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Molecular dynamics simulations of linear models
interacting through a dipolar Kihara intermolecular
potential are presented. Molecular orientation corre-
lations are used to calculate the orientational factor
kappa squared in the resonance energy transfer (RET) as
a function of the intermolecular separation. The distance,
R((2/3), at which the simulated systems show an isotropic
behavior is calculated and an analysis of the dependence
of Ry(2/3) on microscopic properties (molecular aspect
ratio and dipole moment) as well on thermodynamics
(temperature and density) is presented. An explanation
of the use of metallic cations as probes in RET is given
and some relations of our models with biological
molecules are pointed out.

Keywords: Molecular dynamics simulation; kappa squared factor;
resonance energy transfer; linear dipole models

INTRODUCTION

Resonance energy transfer (RET) is the radiationless
transmission of an energy quantum from its site of
absorption, usually called the donor, to another
specific site, usually called the acceptor, in a
molecule or system of molecules [1,2]. The theory
of RET is universally attributed to Forster [3]. RET
occurs simultaneously with diffusion processes over
distances greater than interatomic without kinetic
collision. RET is called homotransfer when the
molecules involved are identical or heterotransfer
when the molecules are different. Although, hetero-
transfer is more used among biochemists or
biophysicists, we consider here only homotransfer

as a first step in our study. Molecular orientations of
dipoles of donor and acceptor are implied in the RET
in a nontrivial way. One of the most elusive factors
intervening in RET is an intermolecular quantity
depending on mutual orientations commonly known
as kappa squared (k?). This factor is related to the
orientation correlation between donor and acceptor
dipole moments and several different statistical
approaches [4-6] have been used to obtain «
Moreover, important experimental [7] and theoreti-
cal [8] contributions have been made to relate RET to
the molecular length of the donor or the acceptor.
However, we are not aware of any systematic
simulation study to link «* to microscopic proper-
ties, essentially molecular shape and dipole moment,
w, but also to thermodynamic properties: density d,
and temperature T. The main goal of this work is to
make a contribution to filling this void. Our point of
departure is the relation between k? defined as an
angular average and the coefficients of the pair
correlation function (PCF) of a fluid system in an
expansion in spherical harmonics. Exploiting this
relation, we present here a classical scheme to
calculate « * for linear rod models representing linear
or pseudolinear molecules [9]. We use the so-called
Kihara intermolecular potential which explicitly
depends only on the shortest distance between rods
plus a dipole placed on the model center and aligned
along the molecular axis (see Fig. 1). We have
previously obtained the vapor-liquid equilibrium
(VLE) curve for this kind of system [10] and we
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ACCEPTOR

FIGURE1 The reference framework for the models considered in
this work.

simulate at these equilibrium states for the shortest
aspectratios. Furthermore, we also study here models
of very high length/breadth ratio at low densities
because these states are closer to the relevant
biological conditions. In all cases, we calculate the
distance Ry(2/3) at which « 2 reaches the value of 2/3.
This value is often identified with R,, the Forster
distance at which RET is 50% of its total value.

Two general criticisms may be leveled at our
work [11]:

First, we are simulating systems composed of
particles moving and rotating without restrictions in
a three-dimensional (3D) space. However, molecules
used as probes in RET are often covalently bound to a
macromolecule. Thus, its movement is always
related to the macromolecule. Indeed, an accurate
knowledge of «? for a given system, would require
the simulation of the complete system: probe +
macromolecule. However, our system is not so
artificial as one could think because the macromole-
cule and the probe move and rotate in the three-
dimensional space as a whole. So, the hypothesis of
always taking k? = 2/3 is even more unjustified for
the complete system than for the isolated probe. We
analyze this point deeper in the text below.

The second criticism is that the exact value of « ? is
irrelevant because « * varies very slowly with R and
the limit value can always be taken confidently. We
will show that is true only beyond a minimum value
of R when the variation of k? is really very slow.
Fortunately, most of the assigned distances in
biological molecules are greater than this limit.
However, k> values at short distance may be
required in some cases. Furthermore, the distance
between sites in a protein can vary appreciably
during a chemical reaction as folding or unfolding.

