2 a Superimposition of the

crystallographic structure of

TOMI (black ribbon), DFKi

(black wire), and the MC/SA

orientation of TOMI versus

DFKi (grey) obtained with the

PASA descriptor smoothed at

t varying between 1.7 and 1.4

bohr2 using a the Laplacian

similarity measure and b the

overlap similarity measure (H

are not shown for clarity)
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misalignments are also observed (Fig. 3). Therefore, the

only way to superpose the ligands is to consider a

descriptor that involves information well beyond the

molecular skeleton, that is, the Coulomb electrostatic

potential, or to consider other properties as those in the

APF formalism. Figure 3 illustrates that with the Coulomb

potential descriptor, there is only one main positive region

located around the amidino groups of ligands 1 and 7. The

expected alignment can thus be obtained for these two

compounds (Fig. 3). Indeed, with that last approach, ones

notices that all small molecules tend to be superposed on

the correct branch of ligand 1. The Coulomb potential

alignments are not ideal, that is, rmsd can be larger than

2 Å, except for the alignment of ligands 1 and 7, with

rmsd = 0.36 Å (Online Resource 9). Besides that, the

alignment of the small structures versus another did not

show significant improvements versus the PASA and CD

descriptors. Finally, if one accepts the alignments charac-

terized by rmsd values between 2 and 3 Å, the approach is

100 % successful. In their work, Lemmen et al. [16] also

obtained a 100 % success, that is, for each pair of super-

posed molecules, at least one alignment is correct among

the two possible ones. These authors did, however, not

consider the largest structure 1PPH in their work. Values

Table 2 Best pair alignment results, in terms of SAB values (%), obtained using the Laplacian Tanimoto MC/SA procedure with various

descriptors smoothed at t varying between 1.7 and 1.4 bohr2 for the five endothiapepsin ligands

1 2 3 4

PASA

1 –

2 35 (0.81) –

3 34 (0.16) 40 (0.42) –

4 27 (0.72) 34 (11.14)

SAB expected = 22

32 (1.42) –

5 51 (0.47) 49 (0.52) 48 (0.45) 36 (0.44)

CD

1 –

2 22 (0.73) –

3 31 (1.19) 29 (0.28) –

4 24 (0.93) 25 (1.65)

SAB full overlap = 17

25 (0.96) –

5 41 (0.54) 20 (8.67)

SAB expected = 23

45 (0.60) 28 (0.80)

Coulomb electrostatic potential

1 –

2 8 (10.58) –

3 90 (1.62) 8 (12.24) –

4 1 (41.31) 4 (8.79) 1 (40.00) –

5 40 (21.00) 10 (8.40) 39 (2.32) 38 (17.64)

APF

1 –

2 17 (0.33) –

3 60 (0.87) 28 (11.61) –

4 25 (1.24) 35 (8.92) 31 (1.30) –

5 60 (0.77) 21 (8.27) 67 (0.61) 27 (0.93)

Size component of the APF

1 –

2 36 (0.55) –

3 45 (0.37) 44 (0.67) –

4 32 (0.74) 30 (9.90) 38 (1.89) –

5 36 (0.40) 23 (0.76) 31 (0.74) 51 (15.99)

The reference molecules are mentioned in the first row; otherwise, results are shown in bold. rmsd values (Å) of the aligned molecules are given

in parentheses
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of 80 [18], 73 [32], and 57 % [32] are also reported in the

literature. Additional tests carried out using the Coulomb

potential descriptor at t = 1.0 bohr2 (Online Resource 9) to

determine whether the resolution may lead to lower rmsd

values did not show improvements versus the procedure

involving a variation of t from 1.70 to 1.40 bohr2.

