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Abstract

The spherical truncation of electrostatic field with different functions break down long-range interactions at a given cutoff distance (roff)

resulting in short-range ones. Consequently, a Markov Chain model may approach to the entropies of spatial distribution of charges within

the polymer backbone. These entropies can be used to predict polymers properties [González-Dı́az H, Molina RR, Uriarte E. Polymer 2004;

45: 3845 [53]]. Herein, we explore the effect of abrupt, shifting, force shifting, and switching truncation functions on QSAR models

classifying 26 proteins with different function: lysozymes, dihydrofolate reductases, and alcohol dehydrogenases. Almost all methods have

shown overall accuracies higher than 85% instead of 80.8% for models based on physicochemical parameters. The present result points to a

acceptable robustness of the Markov model for different truncation schemes and roff values. The results of best accuracy 92.3% with abrupt

truncation coincides with our recent communication [Bioorg Med Chem Lett 2004; 14: 4691–4695]. Nonetheless, the simpler model with

three variables and high accuracy (88%) was derived with a shifting function and roffZ10 Å.

q 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymers, in special biopolymers such as proteins and

nucleic acids, are highly charged molecules for which an

accurate treatment of the long-range electrostatic inter-

actions is very important in molecular dynamics (MD)

approximations to polymers structure [1–3]. Nonbonded

pairwise interactions between atoms or groups are usually

truncated at a specific cutoff distance (roff) to reduce the

number of interactions and thereby the required compu-

tational time for the simulation [4–7]. That is to say, it is

common practice to neglect long-range interactions beyond

the cutoff distance. Such spherical cutoffs can be

implemented in different ways, depending on whether the

distance is calculated between the interacting atoms (atom-
0032-3861/$ - see front matter q 2005 Elsevier Ltd. All rights reserved.
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based) or between two groups of atoms (group-based).

Furthermore, the interaction energy or force can be

truncated abruptly at the cutoff distance, or some kind of

smoothing scheme can be applied, either on the whole range

0, r, roff (a shift), or over a limited region ron, r, roff (a

switch). The shifting or switching function S(r), as described

below for the different cases, multiplies Coulombs law to

give the effective form of the electrostatic interaction used

in the calculations as recently reviewed in a seminar work

by Norberg and Nilsson [8]. The importance of long-range

interactions in biomolecular systems has been reviewed by

other authors too [9–10]. However, the uses of spherical

truncation approaches have been restrained to the field MD

mainly ignoring possible applications on the developments

of proteins 3D structure molecular descriptors. The search

of novel molecular descriptors in the range of small-to-

medium sized molecules in order to seek quantitative-

structure-activity-relationships (QSAR) [11] constitutes

nowadays a widely covered field with more than 1 000

molecular descriptors introduced [12,13]. Some of these

indices have encountered interested applications on the field
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of polymers indeed [14–17]. By the contrary, the search for

theoretic approaches reaching to new molecular descriptors

for biopolymers have began more after in spite of an early

(pioneer) work of Flory in 1953 on the radius of gyration

[17]. More recently appeared other approaches which are

potential sources, define, or apply in some extent polymer

descriptors, such as the Arteca’s mean over crossing

number, the Randic’s band average widths, the sequence-

order-coupling numbers, a-helix-propensity descriptors,

Emini Surface Index, the SDA (sum of cosines of dihedral

angles), Kyle–Dolittle hydrophbicity, and the I3 index

[18–27]. In any case, the search of molecular descriptors for

biopolymers structure facing to QSAR studies is an

emerging area.

On the other hand, Markov Chain (MC) models are well-

known tools for characterizing biomolecules structure. MC

models have been used for analyzing biological sequence

data and they have been used to find new genes from the

open reading frames. Another use of these models is data-

based searching and multiple sequence alignment of protein

families and protein domains. Protein turn types and sub-

cellular locations have been successfully predicted. Hub-

bard and Park used amino acid sequence-based hidden MC

models to predict secondary structures. In this sense, Krogh

et al. have also proposed a hidden MC model architecture.

In addition, Markov’s stochastic process has been used for

protein folding recognition. This approach can also be used

for the prediction of protein signal sequences. Another

seminar works can be found related to the application of MC

theory to Proteomics and Bioinformatics. Chou applied MC

models to predict beta turns and their types, and the

prediction of protein cleavage sites by HIV protease

[28–42]. Anyhow, have not been reported many works on

Markov models for the generation of molecular descriptors

encoding proteins 3D structure facing to QSAR.