In this case, neither the use of a limit nor a constant
value for k2 may be adequate. However, few authors
seem to be aware of this problem [12]. A second goal
of this work is to demonstrate the necessity of using
variables values of k? to analyze RET in a reaction
mixture. Indeed, a recent paper [13] considers the
time anisotropy of k > and can be seen as the dynamic
counterpart of the work presented here.

The best-known example of homotransfer of an
approximately linear molecule is retinal, an alde-
hyde participating in the vision process and often
used as a probe in the study of biomembranes
[14,15]. In what follows, we present a short
discussion supporting the straightforward use of
the isotropic value of 2/3 for k2 in this case. Finally,
we present an example where > cannot be taken as a
constant value because it changes during a protein
folding /unfolding kinetic process.

RESONANCE ENERGY TRANSFER AND
INTERMOLECULAR DIPOLE CORRELATION

The RET at an intermolecular separation R can be
written as [1]

Rj
ER) = 1
(R) RE+ RS D
where Ry is the so-called Forster distance given by
9000 In(10)k>Qp]
R§ = 2
07 12875niNyy @

According to Eq. (1), the energy transfer is 50% at
the Forster distance. Qp is the quantum yield of the
donor in the absence of acceptor molecules, | the
overlap integral between donor emission spectrum
and acceptor absorption spectrum, n the index of
refraction of the medium, N,, the Avogadro’s
number. k * (kappa squared) is related to the mutual
orientations of donor and acceptor (see Fig. 1) by

k2 = (cos y12 — 3cos 6; cos 6,)* (3)
where

COs Y12 = €0s 6 cos 6, 4 sin 6; sin 6,

X cos(¢1 — ¢») 4)

The PCF of the linear molecules in a fluid system
can be expanded as a series of double products of
spherical harmonics of orientation angles [16]

8, 61,62, b1, ) = > Q1M Y161, b)Yy, (6, )

Ll'm
5)

where Y,,(0,¢) is a spherical harmonic and the
asterisk refers to its complex conjugate.
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Spherical harmonic coefficients, g;r,, can be
obtained during a Monte Carlo or Molecular Dynamics
simulation as ensemble averages. Explicitly,
equations giving the first / and ' odd coefficients are
given by

gi0() = J”g(r, 61, 0. . o) cos(6)

X cos(6,) d cos(6;) d cos(6) d¢p (6)

gui(r) = ”Jg(r, 01, 62, 1, o) cos(6) cos(6,)

X sin(¢q — ¢p)d cos(6)d cos(6)dgp  (7)

where the integral over the set of orientation angles,
0 = {6, 6,, ¢}, is normalized to 1.

These coefficients vanish in the case of a nonpolar
system, but not for a system containing dipoles. In
this case, it is usual to define

h'2(r) = gr10(r) + g (r) = J(Ino +1Ii)d2  (8)

where Ijy,, are the functions under the integral sign in
Egs. (6) and (7).

On the other hand, if the system is isotropic  * can
also be obtained from an ensemble average. More-
over, if the dipole moments of donor and acceptor do
not change during the transfer, then the definition of
k? is closely related to these angular coefficients.
From Egs. (3) and (4), we obtain:

K? = J(Ino + I111)* d02 )

Thus, the angular coefficients of the expansion of
PCF in spherical harmonics and «* can be obtained
simultaneously in a simulation. Note that x? is
indeed a function of r and not a constant.

To model the intermolecular interactions, we have
chosen the Kihara potential. This particular inter-
molecular potential depends only on the shortest
distance between molecular cores (see Fig. 1).
Therefore, the potential seems to be very suitable to
study the RET which is usually established in similar
terms of the distance geometry [17]. Explicitly,
Kihara potential is given by

uy, = 4el(a/p)** — (o/p)°] (10)

where & and o are parameters with energy and
length dimensions, respectively, and p the shortest
distance between molecular cores. p depends on the
separation between molecular centers of mass and
on mutual orientations but we simply write p for
sake of clarity. The molecular core is a rod of length L
in all the cases considered here. The reduced length
of this rod is L* =L/o for models. The total

intermolecular potential is given by
u=u +uk (11)

where u ** is the dipole interaction energy. We take
dipoles as point dipoles and this term is given by

P — Ml‘éuz B 3'(,u1-r)5'(uz-r) (12)

r r

This equation becomes still simpler if the dipole is

placed on the molecular center of mass and the

direction of dipole moment vector is along the rod
axis

pu_ rp2 3 (i) (uaer)
wr=—s /5

2
= ’:—3 -(cos y12 — 3 cos 61 cos 6) (13)

Note that the parenthesis term is just the squared
root of the right-hand term in Eq. (3). Namely, « has
the meaning of the ensemble average of orientations
for the intermolecular dipole interactions. Clearly,
this interaction depends on the intermolecular
separation unless the molecules are far apart.