PASA 

rmsd = 7.46 Å 

Isocontours: 0.05 (light blue) and 0.15 (dark red) e-/bohr3

CD 

rmsd = 7.54 Å 

Isocontours: -0.001 (light blue) and 0.0025 (dark red) e-/bohr3

Coulomb 

rmsd = 0.36 Å 

Isocontour: 0.15 (light blue) and 0.2 (dark red) e-/bohr

APF 

rmsd = 0.16 Å 

Isocontour: -0.03 (light blue) and 0.9 (dark red)

Fig. 3 Left Superimpositions of the structures of trypsin ligand 1

(black wire) and ligand 7 (grey stick) obtained using the MC/SA

algorithm with various descriptors smoothed at t varying between 1.7

and 1.4 bohr2. Isocontours of the PASA ED, CD Coulomb potential,

and APF of trypsin ligands 1 (middle) and 7 (right) calculated at

t = 1.4 bohr2. The molecular skeleton is displayed using sticks (H are

not shown for clarity)
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The use of the APF descriptor led, as with the Coulomb

potential descriptor, to a desired positioning of the aligned

ligands (Online Resource 10). The rather high values of

rmsd, beyond 2 Å, often characterize shifted molecules,

that is, the positive group is well aligned while the aromatic

cycle is misaligned as shown for ligands 3 and 7 (Fig. 4).

This happens for six alignments, marked ‘‘shifted’’ in

Online Resource 10. The alignment of ligands 1 and 6 is

characterized by a wrong inversed orientation, with

rmsd = 2.21 Å only, and SAB = 14 %. A good alignment

could be expected at the same similarity degree, that is,

SAB = 14 %. An additional run was achieved at t = 0.50

bohr2, which tends to show that these shifted positions are

not due to the smoothing of the APF field (Online Resource

10). Indeed, nine pairs are misaligned, one inversed ori-

entation is obtained, as well as a completely wrong result

for ligands 2 and 7 with rmsd = 5.40 Å.

Superposing the trypsin ligands thus requires a

descriptor that is able to differentiate high-density regions

of different chemical natures and electric charges by taking

into consideration descriptor distributions spread around

the molecular skeleton like the Coulomb potential.

3.4 Alignment results for the thermolysin ligands

Thermolysin, a calcium-binding zinc endopeptidase con-

sisting of 316 amino acid residues, involves a pronounced

active site cleft formed at the junction of the two lobes

characterizing its structure. Ten thermolysin ligands were

considered in the present study (Table 1). Two structures,

2TMN and 4TLN, examined by Lemmen et al. [16], were

added to the set of eight ligands studied by Chan et al. [18].

Among these ten ligands, 5TMN and 6TMN differ by a

small moiety, as shown in Online Resource 4, that is, an O

atom replacing a NH group. When bound in the receptor,

the molecules are linked to a Zn cation. More precisely,

inhibitors 4TLN and 5TLN bind to the receptor with their

hydroxamate group complexed to the Zn, while molecules

like 1TLP, 2TMN, 4TMN, 5TMN, and 6TMN are coor-

dinated to the Zn by phosphoryl oxygens. Binding to the

receptor also occurs through hydrogen bonds with the NH

groups of the molecular skeletons. The ionization state of

4TLN and 5TLN was selected following the work of

Matthews and coll. [52, 53] who favoured the anionic form

of the NHOH moiety. A positive NH3
? group is also

assumed in structure 4TLN [53]. The structure of 2TMN

involves a protonated N atom located next to P, as

described by Matthews and coworkers [53, 54]. Finally, O

atoms of the phosphoramidate groups in 1TLP, 4TMN,

5TMN, and 6TMN are charged as represented in the work

of Gresh et al. [55].

The use of the PASA descriptor (Online Resource 11)

provides an overall success rate, 27 over 45 alignments,

that is slightly less good than the one obtained with the CD

PDB 

PASA 

rmsd = 2.21 Å 

CD 

rmsd = 2.42 Å 

Coulomb 

rmsd = 2.50 Å 

APF 

rmsd = 2.85 Å 

Fig. 4 Superimposition of the

structures of trypsin ligand 3

(black wire) and ligand 7 (grey
stick) in its crystallographic

orientation (PDB), and in the

MC/SA orientations obtained

using the PASA ED, CD,

Coulomb potential, and APF

descriptors smoothed at

t varying between 1.7 and 1.4

bohr2 (H are not shown for

clarity)
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descriptor, that is, 30 good solutions (Online Resource 12).