In this connection, our group has introduced elsewhere a

physically meaningful Markov model (Markovian Chemi-

cals In Silico Design: MARCH-INSIDE) encoding molecu-

lar backbones information. It allowed us introducing matrix

invariants such as stochastic entropies and spectral moments

for the study of molecular properties. Specifically, the

entropy like molecular descriptors has demonstrated

flexibility in many different problems such as: anticoccidial,

flukicidal, and anticancer drugs design as well as prediction

of drug-induced agranulocytocis. In the field of polymers

the method has been applied to model the interaction

between drugs and HIV-RNA, and predicting proteins and

virus activity as well. In a very recent communication we

reported the use of MARCH-INSIDE to encode polymers

structures, e. g. proteins, in QSAR studies with abrupt

truncation of the electrostatic field [43–54].

Consequently, we will describe herein a number of

studies that have focused on the advantages or disadvan-

tages of different truncation methods for long-range

electrostatic interactions on proteins 3D-QSAR using MC

molecular descriptors.
2. Methods

Consider a representation for a polymer, e.g. protein,

described as a static model, which considers a spatial

distribution of pseudo monomers, e.g. aminoacids, with 3D

coordinates (xi, yi, zi) coinciding with those for a reference

atom in the polymer, e.g. the Ca for an aminoacid. In this

case, every pair of monomers in the polymer backbone (i, j)

present a pairwise electrostatic interaction with energy Eij.

The electrostatic charge (qi) will be considered to be equal

to the electronic charge of the monomer. In the case of

aminoacids we can consider those reported by Collantes and

Dunn [55]. As a result, it is then easy to deal with the

problem of the propagation of the effect of all monomer–

monomer (aminoacid–aminoacid) pairwise electrostatic

interactions within the polymer (protein) backbone. All of

these Eij may be determined using Coulomb’s formula. If

we then arrange all these interaction energies in a matrix and

normalize the values dividing by row sums, we obtain a

stochastic matrix 1P(x, y, z, q). This step makes it possible

to study the propagation of the electrostatic interactions

within the protein backbone as a MC. In doing so, the

elements of 1P(x, y, z, q) may be considered as the

probabilities (1pij) with which the monomer (aminoacid) i

presents a truncated electrostatic interaction of energy Eij,

with the monomer (aminoacid) j placed at a distance rij

[50,54,55]:

1pij Z
S2

ijðrÞEijPdC1
mZ1 S2

imðrÞEim

Z
S2

ijðrÞqiqj=r
2
ijPdC1

kZ1 S2
imðrÞqiqm=r

2
im

(1a)

where it is straightforward to realise that the use of a

probabilistic formulation determines the simplification of

the qj charges. That is to say, it is equivalent to use energy

(Eq. (1a)) or an electrostatic potential (fj) interpretation

(Eq. (1b)).

1pij Z
S2

ijðrÞqj=r
2
ijPdC1

mZ1 S2
ikðrÞqk=r

2
im

Z
S2

ijðrÞ4ijPdC1
kZ1 S2

imðrÞ4im

(1b)

In Eqs. (1a) and (1b) the sum consider all the d monomers

(aminoacids) that have a spherical truncated interaction with

the monomer (aminoacid) i. In other words, in this study the

electrostatic field was transformed from a continuous field

to a discrete field, making a direct MC matrix codification

possible. As described above, in the introduction section,

Sij(r) is the truncation function, which has different

formulation in dependence of the method used, i.e. a

shifting function like in Eq. (2a) or a force-shifting function

like in Eq. (2b). Alternatively, we will explore also a

switching function like in Eq. (2c) [8,56,57]:

SijðrÞZ
1K r

roff

� �2
� �2

; r%roff

0; rOroff

8<
: (2a)
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SijðrÞZ
1K r

roff

� �2

; r%roff

0; rOroff

(
(2b)

SijðrÞZ

1; r%ron

ðr2
off Kr2Þðr2

off C2r2 K3r2
onÞ

ðr2
off Kr2

onÞ
3

; ron!r!roff

0; rRroff

8>>><
>>>:

(2c)

The main approximation here is undoubtedly to consider

that a spherical truncated electrostatic interaction may

propagate throughout space to other aminoacids in the

protein as a MC. The present approach neglects long-range

Coulomb interactions (dotted arrow) in the stochastic matrix

but conversely to classic truncation methods allows for them

in a step-by-step fashion (solid arrows), as shown in Fig. 1.

