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Monte Carlo simulations of flexible molecules in a static
electric field: electric dipole and conformation
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Abstract

We have performed Monte Carlo replica-exchange method calculations on the gas phase tryptophan-glycine dipeptide in a static

electric field. At low electric field, the average dipole of the molecule follows the Langevin–Debye equation. At high electric field, a

deviation from this law is observed and the analysis of the results shows that the external field modifies the conformation of the

molecules. This opens the way to a possible control of the conformation of gas phase biomolecules with static electric fields.

� 2004 Elsevier B.V. All rights reserved.
1. Introduction

Electrostatic forces are long range interactions, which

play a crucial role in defining the structure and proper-

ties of biomolecules [1–5]. Among others, they are in-

volved in protein folding, molecular recognition

processes, binding of proteins to other molecules, etc.
The protein response to an external field, in particular

orientational and structural relaxations, is involved in

most of these phenomena. One of the difficulties to

study, in solution, the protein response to an external

field is that it happens concurrently with a significant

reorganization of the solvent, which may hide the re-

sponse of the molecule and which implies, on the theo-

retical point of view, a description of the protein and
of the solvent [6–8]. The study of the electric response

of unsolvated proteins is an alternative to solution

experiments and has been recently developed by Antoine

et al. [9]. The experiments consist in deflecting a molec-

ular beam in a static and inhomogeneous electric field
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(see, for example [10,11]). The average dipole of the mol-

ecule in the external electric field is deduced from the

deflection of the beam. In the low field limit, when the

linear response theory applies [12], this average dipole

is proportional to the external field and is given by the

Langevin–Debye formula [13,14]:

hlzi ¼ vF z ¼
hl2i0;T
3kBT

þ ae

� �
F z; ð1Þ

where v is defined as the electric susceptibility of the gas

phase molecule, Fz is the applied electric field, ae is the
static electronic polarizability, Æl2æ0,T the average value
of the square dipole of the molecule calculated without

electric field at temperature T, Ælzæ the average value

of the component of the dipole on the electric field axis

and kB the Boltzmann�s constant.
In high electric field, a significant orientation of the

molecule occurs and this formula is no longer valid.

Moreover, proteins are non-rigid molecules and the elec-

tric field may induce important structural reorganiza-
tions. The objective of this Letter is to provide a direct

calculation of the average dipole of a non-rigid molecule
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in a static electric field. In particular, we want to inves-

tigate the region beyond the low field limit and to eval-

uate the possibility of using a static electric field to

control the conformation of an unsolvated molecule in

its electronic ground state. Monte Carlo simulations

with a replica-exchange method (REM) [15–17,20–22]
were performed for a dipeptide in presence of a static

electric field. Calculations were performed for trypto-

phan-glycine (Trp-Gly, C13H15O3N3) for which experi-

mental results are available [9]. At room temperature,

this molecule is floppy [18], the side chain length of

the tryptophan residue leads to a competition between

a large variety of structures.
2. Simulations

The energy of a peptide in an homogeneous electric

field is the sum of the conformational energy E0 of the

peptide and of the interaction energy with the electric

field:

E ¼ E0 �~l �~F : ð2Þ
The conformational energy E0 is obtained from the all-

atom Amber force field with Amber96 [19] parameters

set. ~F is the applied electric field and ~l the dipole of

the molecule calculated from:

~l ¼
XN
i¼1

qi~ri þ ae~F ; ð3Þ

where qi are the partial charges and ri the position of

each atom. Partial charges from Amber96 parameters

set are used. They are kept constant during the simula-

tion: there is no possible charge transfer due to confor-

mation modifications or induced by the external field.

The electronic polarizability ae (28.4 Å3 for Trp-Gly)

is obtained from an additive model [9]. It does not de-

pend on the conformation and on the orientation of
the molecule. For simplicity, it will not be included in

the following.

Simulations are Monte Carlo calculations imple-

mented with a REM [15–17,20–22], also known as par-

allel tempering or multiple Markov chain method. In the

REM, a number of non-interacting copies (replicas) of

the original system are simulated independently and

simultaneously at different temperatures by a Monte
Carlo or molecular dynamics method. Pairs of replicas

are regularly exchanged with a specified transition prob-

ability [21].

Originally build up for spin glass simulations [15], it is

now commonly used for protein folding [20–22]. Its

strength lies in the sampling enhancement of conforma-

tional space. Low temperature replicas explore potential

energy minima while high temperature replicas broadly
browse the conformational space.
Practically, REM samples n independent copies (rep-

licas) of the system in the canonical ensemble, each at dif-

ferent temperature, Ti, with T1 < T2 < � � � < Tn � 1 < Tn.

Exchange of temperature between two replicas i and

j = i + 1 is accepted with the probability

p ¼ minð1; exp½�ðbi � bjÞðEj � EiÞ�Þ; ð4Þ

where bi is the reciprocal temperature 1/kBTi of system i,
with kB the Boltzmann�s constant and Ei the potential

energy of the system i.