All rmsd values of the successful alignments are lower than

2 Å, except for the superimposition of ligands 6 and 10

with the PASA descriptor, rmsd = 2.62 Å, and the super-

position of ligands 7 and 10 with the CD descriptor,

rmsd = 2.66 Å. Proper alignments are expected with

unchanged SAB values between ligands 2 and 6 using the

PASA and CD descriptors. The main difference between

the PASA and CD-based results lies in the type of align-

ments that were achieved with success. For example, all

nine alignments involving ligand 8 led to expected results

with the CD descriptor, while only three were obtained as

desired with PASA. Combining both sets of results leads to

a total success rate of 36 over 45 solutions, that is, 80 %.

This may suggest that a combination of shape- and charge-

dependent descriptors needs to be envisaged for further

work with those ligands. The case of ligands 4 and 10 is

depicted in Fig. 5, which illustrates that the wrong align-

ment observed with the CD descriptor occurs due to the

large negative region of ligand 4 located at the level of

PO3
2-. An additional run carried out with a NH group,

replacing the NH2
? moiety, did not modify at all the

alignment results. The use of the smoothed Coulomb

potential (Online Resource 13) did not bring any overall

improvement over PASA, especially for all superpositions

involving ligand 4, the smallest one, and ligand 5; 17 good

solutions, characterized by rmsd \ 2 Å, were obtained.

Seven alignments correspond to shifted molecules versus

their expected orientation. As for the PASA descriptor, the

APF one (Online Resource 14) leads to mixed results, with

a success rate of 20 over 45 alignments. These good

solutions are all characterized by rmsd \ 2.5 Å. For

ligands 6 and 8, we have to mention that an additional APF

type was considered for the negatively charged N atoms of

the hydroxamate groups occurring in both ligands. The

selected parameters were -0.5 for hydrogen bond donor,

1.5 for hydrogen bond acceptor, 0.0 for sp2 hybridization,

-1.0 for lipophilicity, 0.0 for size, -1.5 for charge, and

-1.5 for electronegativity.

Only molecules 1–3, 5, and 7–10 were considered in the

work by Chan et al. [18], while molecules 2–9 were studied

by Lemmen et al. [16]. If one restricts our analyses to the

eight structures involved in each of those previous studies,

one gets a maximal success rates of 82 % (23 alignments

over 28) and 64 % (18 alignments over 28) with the CD

descriptor that are of the same order of magnitude as the

literature values of 93 % [18] and 61 % [16], respectively.

Only alignments with rmsd \ 2 Å were considered, as in

the literature [16, 18]. On the whole, most of the wrong

superposition results obtained with the CD descriptor

(Online Resource 12) involve molecules 4–6, that is, the

smallest structures. As already discussed, structure 8 that is

a bit larger in size is always well aligned with CD. The

particular case of ligands 1 and 8 is illustrated in Fig. 6.

The use of the CD descriptor allowed to correctly super-

pose the functional moieties that are expected to bind to the

Zn ion, that is, the carboxylate and the hydroxamate

groups, respectively, and the remaining C=O functions

(Fig. 6b). On the contrary, PASA tends to superpose the

–NH–CH2–CH2–OH tail of molecule 8 with the fused rings

of ligand 1 (Fig. 6a) to maximize SAB.

A careful analysis of the molecular structures is thus

required to select a descriptor for this family of molecules

in order to determine whether an emphasis is to be given on

isosterism or on the electric charge of the functional

groups.

3.5 Alignment results for the p38 ligands

Among the four members of the p38 MAP kinase family,

the most studied isoform is p38a, a target for anti-inflam-

matory drugs. The primary sequence reported in the PDB

consists of 360–379 amino acid residues forming second-

ary structures of types a and b. Thirteen ligands (Table 1),

able to bind in the ATP-binding pocket located between the

N- and C-terminal lobes of p38a, were studied following

the work of Chan et al. [18]. The 2D structures are reported

PASA 

rmsd = 0.38 Å 

Isocontours: 0.05 (light blue) and 0.15 (dark red) e-/bohr

CD 

rmsd = 10.20 Å 

Isocontours: -0.001 (light blue) and 0.0025 (dark red) e-/bohr

3

3

Fig. 5 Left Superimpositions of the structures of thermolysin ligand 4

(grey stick) and ligand 10 (black wire) obtained using the MC/SA

algorithm with various descriptors smoothed at t varying between 1.7

and 1.4 bohr2. Isocontours of the PASA ED and CD of thermolysin

ligands 4 (middle) and 10 (right) calculated at t = 1.4 bohr2. The

molecular skeleton is displayed using sticks (H are not shown for

clarity)
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in Online Resource 5; the protonation states were selected