The spatial dependence of the model becomes clear on

inspection of Fig. 1. Due to truncation restrictions, the

monomer (aminoacid) a0 (with charge q0 and coordinates

x0, y0, z0) is only able to interact with the monomer

(aminoacid) a1 by means of direct interaction. The effect of

this interaction can only affect monomer (aminoacid) a2 in a

subsequent propagation of the interaction a1-a2 and so on. It

is clearer here identifying the parameter of the MC as the

topologic distance or number of steps (k) one interaction

needs to propagate from one aminoacid to other instead of

the time, which is the more classic MC parameter. However,

one should note that this number of elemental steps (k) one

truncated interaction uses to propagate throughout space are

given at corresponding discrete time intervals ðDtkZ tkC1K
tkZkÞ like in almost MC applications [46,51].

We will consider that the absolute probabilities (Apk(j))

with which these long-range interactions rise to a specific

aminoacid j after k steps are the elements of the vectors
kF(x, y, z, q) derived in a Markovian manner using the

so-called Chapman–Kolmogorov equations [48,49,52–54]:

kFðx; y; zÞZ 0Fðx; y; z; qÞkPðx; y; z; qÞ

Z 0Fðx; y; z; qÞ½1Pðx; y; z; qÞ�k (3)
Fig. 1. Illustrative step-by-step propagation of the interaction within the

polymer backbone.
where 0F(x, y, z, q) is the vector in which elements (Ap0( j))

are the initial absolute probabilities with which any

aminoacid j participates in an electrostatic interaction.

After this simple approximation, calculating the spectrum of

entropies Qk with which the effect of the electrostatic

interactions propagate until a distance k throughout the

polymer (protein) backbone is relatively straightforward:

QkðGÞZKkB

X
j3G

Apk ðjÞ log Apk ðjÞ (4)

where G define a specific group of monomers (amino-

acids) having a defined condition, e.g. styrene monomers,

polar aminoacids, aromatic aminoacids, nucleosides form-

ing and hydrogen bond. That is to say, the entropy may be

calculated for the polymer as a whole or as a local parameter

[45].
3. Results and discussion

Truncation approaches have been applied in different

MD studies to a broad range of polymers and cutoff

distances [58]. A comparison between the Ewald and the

switching function techniques was performed for a

zwitterionic pentapeptide in aqueous solution by Smith

and Pettitt at cutoff distances of 9–10 Å [59]. The protein

HIV-1 protease was simulated by York et al. for 300 ps in its

crystal environment using a residue-based approach with a

cutoff of 9.0 Å [60]. An extensive study by Loncharich and

Brooks, focused on carboxymyoglobin and analyzed six

methods of truncating the long-range interactions in MD

simulations including values of cutoff of 14 Å [61].

In order to determine the effect of using different long-

range electrostatic field truncation approaches in polymers

3D-QSAR we have developed a linear discriminant analysis

to find a QSAR for 26 proteins. These proteins in spite of

similar folding have three different biological activities

namely: Lysozymes (L), dihydrofolate reductases (DR), and

alcohol dehydrogenases (AD). Briefly, all the truncation

method were used on the lookout for significant QSAR

models, see Fig. 2 for overall accuracy, but one can note

some specific points:
(a)
 Shifting function: all the QSAR models presented high

values of the canonical regression coefficient RcO0.80.

Interestingly, the overall accuracy of the models

increases with roff from 77% (roffZ7 Å) up to 88%

(roffZ13 Å), see Table 1. Specifically, the atom-based

approach ASH using the shifting function [56] and a

cutoff of 12.0 Å performs fairly well. These results

coincide with Kitson et al. findings, who found good

results on modelling the protein Streptomyces griseus

protease A even at very large cutoff distances of 25 Å

[62].
(b)
 Force shifting function: presented a similar behaviour

than the shifting function in connection to the variation



 

 

Fig. 2. Bar graphics for total and group accuracy with different truncations approach.
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of the overall accuracy with respect to r. Although, for

this truncation scheme the change the changes in overall

accuracy (77–81, 81–85, and 85–88%) have taken place

at smaller roffZ9, roffZ10, and ronZ11 values with

respect to similar changes for the shifting function,

which appeared at roffZ8, roffZ9, and roffZ10. This

difference of 1 Å may be related to the dependence of

the functions with r, see Eqs. (2a) and (2b). It is notable

that the atom-based approach with the force-shift

method [56,57] and a short cutoff of 8.0 Å (AFSHS)

presented less accuracy than its middle an and longer

range analogues AFSH and AFSHL, see Table 1.
(c)
 Switching function: we developed two experiments

expanding the domain of the switching function both

inward (roffZ12 and ron variable) and outward (ronZ8

and roff variable). In both cases the QSAR presented
good accuracy particularly ASW a very useful trunca-

tion approach [56,57], previously reported, performed

very well, see Table 1.
(d)
 In general all the QSAR models have performed better