We have previously determined the VLE for some
of the less elongated models [10] presented here and
we have performed simulations at some equilibrium
states for the shortest models. However, these
equilibrium densities correspond to unphysical
states for the longest aspect ratios [18] and we have
rather simulated at the same packing fraction, y, for
the highest aspect ratios

y=dVy (14)

where V., = mo3(1+3L*/2)/6 is the molecular
volume.

In this way, we are closer to the usual biological
conditions. We have also monitored orientation
parameters in these cases to be sure that we are in
an isotropic phase.

MD simulations were carried out in the NVT-
ensemble using a box containing 256 particles of
reduced length L* and a leap-frog algorithm to
integrate the motion equations [19]. The integration
time step, was set up as & =3.5x107°. The
reduced unit time is defined as * = (Ma?)'/? /e, M
being the molecular mass. Our runs consisted of 5000
steps for equilibration and 100,000 additional steps
to calculate the averages. The Kihara potential makes
no assumption about the mass distribution along the
rod [20]. Here, we considered the rods as homo-
nuclear diatomic molecules where half of the total
mass is situated on each extreme of the rod. So, the
reduced inertia momentum is [* = [/Mo? =L 2/4.
« % is written as a combination of spherical harmonics
of PCF is strictly independent of mass distribution as
other thermodynamic functions [21,22].
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TABLE 1 Forster distances as function of molecular and
thermodynamic properties

We also define the reduced dipole density, m, as

2
2_ M
L+ w2 T n* y & Ry2/3)/c me = Vo (15)
03 0.76 1.04414 039980 0.3035 1.0386 3.78 : :
076 104414 054494 04137 13246 353 because mole.cular properties follow .appro.x1.n'1ate1.y
0.76 0.7541 054494 04137 1.4942 3.53 a corresponding states law when this definition is
15 1.089 0415 03151 1.0591 373 used [10].
15 1.089 0.548 0.4160  1.3202 3.52
1.5 0.786 0.548 0.4160  1.4958 3.52
3.0 1.228 0.409 0.3105  1.0543 3.64
3.0 1.228 0.555 0.4213  1.3039 3.50 RESULTS
3.0 0.887 0.555 0.4213  1.4651 3.50
0.6 822 832;%3 g-iggii 8&283 ngg gzg We have performed simulations for systems at the
0.99 06769 042244 04203 13899 347 thermodynamic state.s shown in Table I for dlfferept
2.0 0.9808 03195 03179 1.1284 3.71 values of L* ranging from 0.3 to 5 each in
%8 ggggg 8-32; 8&%; %g%i g-g combination with different dipole moment values.
10 1103 03193 03177 11103 376 These values have been chgsen in most of cases to
4.0 1.103 04305 04283 1.1875 345 give the same reduced dipole densities [10] for
08 ‘1“1)5 8;3;3 8-‘21;2;6 8%22 iéggg i-‘é? different aspect ratios. The results of our simulations
115 08923 037435 04312 12271 3.50 are shown in Figs. 2-5, where k” is shown as a
1.15 0.6444 037435 04312 13505 3.50 function of R/o. Considering all the figures and
;g gggg 8;;2 82;; Hgég g-ig especially Fig. 2, an appealing observation is that « >
23 0.666 0375 0432 1.2909 349 goes to 2/ 3in two different ways. /ét low densities
46 1.060 0.273 0314  1.0784 3.75 and relatively high temperatures, k© decays mono-
4.6 1060 0378 0435  1.0932 3.46 tonically in an approximately exponential way. In
4.6 0.762 0.378 0.435 1.1761 3.51 ther ca 2 beha as a damped illator
15 17016 08923 00233 00397 37458 9.46 other ‘cases, k- behaves as ped oscillatory
17016 0.8923  0.0368  0.0626  3.4029 7.92 function. Both these behaviors have been well
22094 08923 001899 0.0398 4.0293 9.78 described for the radial distribution function of
2.094 0.8923 0.02992  0.0627  3.8483 7.98 monatomic fluids [23]. In thi there is one lin
35 32724 08923 001215 00398 55449 1014 onatomic Luids {2£5]. § case, there 1s one lne,
32724 0.8923  0.01914 0.0626 45695 8.01 the Fisher—-Widom line, separating the regions of