according to the work of Chan et al. [18]. The p38 ligands

interact with the receptor mainly through hydrogen bond-

ing, p-stacking, and hydrophobic interactions. A study of

the crystalline complexes shows that the ligands bind in

different arrangements in the same binding pocket, as

illustrated in Fig. 6 of [18]. Ligand 1WBO is particularly

small as it results from fragment-based lead discovery

studies, and all four ligands 5–8, that is, 1M7Q, 1OUK,

1OUY, and 1OVE bind in a similar way. Additionally, all

those four ligands contain halogen atoms, their pyridyl/

pyrimidyl protonated nitrogen form a hydrogen bond with

the main chain NH of Met109, and their aryl substituent

occupies a hydrophobic pocket [57]. Ligand 1DI9 binds in

a mode different from the others, but still interacts with

Met109 and Thr106 [58]. The seven remaining ligands,

that is, ligands 1–3, 9–11, and 13, bind in a similar fashion;

the inhibitors interact with the receptor through hydrogen

bonds between their pyridyl/pyrimidyl moieties and

Met109, and their respective aromatic groups occupy a

lipophilic pocket involving Thr106 [59–62]. Only some of

them, ligands 1–3 and 9, are halogenated. A hydrogen bond

may be involved with Lys58 [63]. A superposition of the

thirteen ligands in their crystallographic orientation is

given in Fig. 7 to classify them according to their binding

fashion. Such different binding patterns made the super-

position between members of the different binding families

rather unsuccessful. For example, success rate values of 43

[18] and 27 % [32] were reported in the literature.

Similarity indices and rmsd values are given in Online

Resources 15–18 for all alignments obtained with the

PASA, CD, Coulomb potential, and APF descriptors,

respectively. Alignments between molecules that bind in a

similar fashion are highlighted in light and dark grey in the

Tables of the Online Resources and the corresponding total

number of expected good alignments is 27. With the PASA

descriptor, an overall success rate of 37 % (29 alignments

over 78) was obtained. When considering molecules in

similar binding families, seventeen alignments over 27

were satisfactory, that is, 63 %, all with rmsd below 2.1 Å.

With the CD and Coulomb potential descriptors, only eight

good alignments were obtained. Moreover, those eight

alignments are characterized by a larger rmsd limit value,

that is, 2.9 Å. One can additionally observe that with

PASA, three alignments did not converge towards the

expected solutions. Indeed, proper alignments can be

obtained for ligands 2 and 7 (SAB = 41 %), 6 and 8

(SAB = 51 %), and 7 and 11 (SAB = 36 %). This brings the

success rate of the PASA-based superposition procedure to

a value of 67 % for the alignments obtained using mole-

cules of the same binding families. In comparison, the

corresponding success rate reached by Chan et al. [18] is

78 %. In both Chan et al.’s work and in ours, a 100 %

success is reached for the family of structures 5–8. With

the APF descriptor, only eight expected alignments are

obtained, all with rmsd \ 2 Å. Beyond that value, the rmsd

value cannot be associated with a good alignment. For

instance, the incorrect superposition of ligands 6 and 13,

illustrated in Fig. 8, is characterized by rmsd = 2.77 Å.

According to the superposition results, the molecular

similarity in the ligands of the p38 MAP kinases is mainly

shape-dependent. Most of these ligands involve halogen

atoms, which guide the alignment procedure. For ligands

a 

rmsd = 4.92 Å 

b 

rmsd = 0.67 Å 

Fig. 6 Superimposition of the structures of thermolysin ligand 1

(black wire) and ligand 8 (grey stick) obtained using the MC/SA

algorithm with the a PASA and b CD descriptors smoothed at

t varying between 1.7 and 1.4 bohr2 (H are not shown for clarity)

a 

Structures 1-3, 9-11, 13 

b 

Structures 5-8 

c 

Structures 1, 4, 5, and 12 

Fig. 7 Superimpositions of the p38 ligands according to their binding

mode: a ligands 1–3, 9–11, and 13; b ligands 5–8; c ligands 5 (grey)

and 12 (black ball-and-stick) are displayed together with ligands 1

(black) and 4 (grey ball-and-stick) for comparison with the two

binding families (a) and (b) (H are not shown for clarity)
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5–8, the CD descriptor also provides acceptable results,

due to the presence of NH2
? moieties in all four molecules,

and hence can be adequately superposed based on that

charged group.