with lysozymes than with the other proteins specifically

at cutoff near to 10.0 Å. Similar results where reported

by Saito, who recommend optimum cutoff of 10.0 Å

modelling human lysozyme [63], see Table 1.
(e)
 As a tendency, the shifting, and switching perform

better at higher cutoff coinciding with Steinbach and

Brooks results, which argued that applying a cutoff of

12.0 Å or longer is more important than choosing a

specific truncation method [64], see Table 1.
(f)
 Abrupt truncation function: this approach presented the

higher accuracy 92% at roffZ50% of the van der Waal

distance among atoms, in coincidence with our previous



Table 1

Summary of the results for different truncation approaches

Truncation scheme: shifting function

roff Scheme name AD% L% DR% Total % l F Rc

7a 67 71 90 77 0.20 6.26 0.83

8a 67 90 86 81 0.19 6.54 0.83

9a 78 90 86 85 0.21 5.96 0.83

10a 89 90 86 88 0.19 6.45 0.82

11a 89 90 86 88 0.21 5.88 0.83

12a ASH 89 90 86 88 0.21 5.78 0.83

13a 89 90 86 88 0.22 5.69 0.83

Truncation scheme: force shifting function

roff Scheme name AD% L% DR% Total % l F Rc

7a 67 90 71 77 0.18 6.65 0.84

8a AFSHS 67 90 71 77 0.20 6.31 0.83

9a 67 90 86 81 0.19 6.60 0.83

10a 78 90 86 85 0.19 6.50 0.83

11a 89 90 86 88 0.19 6.40 0.82

12a AFSH 89 90 86 88 0.21 5.91 0.83

13a 89 90 86 88 0.21 5.84 0.83

18a AFSHL 90 89 86 88 0.22 5.57 0.82

Truncation scheme: switching function with roffZ12 and variable ron

ron Scheme name AD% L% DR% Total % l F Rc

5a 89 90 86 88 0.22 5.62 0.83

6a 89 90 86 88 0.22 5.60 0.83

7a 89 90 86 88 0.22 5.57 0.83

8a ASW 89 90 86 88 0.23 5.50 0.83

9a 89 90 86 88 0.23 5.48 0.83

10b 89 90 71 85 0.25 6.98 0.82

11b 89 90 71 85 0.25 6.98 0.82

Truncation scheme: switching function with ronZ8 and variable roff

roff Scheme name AD% L% DR% Total % l F Rc

9a 89 90 86 88 0.22 5.74 0.83

10a 89 90 86 88 0.22 5.72 0.83

11a 89 90 86 88 0.22 5.62 0.83

12a ASW 89 90 86 88 0.23 5.52 0.83

13b 89 90 71 85 0.25 6.98 0.82

14b 89 90 71 85 0.25 6.98 0.82

15b 89 90 71 85 0.25 6.98 0.82

Truncation scheme: abrupt truncation

Roff % Scheme name AD% L% DR% Total % l F Rc

50b 89 90 100 92 0.09 11.1 0.90

60a 89 90 71 85 0.23 5.48 0.84

70a 89 90 71 85 0.22 5.62 0.84

80a 89 90 71 85 0.22 5.56 0.84

90a 89 90 71 85 0.22 5.68 0.84

a Models with three variables.
b Models with four variables.
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reports [54] and models implemented in almost docking

and MD software [65]. However, the method accuracy

abruptly decays to 85% for every roffO60%, see

Table 1.
All the QSAR models studied have three equations as a

consequence of a three group (L, AD, DR) LDA analysis.
Nevertheless, we are going to report only the better QSAR

models found herein taking into consideration the higher

accuracy, less number of variables, and simpler cutoffs

procedure. In this sense, the model derived with

abrupt truncation function presented the higher accuracy

92% at ronZ50%, and the simpler truncation approach

(abrupt truncation) but it is not the simpler one having
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four variables [54]:

L Z 1:17Q5ðcÞC49:1Q0ðmÞK26:5Q3ðsÞC74:3Q0ðTÞ

K753:7

AD Z 1:22Q5ðcÞC53:6Q0ðmÞK28:9Q3ðsÞC82:8Q0ðTÞ

K930:0

DR Z 1:09Q5ðcÞC48:1Q0ðmÞK24:6Q3ðsÞC75:9Q0ðTÞ

K781:0

(5a)

where c, m, s, and T are specific groups or collections of

aminoacids placed at protein core (c), middle region (m),

surface (s), or in every place (T) [54] Conversely, the model

for shifting function with ron of only 10 Å have a very good

accuracy too and have only three variables, see Table 1:

L Z 0:78Q1ðcÞC9:732Q0ðmÞC28:96Q0ðTÞK349:5

AD Z 1:29Q1ðcÞC10:49Q0ðmÞC32:75Q0ðTÞK274:8

DR Z 2:72Q1ðcÞC9:49Q0ðmÞC31:28Q0ðTÞK349:5

(5b)

These entire models herein studied confirm the high

potentialities of the methods describing polymer structure as

a function of molecular descriptors based on truncation

approaches [66] and the concept of entropy [67,68].

