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Abstract

Electronic energy transfer has been investigated in pure donor systems by means of 
computer simulations. Calculated properties were the probability that the initially 
excited donor is excited at a time t after the excitation, Gs(t), the mean square 
displacement of the excitation and different fluorescence observables.

For three dimensional systems the results obtained by Monte Carlo simulations were 
compared to the so-called GAF-theory {Gouchanour,C. R., Andersen, H. C. and 
Fayer, M. D., J. Chem. Phys. 81, 4380 (1984)}, and the agreement was found to be 
good. Anisotropic systems, i.e. mono-, bi- and multilayer systems, were compared to 
the two-particle model {Baumann,J. and Fayer, M. D., J. Chem. Phys. 85, 4087 
(1986)}. The agreement between the Gs(t) calculated from the tp-model and the Monte 
Carlo simulations were good for all systems investigated. However, the agreement 
between the fluorescence observables obtained by MC and the tp-model were in 
general poor. A much better agreement was found when a phenomenological 
approach was used for calculating the fluorescence depolarization ratios.

Three dimensional systems where the donors are rotating on the same time scale as 
the energy transfer takes place have also been studied and compared to analytical 
theories.

The Molecular Dynamics simulations of decapeptide H142 shows that simulations 
in a continuum with a relative permeability do not provide a reliable alternative to 
simulations with explicit solvent molecules.
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1. LIST OF PAPERS

This thesis is based on the following papers which will be referred to in the text by 
their roman numbers:

I. Monte Carlo simulations of electronic energy transfer in three-dimensional 
systems: a comparison with analytical theories
Sven Engström, Maria Lindberg and Lennart B.-Å. Johansson 
J. Chem. Phys 89 (1988) 204

II. Electronic Energy Transfer in Anisotropic Systems. 3. Monte Carlo 
Simulations of Electronic Energy Transfer in Membranes
Maria Lindberg, Lennart B.-Å. Johansson and Sven Engström 
submitted to J. Chem. Phys

III. Electronic Energy Transfer in Anisotropic Systems. 2. 2,5,8,11-Tetra-tert- 
butylperylene in vesicles
Björn Kalman, Lennart B.-Å. Johansson, Maria Lindberg and 
Sven Engström
J. Phys. Chem. 93 (1989) 8371

IV. Fluorescence anisotropy of rotating molecules in the presence of energy 
migration
Sven Engström, Maria Lindberg and Lennart B.-Å. Johansson 
Manuscript

V. Molecular Dynamics Simulations of the Renin Inhibitor H142 in Water 
Olle Teleman, Maria Lindberg and Sven Engström
J. Computer Aided Molecular Design (in press)
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2. INTRODUCTION

The introduction of computers in the 1940's lead to the development of numerical 
experiments and studying problems which cannot be treated analytically. There are at 
least three widespread algorithms for such experiments. One is the so-called Monte 
Carlo, MC, algorithm described by Metropolis et.al.1. A second is the Molecular 
Dynamics, MD, simulations and a third the Brownian, or stochasic, dynamics, BD, 
simulations.

The Monte Carlo simulation is based on averaging over an ensemble and only static 
properties of the system are possible to calculate. In an MD simulation the Newtonian 
equation of motion is solved numerically for all particles in the system. Information 
about the dynamics in the system can be obtained from MD simulations as well as the 
static properties. Molecular Dynamics simulations were used in 1959 by Alder and 
Wainwright2 in a simulation of hard spheres. The use of MD simulations increase as 
the computers becomes better. In recent years MD simulations have been used to study 
macromolecules, such as proteins, in vacuum and in solutions 3>4. In a BD simulation 
the solvent is not explicitly present, but instead represented by random forces acting 
on the particles in the system.

Contrary to the "ensemble averages" calculated in an MC simulation the mean values 
calculated in an MD or a BD simulation are "time averages". These mean values 
should be the same if the simulations are long enough.