3.6 Alignment results for the HRV14 ligands

Eight antiviral compounds binding to the coating protein of

human rhinovirus 14 (Table 1) were considered as in the

work of Lemmen et al. [16]. The RHV14 coat protein has

four subunits named VP1–VP4 with 289, 262, 236, and 68

amino acid residues, respectively. The HRV14 viral capsid

consists of 60 copies of each subunit. VP1 to VP3 are

located at the viral capsid surface, while VP4 is buried

deeper in the virion, close to the capsid/RNA interface. All

ligands are rather extended molecules composed of het-

erocycles at both ends, which are separated by an aliphatic

chain and an aromatic group that act as linkers (Online

Resource 6). The HRV14 inhibitors show two distinct

binding modes [56] that differ in the orientation of the

ligand. A reverse binding mode is observed for ligands

2RM2, 2RR1, 2RS1, and 2RS3 that are characterized by a

seven carbon long linker and two methylated five-mem-

bered rings, versus 2R04, 2R06, 2R07, and 2RS5. Those

last four molecules are all characterized by a shorter linker,

constituted of five C atoms, with no or only one methylated

five-membered ring. The binding pocket of the receptor is

mainly hydrophobic as shown in Fig. 2 of [64] and

is essentially composed of residues of VP1 that form a

b-barrel.

As observed in the studies of Lemmen et al. [16] and

Tervo et al. [56], the use of molecular fields does not always

allow to detect reverse orientations. Nevertheless, among

all descriptors used in the present work, PASA is able to

adequately superimpose ligands of the two orientations. The

particular cases of ligands 2–3 and 2–4 are presented in

Fig. 9 for the various descriptors. When using the PASA

descriptor (Online Resource 19), all alignments between

molecules binding in a similar orientation, that is, mole-

cules 1–3 and 8, and molecules 4–7, are successful and are

all characterized by rmsd \ 1 Å. It is noteworthy to men-

tion that the alignment of molecules binding in a different

orientation is also satisfying, as illustrated in Fig. 9 for

ligands 2 and 4, except for four cases: ligands 1 and 4, 3 and

4, 3 and 7, and 4 and 8, the success rate being 12 over 16.

With the charge-dependent descriptors, like CD (Online

Resource 20), Coulomb potential (Online Resource 21), and

APF (Online Resource 22), almost all alignments of mol-

ecules binding in the same orientation are correct, with

rmsd \ 1 Å, while no correct alignments between ligands

of two inverse orientations are found, that is, rmsd [ 10 Å,

as also observed by Tervo et al. [56]. An illustration that

emphasizes the similarity of the electrostatic potential iso-

contours explaining the incorrect alignments of ligands of

different binding orientations can be found in Fig. 2 of Ref.

[56]. The superposition problem occurring between ligands

2 and 4 is not strictly dependent on the shape of the mole-

cules. Indeed, the use of the size component of the APF

descriptor only did not provide any good results either.

Thus, the nature of the atoms constituting the molecules

should also be considered.

Regarding the performance of other approaches, Lem-

men et al. [16] obtained a success rate of 100 % when

aligning molecules of the same orientations only. Overall

values of about 50 % were obtained by Chan et al. [18] and

the programs ROCS and FLEXS [32].

One thus concludes that the PASA descriptor, which is

able to involve the shape and size of the molecules, as well

as the chemical nature of the atoms, is essential for aligning

as desired the molecules of the rhinovirus ligand family,

and charge effect should be avoided.

4 Conclusions

In the present work, a Monte Carlo/Simulated Annealing

rigid superposition algorithm was applied to six families of

drug molecules, that is, elastase inhibitors, and ligands of

endothiapepsins, trypsins, thermolysins, p38 MAP kinases,

and rhinovirus, for which various alignment problems were

reported in the literature.