5 4.45 0.8923 0.00897  0.0399  7.3406 10.11
4.45 0.8923 0.01414  0.0629
6.0426  7.35

damped oscillations and exponential decays. Our
simulations suggest that a similar line may exist for
the angular average defining 2. It is also apparent
from Fig. 3 that x > depends more strongly on density
than on temperature, except at very low densities
(Fig. 4). The dependence on the reduced dipole
density is also weaker than on density, but note in
Fig. 5 that a marked shoulder appears at short
distances. That unexpected feature becomes nearly a

r/'c

FIGURE 2 Angular average defining kappa squared for a system of linear molecules at different aspect ratios. The shown lines
correspond to the thermodynamic state at the lowest density and highest temperature in Table I for each elongation. Reduced density
dipole equals to 1 in all the cases.
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n'=0.3998 : T =1.04414
n'=0.5449 ; T =1.04414
n=0.5449 ; T'=0.7541

L " i A
2.5 3.0 35 4.0

FIGURE 3 Angular average defining kappa squared for a system with L* = 0.3 and m? = 1 for the thermodynamic states marked on the

plot.

plateau at relatively low values of m? and
corresponds to a nearly constant value of «* at low
distances but this value is clearly different from 2/3.

An important quantity coming from simulations is
Ro(2/3), i.e. is the distance where « 2 reaches a value
of 2/3 corresponding to a fully isotropic case [2]. Due
to the asymptotic behavior of k2, it is not possible to
ascertain when the limit value is reached in an
unambiguous way. Here, we have used an integral
criterion relating Ro(2/3) to the area under a positive
function built from « * versus r plot. This function is
defined as

b= Jl(Kz(T’) —2/3)r?|dr (16)

where the vertical bars mean absolute value. Ryo(2/3)
is estimated as the upper limit that gives a value of @
less than 1% apart from the total @ value. Obviously,
this definition is useful only when «k? has nearly
reached its asymptotic value of 2/3. Values for @ are
given in Table I

1.2

Experimental errors in the determination of Ry
from RET are frequently of the order of 20% or more.
Values of Ry(2/3) obtained with this method are
shown in Table L. In all the cases, Ry(2/3) is always
much larger than intermolecular distances as RET
requires. Indeed, it is little surprising that RET may
occur even for very short linear models. We come
back to this point below. Furthermore, it is evident
from Table I that Ryo(2/3) hardly depends on the
molecular geometry at least for not very different
aspect ratios. With respect to the thermodynamic
properties, clearly Ryo(2/3) decreases as the density
increases and a good linear relationship between
Ro(2/3)and y ~ ' is shown in Fig. 6. However, Ry(2/3)
seems to be rather insensitive to the temperature and
to the strength of dipole moment except at very high
aspect ratios. All these observations agree with our
intuition that energy should be transferred to longer
distances when the density decreases and when
molecules are longer. More surprising is that Ro(2/3)
is approximately independent of dipole moment.

1.0

0.8 |-

0.6 -

0.0 b——

,,,,,,,,,, n'=0.0368 : T'=0.8923

n=0.0233 : T'=0.8923

r/c

FIGURE 4 Angular average defining kappa squared for a system with L* = 1.5 and m? = 1 at T* = 0.8923 and very low densities.
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2.0 2.5 3.0 35

r/'c

FIGURE 5 Angular average defining kappa squared for a system with L* =0.8 and different reduced dipole density at the
thermodynamic states of lowest density and highest temperature in Table 1.