The aim of this thesis is to test available theories. Computer simulations of energy 
transfer were used for testing if the analytical models could be used in comparisons to 
experiments. The results from computer simulations were also compared directly with 
the results of experiments. Molecular Dynamics simulations were used to test how the 
conformation of a peptide changed when the solvent was explicitly present or 
represented by a dielectric constant.
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3. ENERGY TRANSFER

Electronic energy transfer among chromophores is an important process in many 
systems. For example, in photosynthesis, where sunlight is absorbed by the antenna 
complexes and transported into the reaction centers, and thereby converted to chemical 
energy. The photosyntetic systems can be studied experimentally by picosecond 
spectroscopy, see ref. 5 and papers cited therein. Theoretical treatments of electronic 
energy transfer require knowledge about distances, angles and some other properties 
of the chromophores in the system. This is one of the difficulties when studying 
energy transfer in photosyntetic systems. However, energy migration in isotropic and 
anisotropic systems, containing only donors, have been treated theoretically. In order 
to gain a deeper understanding of energy transfer in these systems and also to test the 
available theories, computer programs, such as a Monte Carlo program and a program 
containing the rotational motion, were developed. These programs were then applied 
to many different systems and are described in detail in papers I, II and IV.

3.1 PREREQUSITES OF ENERGY TRANSFER

3.1.1 Theory

An electronically excited chromophore can return to the ground state in numerous 
ways. The electronic energy can be emitted as fluorescence light or transferred to 
another unexcited chromophore in radiationless processes. The master equation of 
energy transfer reads

=  —  +  £  G>ij (P , (t) - Pi (t)}
dt t  i (1)

where pi(t) is the probability that the i-th donor is excited at the time t and co ij is the 

transfer rate from donor i to donor j . In a system containing identical molecules, so- 
called donor-donor migration can take place. In 1948, Th. Förster proposed a dipole- 
dipole mechanism for transfer of electronic energy in a system containing weakly 
coupled donors 6. According to this mechanism the transfer rate œ ij is given by
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Rij is the distance between donor i andj, Ro is the so-called Förster radius, T is the 
fluorescence lifetime and K is the orientional part of the interaction defined as

K*ij =  f i  iA^j ■ 3  ( / i i  R i j )  ( / î j  R i j )  ( 3)

here /q, Pj and Rjj are the unit vectors of the transition dipole moments and the 
distance between the donors, respectively. If the donors are rotating very fast k  2jj can 

be averaged and the transfer rate becomes dependent only on the distance between the 
chromphores, cf. eq. 2 .

3.1.2 Simulated systems in relation to experimental systems

The systems in this section describe the geometric arrangements in which the donors 
are solubilized as well as their relation to the experimental systems. The systems 
simulated were chosen based on the feasibility to arrange them experimentally. A 
liquid solution is the origin of the three-dimensional system, a monolayer of the two- 
dimensional system and the bilayers and multilayers are the experimental analogous to 
the simulated quasi three-dimensional systems. The systems with lower 
dimensionality can be arranged experimentally by dissolving the donors in lamellar 
liquid crystals. A vesicle, where the donors are either situated in the hydrophobic 
regime of the bilayer or attached to one of the lipid-solvent interfaces, can be treated as 
a monolayer system, Figure ID. A monolayer can also be prepared as a Langmuir- 
Blodgett film doped with chromophores, Figure IB and C. A bilayer system can be a 
vesicle doped with donor molecules at both interfaces or, a lamellar phase where the 
distance across a solvent layer is much larger than the thickness of the lipid bilayer. A 
lamellar liquid crystal, where the thickness of the lipid bilayer and the solvent layer are 
of the same order of magnitude, has been the experimental origin to the simulated 
multilayer systems, Figure IE.

The orientation of the transition dipole moments is always isotropic in solution. In 
the case of donors situated in the model membranes there are many possible angular 
distributions and simulations were performed with two different angular distributions, 
Figure 1 A. The dipoles are either isotropically oriented, as in the three-dimensional 
case, or have an angular distribution isotropic in the plane of the membrane.



Figure 1 : The experimental systems in two and quasi three dimensions. A shows the two angular 

distributions studied, the chromophores are either localized at the lipid-solvent interface with their 

electronic transition dipoles parallel to the surface or in the hydrophobic part with random orientation. 