All molecules were described using each of the four

following smoothed molecular fields, that is, the promo-

lecular atomic shell approximation (PASA) of the full

electron density (ED) [35], a charge density (CD) calcu-

lated using the Poisson equation [33], the Coulomb elec-

trostatic potential [34], and the Atomic Property Fields

(APF) described by Totrov [15].

rmsd = 2.77 Å 

Fig. 8 Superimposition of the structures of p38 ligand 6 (black stick)

and ligand 13 in its crystallographic orientation (dark grey stick), and

in the MC/SA orientation obtained using the APF descriptor

smoothed at t values between 1.7 and 1.4 bohr2 (light grey stick)

(H are not shown for clarity)
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All descriptor fields were smoothed to lower the number

of local solutions. An additional consequence of that

smoothing resides in the levelling of the similarity degree

values. This involves that in some cases, several different

alignment solutions may occur with the same similarity

degrees as for the desired alignments. The smoothing

degree was selected following previous studies wherein it

was shown that the topological properties of the promo-

lecular ED and the CD distribution functions could be

related to molecular features such as pharmacophore ele-

ments and/or amino acid residues in larger biomolecules

[20, 33]. It was observed that a simultaneous change in the

‘‘temperature’’ during the simulated annealing process,

carried out together with a decrease in the smoothing

degree, favoured the convergence to global solutions.

With this work, it was first noticed that the use of a rmsd

value to evaluate the pair-wise alignments is appropriate

for selected ranges of values. All alignments characterized

by rmsd smaller or equal to 2 Å correspond to expected

solutions. Beyond 3 Å, all can be considered as inadequate.

Between 2 and 3 Å, they mostly correspond to displaced

alignments but, in some less frequent cases, to false posi-

tives. For large peptide structures, such as the elastase

ligand TOMI, it can correspond to a good solution.

On the whole, the PASA descriptor field appeared to be

the best choice to superpose amino acid sequences, like the

two elastase inhibitors, and molecules interacting mainly

through van der Waals contacts with their receptor. This

was especially clear for molecules of the elastase,

endothiapepsin, and rhinovirus ligand families. Alignments

of the ligands of the p38 MAP kinase family provided

slightly less successful results versus the other methods

proposed in the literature. When the shape of the molecules is

not the essential component to consider in the description of

the molecules, the use of property fields such as the CD and

the Coulomb potential can bring a real improvement versus

PASA, especially in the families of trypsin and thermolysin

inhibitors. A 100 % success was obtained for trypsin when

using the smoothed Coulomb potential as a descriptor.

It is thus considered that the descriptor to select for the

alignments is strongly dependent upon the nature of the

interactions between the drug molecules and their receptor.

Additional parameters that are difficult to control during

superpositions, but that may affect the results if considered,

are flexibility, hydration state, presence of metallic ions or

clusters, etc. In addition, working with ligands of very dif-

ferent size, or which partly overlap in the receptor, is always

a challenge, but it appeared that these difficulties may also be

overcome by an adequate choice of the descriptor, as shown,

for example, with the elastase and endothiapepsin ligands.

Working with several descriptors may also allow to cumulate

adequate alignment information.

To extend and/or improve the superposition results,

different strategies could be considered. Besides the

inclusion of flexibility, one approach consists in aligning at

least three molecules at a time, as discussed by Mestres

et al. [65]. Such considerations would, however, lead to

additional local solutions to the superposition problems.

4dna2sdnagiL3dna2sdnagiL

PASA 

rmsd = 0.19 Å 

CD 

rmsd = 0.54 Å 

PASA 

rmsd = 0.87 Å 

CD 

rmsd = 13.73 Å 

Coulomb 

rmsd = 1.25 Å 

APF 

rmsd = 0.54 Å 

Coulomb 

rmsd = 14.19 Å 

APF 

rmsd = 11.36 Å 

Fig. 9 Superimposition of the structures of HRV14 ligand 2 (black
stick) and (left) ligand 3 (grey stick), and (right) ligand 4 (grey stick)

in their MC/SA orientation obtained using the PASA ED, CD,

Coulomb potential, and APF descriptors smoothed at t varying

between 1.7 and 1.4 bohr2 (H are not shown for clarity)
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One also might to combine several similarity degrees,

obtained using different descriptors such as PASA, CD,

Coulomb potential, as done in the present work by using

the seven APF descriptors of Totrov [15], and by Mestres

et al. [65].