In closing, we would like to discuss the effect of the

dielectric constant and the homogeneity for charge distri-

bution. First, making an analysis of the dielectric function in

the equation of probability (1a) three different cases can be

detected for the dielectric function:
1.
 The case in which the dielectric function is constant for

the whole polymer/media system 3Zcte. In this case the

dielectric constant is extracted from the sum as a

common factor and then simplified in such a way that

the calculated probability does not depends on 3 an the

equations (6a) reduce to the particular case (1a):

1pij Z
S2

ijðrÞqiqj=3r
2
ijPdC1

kZ1 S2
imðrÞqiqm=3r

2
im

Z
ðqi=3ÞS

2
ijðrÞqj=r

2
ij

ðqi=3Þ
PdC1

kZ1 S2
imðrÞqm=r

2
im

Z
S2

ijðrÞ4ijP
dC1
kZ1 S2

imðrÞ4im

(6a)
2.
Fig. 3. Illustration of the effect of semi-uniform distribution and degree of

charges chain sites in.
The case in which the media dielectric function depends

on one or more macroscopic parameters x, like the

temperature (T). As an example we can refer to the

temperature dependence of chloromethane dielectric

with T [69]:
3ðTÞ Z 12:6K0:061!ðT C20ÞC0:0005!ðT C10Þ2

(6b)

Other example is the T and pressure (P) dependence of

simple gases dielectric function 3(T,P) correction with

respect to the dielectric constant 3(20 8C,P) at 20 8C and

1 atm [69]:

3ðT ;PÞ Z 1C
ð3ð20 8C;1 atmÞ K1ÞP

760ð1C0:003411ðT K20ÞÞ
(6c)

In these cases, due to the macroscopic characteristic of

the parameters (T and P) the dielectric function has the

same value in all the system. Therefore, the dielectric

function can be simplified too and the calculated

probability does not depend on 3 as in the Eqs. (1a)

and (6a).
3.
 The case of media dielectric function depends on local

parameters as the distance among the neighboring

amino-acids [70]. In this case it is impossible to simplify

the term and one has to substitute 3 for its expression in

function of distance. In these cases the values of the

molecular descriptors depend on the values of function

3(rij) selected and the QSAR equation have to be

optimized with respect to this value.

1pij Z
S2

ijðrÞqi=3ðrijÞ
r2

ijPdC1
kZ1 S2

imðrÞqi=3ðrijÞ
r2

im

(6d)

Finally, the distribution and degree of charges sites over a

chain could influence notably the conditions for spherical

truncation. In proteins with semi-uniform charge distri-

bution (see next scheme) the distance between the charges

may be considered approximately equal (rsu), semi-uniform

distance (see Fig. 3). If we truncate the electrostatic field

within the protein at roff1!rsu, then Sij(r)Z0 and the

elements of the matrix 1P vanished (1pijZ0), then one can

not calculate any molecular descriptors. On the other hand,

if we truncate the electrostatic field within the protein at

roff2Rrsu, Sij(r)Zf(r) and pijO0 for all aminoacids pair-wise

interaction. Consequently, for large ‘semi-uniformily
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distributed’ highly charged globular proteins calculations

have to be done at roff2Rrsu and may becomes time

consuming. In this case computers are needed more potent

than in other cases in order to perform the calculation in a

reasonably lower time.
4. Conclusions

In summary, we would draw four main conclusions from

this study:
1.
 This work introduces by the first time stochastic

molecular descriptors for polymers QSAR studies

considering truncated electrostatic interactions within

the 3D-backbone.
2.
 In order to save time calculation of these molecular

descriptors may be simplified with different truncation

approaches.
3.
 Studies should be carry out to determines at which

conditions of number of variables, truncation approach,

and cutoffs one can find the best QSAR models.
4.
 In this specific case, we shown how the model applies to

the study of proteins function with the best results in

terms of accuracy and simplicity for abrupt truncation

and shifting function approaches, respectively.
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[15] Morales AH, González MP, Rieumont JB. Polymer 2004;45:2045.
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[53] González-Dı́az H, Molina RR, Uriarte E. Polymer 2004;45:3845.
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