We performed REM simulations of 100000000

Monte Carlo sweeps with five replicas at temperatures

200, 269, 354, 463 and 600 K. The temperature distribu-

tion follows the annealing schedule used in simulated

annealing simulations [22]. Our simulations are initiated

with a random conformation and the first 20000 Monte
Carlo sweeps are used for thermalization and are not in-

cluded in statistics. During each Monte Carlo sweep, we

updated every dihedral angles in the peptide backbone

(including / and w angles) as well as those in the trypto-

phan side chain. This represents a total of eight dihedral

angles. Bond lengths and angles are kept constant. A

replica-exchange was attempted after every period of

100 Monte Carlo sweeps.
Simulations were performed at seven different electric

field values from 0 to 109 V/m. The electric field axis is

along the ~Z axis The physical quantities l2, lx, ly, lz
and E are monitored after each Monte Carlo step and

stored in multidimensional histograms. The average va-

lue of the physical observable A at temperature Ti is ob-

tained from:

hAiT i
¼

P
piðAÞ �AP
pipiðAÞ ; ð5Þ

where piðAÞ is the probability distribution of A at tem-

perature Ti.

Average at any temperature between Tmin and Tmax

can be obtained using the weighted histogram analysis

method (WHAM) [23,24].

Simulations were performed on a 1.5 GHz Xeon dou-
ble processor personal computer.
3. Results and discussion

Fig. 1 displays time series [20,22] of temperatures,

energies and square dipoles that are visited during the

simulation. Figs. 1a, b are obtained for a simulation
without external electric field. Figs. 1d, e are obtained

with a field of 108 V/m. In Figs. 1a, d, the continuous

and random swap of the conformation between high

and low temperatures guarantees a random walk in �en-
ergy space� (Figs. 1b, e). Figs. 1c, f show the evolution of

the dipole during the simulation. The square dipole

oscillates between 0.2 and 70 D2.
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Fig. 1. (a) Temperature, (b) potential energy and (c) square dipole timeseries obtained at F = 0 V/m. (d), (e) and (f) idem at F = 108 V/m. These

figures were obtained for replica 1.

Table 1

Acceptance ratios of temperature update

Pair of temperatures (K) Acceptance ratio

F = 0.0 V/m F = 108 V/m

200M 269 K 0.59 0.59

269M 354 K 0.61 0.60

354M 463 K 0.63 0.63

463M 600 K 0.65 0.65
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Fig. 2. Evolution of the average square dipole as a function of

temperature without external electric field. The squares correspond to

the temperature of the different replica used for the simulation. The

line corresponds to the WHAM calculations.
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For optimal performances of REM, acceptance ratio

of replica exchange should be uniform and large enough

[21]. Table 1 reproduces these acceptance ratio without

and with an electric field of 108 V/m. Values vary be-
tween 59% and 65%.

The random walk in temperature and the values in

Table 1 confirm that the simulation has performed prop-

erly and has converged. Convergence for a protein or in

solution would be drastically more challenging.

3.1. Average dipole value

In Fig. 2, we plot the average square dipole calculated

without external electric field as a function of the tem-

perature. Æl2æ varies from 25.29 to 22.26 D2 as the tem-

perature increases from T = 200 to 600 K. The increase
in temperature increases the conformational landscape
that is explored by the peptide. At high temperature,

the decrease in average square dipole is due to the appa-

rition of elongated structures with low dipole value. The

calculated average values lx, ly and lz without electric
field are null.
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At 300 K, the average square dipole obtained by

WHAM calculations is 24.08 D2. Using Eq. (1) and

a = 28.4 Å3, we get a susceptibility of 222 Å3 that is con-

sistent with the experimental susceptibility obtained by

Antoine et al. [9] (214 ± 27 Å3). The calculated value ob-

tained by Antoine et al. [9] (240.4 Å3) using CHARMM
force field and an additive model to compute the dipole

is in agreement with this work.

Fig. 3 shows the calculated average value of the z

component of the dipole as a function of the external

electric field (the average values of the x and y compo-

nents of the dipole were also calculated and are in abso-

lute value inferior to 1 · 10�2 D). The expected values

calculated from the linear response theory (Langevin–
Debye formula, Eq. (1)) with l2 taken from simulations

without electric field (25.29, 24.42 and 22.26 D2 for

T = 200, 269 and 600 K) are also plotted in Fig. 3.

The results of the Monte Carlo simulation at T = 600

K are in agreement with the linear response theory. At

T = 200 and 269 K, two domains can be distinguished.

First, at low electric field, the calculated dipole is pro-

portional to the external field and in agreement with
the Langevin–Debye formula. This is true for lF/
kBT � 1. Using l2 � 25 D2, this corresponds to

F � 1.7 · 108 V/m at T = 200 K and F� 2.2 · 108 V/

m at T = 269 K. One can note that, in [9,25], electric

deflection experiments were performed with

F 6 1.5 · 107 V/m where Eq. (1) is valid.