Indeed, values of Ry(2/3) are the same within the
simulation error for states with close densities and
very different dipoles in practically all the cases
shown on Table I. This fact suggests that RET is
strongly mediated by the dielectric constant of the
environment in a nontrivial way, specially for
shortest models. An additional remarkable feature
is that Ry(2/3) is non-zero even for L* = 0, namely
for a Stockmayer potential. This observation is in
agreement with the fact that some cations, specially
lanthanides, can act as donors or acceptors in RET.
More complicated probes such as retinal can be
roughly modeled approximately as a spherocylinder,
a cylinder with hemispherical caps on its bases, of
L* =3 from the van der Waals radii of atoms in
retinal. A spherocylinder can also be seen as a
parallel body built at the constant distance o of the
cylinder axis and we may apply our results to this
molecule according to usual perturbation theory

12 T T T T T T
o L'=03
ok © L'=06 X ]
A L'=08 v
v L'=15
8 . (4 7
@ O L =
Q + L'=35
~% 6t L _
e X L'=
4t U& 4
2 1 1 1 i 1
0 5 10 15 20 25 30

-1

y

FIGURE 6 Reduced isotropic distance, usually identified with
Forster distance versus inverse of packing fraction for the most of
systems considered in this work.

[24]. Thus, an interpolation in Table I gives a value of
Ro(2/3)/0 of about 10 for this L* at low probe
densities. Using an approximate value of o=
0.35nm, this gives Ry(2/3) = 3.5nm, that is less
than the experimental value [25] for Ry of 4.9nm.
Thus, the isotropic value of k? can be used
confidently in this case.

Coming back to our discussion of the present
problem, we see that an MD simulation of a free
molecule can give us some clear insights into the
behavior of a probe in RET. Indeed, the results
presented here provide a guide of previous
conditions to choose a confident linear probe for
RET. Moreover, time correlation functions obtained
from molecular dynamics of simple probe models
could help to interpret very recent results of energy
transfer at nanoscale [26] and we are currently
working on this purpose.

Acknowledgements

We are specially indebted to Prof. E.-W. Knapp from
the Freie Universitédt Berlin, Germany and to Dr M.P.
Lillo in the CSIC (Madrid, Spain) for their helpful
comments. This work has been supported by the
Projects PB98-0326 and PB98-0054 of the Spanish
Direccion General de Investigacion y Formacion del
Profesorado. One of us (5.C.) wishes to thank to the
Autonomous Region of Madrid for a grant to prepare
her doctoral work.

References

[1] Van der Meer, B.W., Coker, III, G. and Simon Chen, S.-Y. (1994)
Resonance Energy Transfer. Theory and Data (Verlag Chemie,
New York).

[2] Cheung, H.C. (1991) “Topics in fluorescence spectroscopy”,
In: Lakowicz, J.R., ed, Principles (Plenum Press, New York)
Vol. 2, Chapter 3.



18: 38 14 January 2011

Downl oaded At:

RESONANT ENERGY TRANSFER 525

[3] Forster, Th. (1948) “Zwischenmolekulare energiewanderung
und fluoreszenz”, Ann. Physik 2, 55.

[4] Hillel, Z. and Wu, C.-W. (1976) “Statistical interpretation of
fluorescence energy. Transfer measurements in macromol-
ecular systems”, Biochemistry 15, 2105.

[5] Haas, E.E., Katchalsky-Katzir, E. and Steinberg, I1.Z. (1978)
“Effect of the orientation of donor and acceptor on the
probability of energy transfer involving electronic transitions
of mixed polarization”, Biochemistry 17, 5064.

[6] van der Meer, B.W., Raymer, M.A., Wagoner, S.L., Hackney,
R., Beechem, ].M. and Gratton, E. (1993) “Designing matrix
models for fluorescence energy transfer between moving
donors and acceptors”, Biophys. ]. 64, 1243.

[7] Vanderauwen, P., DeSchryver, EC., Weller, A., Winnik, M.A.
and Zachariasse, K.A. (1984) “Intramolecular exciplex
formation and fluorescence quenching as a function of
chain-length in omega-dimethylaminoalkyl esters of 2-
anthracenecarboxilic acid”, J. Phys. Chem. 88, 2964.