5 Online resources

The 2D structure and protonation states of all molecules

considered in the present work are given in the Online

Resources, as well as the alignment results, in terms of

similarity degrees SAB and rmsd values, for the trypsins,

thermolysins, p38 MAP kinases, and rhinovirus ligands.
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36. Amat L, Carbó-Dorca R (1997) Quantum similarity measures

under atomic shell approximation: first order density fitting using

elementary Jacobi rotations. J Comput Chem 18:2023–2039.

http://iqc.udg.es/cat/similarity/ASA/funcset.html. Accessed 12

Jan 2012

37. Hart RK, Pappu RV, Ponder JW (2000) Exploring the similarities

between potential smoothing and simulated annealing. J Comput

Chem 21:531–552
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Young PR, Abdel-Meguid S, Adams JL, Goldsmith EJ (1998)

Structural basis of inhibitor selectivity in MAP kinases.

Structure 6:1117–1128

60. Gill AL, Frederickson M, Cleasby A, Woodhead SJ, Carr MG,

Woodhead AJ, Walker MT, Congreve MS, Devine LA, Tisi D,

O’Reilly M, Seavers LCA, Davis DJ, Curry J, Anthony R, Padova

A, Murray CW, Carr RAE, Jhoti H (2005) Identification of novel

p38a MAP kinase inhibitors using fragment-based lead genera-

tion. J Med Chem 48:414–426

61. Tamayo N, Liao L, Goldberg M, Powers D, Tudor YY, Yu V,

Wong LM, Henkle B, Middleton S, Syed R, Harvey T, Jang G,

Hungate R, Dominguez C (2005) Design and synthesis of potent

pyridazine inhibitors of p38 MAP kinase. Bioorg Med Chem Lett

15:2409–2413

62. Perry JJP, Harris RM, Moiani D, Olson AJ, Tainer JA (2009)

p38a MAP kinase C-terminal domain binding pocket character-

ized by crystallographic and computational analyses. J Mol Biol

391:1–11

63. Trejo A, Arzeno H, Browner M, Chanda S, Cheng S, Comer DD,

Dalrymple SA, Dunten P, Lafargue J, Lovejoy B, Freire-Moar J,

Lim J, Mcintosh J, Miller J, Papp E, Reuter D, Roberts R,

Sanpablo F, Saunders J, Song K, Villasenor A, Warren SD,

Welch M, Weller P, Whiteley PE, Zeng L, Goldstein DM (2003)

Design and synthesis of 4-azaindoles as inhibitors of p38 MAP

kinase. J Med Chem 46:4702–4713

64. Hadfield AT, Oliveira MA, Kim KH, Minor I, Kremer MJ, Heinz

BA, Shepard D, Pevear DC, Rueckert RR, Rossmann MG (1995)

Structural studies on human rhinovirus 14 drug-resistant com-

pensation mutants. J Mol Biol 253:61–73

65. Mestres J, Rohrer DC, Maggiora GM (1999) A molecular-field-

based similarity study of non-nucleoside HIV-1 reverse trans-

criptase inhibitors. J Comput Aided Mol Des 13:79–93

Page 16 of 16 Theor Chem Acc (2012) 131:1259

123

http://iqc.udg.es/cat/similarity/ASA/funcset.html
http://www.rcsb.org/pdb
http://www.vegazz.net/

	Smoothed Gaussian molecular fields: an evaluation of molecular alignment problems
	Abstract
	Introduction
	Theoretical background
	Promolecular electron density distributions
	Coulomb potential and charge density distribution functions
	Approximation of the Coulomb potential function
	Atomic property fields
	Evaluation functions for the alignment of smoothed distribution functions
	Superposition algorithm

	Applications and results
	Alignment results for the elastase TOMI/DFKi system
	Alignment results for the endothiapepsin ligands
	Alignment results for the trypsin ligands
	Alignment results for the thermolysin ligands
	Alignment results for the p38 ligands
	Alignment results for the HRV14 ligands

	Conclusions
	Online resources
	Acknowledgments
	References