Beyond the low field limit, saturation clearly occurs

and the average dipole is no longer given by the linear
response theory. For example, a rigid molecule with a

dipole of l0, Ælzæ would tend toward l0 which corre-

sponds to an alignment of the molecule on the electric

field. For a linear molecule, the evolution of the average
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Fig. 3. Average value of the projection of the electric dipole along the

electric field axis at different temperatures. Red squares correspond to

T = 600 K, green stars to T = 269 K and blue circles to T = 200 K. The

lines correspond to the values given by the Langevin–Debye formula.

A zoom between F = 0 and F = 5 · 107 V/m is shown in the inset. (For

interpretation of the references to color in this figure legend, the reader

is referred to the web version of this article.)
dipole with the value of the external field is given by the

well-known Langevin function ðLðxÞ ¼ cothðxÞ � 1=xÞ
[13]. For a floppy molecule, the situation is more com-

plex as not only rotational orientation but also changes

in the conformation may occur in the electric field. The

effect of the electric field on the conformation is an
important issue and it is discussed in the next paragraph.
3.2. Effect of the electric field on the conformation

Fig. 4 shows the distribution of average square di-

pole obtained at different values of electric field and dif-

ferent temperatures. At F = 0 V/m, T = 200 and 269 K,

three main peaks can be distinguished in the distribu-
tion. They are centered around 15, 27 and 50 D2. These

peaks can be assigned to four families of structures.

Representative conformations of these four families

are shown in Fig. 5. The first peak in Fig. 4 is due to

two families of structures (structures (a) and (a 0) in

Fig. 5). These two structures are stabilized by favorable

interactions between the hydrogen atom of the carbox-

ylic group and the oxygen of the peptide bond and be-
tween the oxygen of the carboxylic group and the

hydrogen bound to the nitrogen atom of the indole res-
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Fig. 4. Probability distribution of l2 for different external electric

fields at T = 200, 269 and 600 K. a, a 0, b and c correspond to the

square dipole values of the structure shown in Fig. 5.



Fig. 5. Representative structures obtained during the simulation at T = 269 K and drawn with PyMOL [26]. In this figure, carbon atoms are in green,

nitrogens are in blue, oxygens in red and hydrogens in grey. For molecule (a) E = 29.56 kcal/mol and l2 = 15.18 D2, for molecule (a 0) E = 29.95 kcal/

mol and l2 = 14.66 D2, for molecule (b) E = 29.79 kcal/mol and l2 = 27.12 D2 and for molecule (c) E = 30.43 kcal/mol and l2 = 51.52 kcal/mol. The

arrow shows the permanent dipole of the molecule. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)
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idue. The structure (a) is the most stable structure that

was obtained during the simulation at T = 200 K and

F = 0 V/m. This structure dominates in simulations per-

formed at T = 50 K (not shown here). Structures (b)

and (c) are stabilized by an interaction between the in-

dole and the carboxylic group. They mainly differ by a

flip of the carboxylic group. The large dipole value of

the last family of structures is due to a constructive
addition of the dipoles of the indole residue, of the pep-

tide bond and of the carboxylic group. We want to out-

line that structures in Fig. 5 are representative of the

peaks observed in Fig. 4 but Trp-Gly is a flexible mol-

ecule and a large variety of structure is explored during

simulations. At T = 600 K, the peaks are less pro-

nounced and the relative weight of low dipole struc-

tures is increased in agreement with Fig. 2.
Distributions at F = 107 and 108 V/m are similar to

the distribution obtained at F = 0 V/m. These values of

electric field are not sufficient to induce significant

changes in the conformation of the dipeptide. At

F = 109 V/m, and T = 200 and 269 K, different distribu-

tions of dipoles are observed. The three former peaks

are still present but with different relative weights. The
interaction with the electric field is higher for structures

with a large dipole, and high electric field clearly stabi-

lizes these structures. For a given molecule, conforma-

tional changes can be enhanced by either increasing

the value of the external field or by decreasing the

temperature.

To get significant changes in conformation with the

value of currently available electric fields in molecular
beam deflection experiments (typically between 107

and 108 V/m), the best strategy is to choose a molecule

for which there is a competition between low electric

and high dipole structures. A designed peptide with a

competition between a globular or a b-sheet which has

a low electric dipole and an a-helix which has a macro-

dipole is a good candidate. In this case, structural con-

trol could be obtained with available static electric
fields and one can hope to mimic structural changes

driven by electrostatic forces in living organisms.
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4. Conclusion

In conclusion, we have performed Monte Carlo REM

calculations on a floppy molecule in a static electric field.

At low electric field, the average dipole of the molecule

follows the Langevin–Debye equation. At high electric
field, a deviation from this law is observed and result

analysis shows that the electric field modifies the confor-

mation of molecules. Experiments and simulations are

in progress on larger peptides.
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