[8] Bittl, R. and Schulten, K. (1988) “Length dependence of the
magnetic-field”.

[9] Lago, S., Garzén, B., Calero, S. and Vega, C. (1997) “Accurate
simulations of the vapor-liquid equilibrium of important
organic solvents and other diatomics”, J. Phys. Chem. 101,
6763.

[10] Garzon, B., Lago, S., Vega, C. and Rull, L.F. (1995) “Computer
simulation of vapor-liquid equilibria of linear dipolar fluids.
Departures from the principle of corresponding states”,
J. Chem. Phys. 102, 7204.

[11] 9th International Symposium on Organic Physical Chemistry
(Miraflores de la Sierra, Madrid, Spain), July 1999.

[12] Lillo, M.P.,, Beechem, ].P., Szpikowska, B.K., Sherman, M. and
Mas, M.T. (1997) “Design and characterization of a multisite
fluorescence energy-transfer system for protein folding
studies: a steady-state and time-resolved study of yeast
phosphoglycerate kinase”, Biochemistry 36, 11261.

[13] Edman, P., Hakansson, P., Westlund, P.-O. and Johansson,
L.B.-A. (2000) “Extended Forster theory of donor—donor
energy migration in bifluorophoric macromolecules. Part I. A
new approach to quantitative analyses of the time-resolved
fluorescence anisotropy”, Mol. Phys. 98, 1529.

[14] Volkov, V., Svirko, Y.P., Kamalov, V.E, Song, L. and El-Sayed,
M.A. (1997) “Optical rotation of the second harmonic

radiation from retinal in bacteriorhodopsin monomers in
Langmuir—Bladgett film: evidence for nonplanar retinal
structure”, Biophys. ]. 73, 3164.

[15] Luecke, H., Richter, H.-T. and Lanyi, J.K. (1934) “Proton
transfer pathways in bacteriorhodopsin at 2.3 Angstrom
resolution”, Science 280, 1.

[16] Sweet, ]J.R. and Steele, W.A. (1967) “Statistical mechanics of
linear molecules. I. Potential energy functions”, J. Chem. Phys.
47, 3022.

[17] Crippen, G.M. and Havel, T.E. (1988) Distance Geometry and
Molecular Conformation (Wiley, New York).

[18] Garzon, B., Lago, S. and Vega, C. (1999) “Monte Carlo
simulations of dipolar and quadrupolar linear Kihara fluids.
A test of thermodynamic perturbation theory”, Mol. Phys. 96,
123.

[19] Allen, M.P. and Tildesley, D.J. (1987) Computer Simulation of
Liquids (Clarendon Press, Oxford).

[20] MacDowell, L.G., Garzén, B., Calero, S. and Lago, S. (1997)
“Dynamical properties and coefficients of linear Kihara
fluids”, J. Chem. Phys. 106, 4753.

[21] Brown, D. and Clarke, J.H.R. (1987) “A computer simulation
study of the effect of molecular mass-distribution and
momentum transport in molecular liquids”, J. Chem. Phys.
86, 6446.

[22] Calero, S., Lago, S. and Garzon, B. (1999) “A new and more
direct test of Hubbard relations from molecular mass
distribution influence on linear liquid dynamics”, J. Chem.
Phys. 111, 5434.

[23] Vega, C., Rull, L.E. and Lago, S. (1995) “Location of the
Fisher—Widom line for systems interacting through short-
ranged potentials”, Phys. Rev. E 51, 3146.

[24] Padilla, P. and Lago, S. (1989) “Vapor-liquid equilibrium for
a perturbation theory for linear molecules fluids”, Fluid Phase
Equil. 48, 53.

[25] Kometani, T., Kinosita, K., Furuno, T., Kouyama, T. and
Ikegami, A. (1987) “Transmembrane location of retinal in
purple membrane-fluorescence energy-transfer in maximally
packed donor—acceptor systems”, Biophys. ]. 52, 509.

[26] Nguyen, T.-Q., Wu, J., Doan, V., Schwartz, B.J. and
Tolbert, S.H. (2000) “Control of energy transfer in oriented
conjugated polymer-mesoporous silica composites”, Science
288, 652.