B and C displays the mono- and bilayer systems prepared by Langmuir-Blodgett technique. D shows a 

unilamellar vesicle and E a stack of bilayers, a so-called lamellar phase.

A hydrophobic chromophore solubilized in the interior of a lipid bilayer can have an 
isotropic angular distribution of the transition dipole moments, see paper III. The 
donors form, in this case, a monolayer of interacting donors. A bilayer of donor 
molecules can be arranged experimentally with chromophores having a hydrophilic 
headgroup attached to a hydrophobic tail, so that they will solubilize at the lipid- 
solvent interfaces. The so-called Xantane dye molecules have their transition dipole 
moments oriented in the plane of the layer.

The donors, among which the energy transfer takes place, rotate very slowly 
compared to the fluorescence lifetime, in most of the simulated cases. Systems which 
contained donors that rotated either very fast in comparison to the fluorescence lifetime 
or on the same timescale as the fluorescence relaxation were also simulated. The case
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of slowly rotating donors can be arranged experimentally by lowering the temperature 
and/or solving the chromophores in a viscous solvent.

3.1.3 Calculated properties

The following properties were calculated in the simulations in order to compare them 
with analytical theories and with experiments.

The probability that the initially excited molecule is excited at a time t after the 
excitation, denoted Gs(t), is the property calculated for comparisons to analytical 
theories and cannot be obtained from experiments. The simulated results were 
compared to two analytical theories, namely the so-called GAF-theory by Gouchanour 
et.al.7 and the two-particle (tp) model by Baumann and Fayer 8 based on the works of 
Huber et.al.9’10 The most important equations needed from the GAF-theory and the 
tp-model are provided in papers I and II.

Fluorescence depolarization ratios were calculated in the simulations in order to 
make comparisons with experimentally observed fluorescence depolarization ratios. 
The definition of the fluorescence depolarization ratios are dependent on the system 
which has been studied and under what conditions the experiment is carried out. In a 
solution as well as in the vesicles the fluorescence depolarization ratio can be denoted 
as a fluorescence anisotropy. A more detailed description of the different fluorescence 
depolarization ratios is provided in papers I and II.

The fluorescence depolarizations can also be compared with theoretically calculated 
fluorescence depolarizations. The theoretical calculations were done within the 
approaches of the tp-model or within the Galanin approximation11’12. The 
theoretically calculated depolarization ratios8’11’12 were based only on the Gs(t), i.e. 
the polarization memory is negligable from the emitting donors that were excited by 
energy migration.
The comparisons with experiments are very important, because they give the 
possibility to check if the simulations, the GAF-theory and the tp-model give an 
accurate description of the energy transfer among the donors.

Finally, the mean square displacement of the excitation, denoted <R2(t)>, was 
calculated. This property describes how far the excitation has migrated at time t after 
the excitation. At present there is no simple method of experimentally determining 
<R2(t)>. In the GAF-theory7, the <R2(t)> was only provided for a three-dimensional
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system. Within the tp-model8, <R2(t)> was not evaluated. Of great interest, from a 
general point of view as well as for some specific understanding of electronic energy 
transfer, is how far energy migrates in a finite time interval. The dépendance, of 
<R2(t)>, on the dimensionality of the system, angular distribution and concentration 
of chromophores in the system are also of great interest. In the case of anisotropic 
systems none of the theories mentioned above, i.e. GAF-theory and tp-model, provide 
this information. Computer simulations are therefore a way of determining <R2(t)> in 
anisotropic systems such as vesicles, lamellar liqid crystals etc.

3.2 COMPUTATIONAL METHODS

In all of the computational methods used, a number of pairwise ir *racting donors, 
typically 100, were randomly placed in a box, cubic or quadratic. In order to avoid 
excitation traps, the donors cannot be placed closer together than a specific distance, 
chosen as O.IRo in all of the simulations. The particles did not translate during the 
simulation. This is relevant for experiments systems carried out in viscous solvents or 
at low temperatures, provided that the fluorescence lifetime is long enough.

Two different algorithms were used in the studies of energy transfer. The first 
algorithm is a numerical solution of the master equation of energy transfer, eq. 1. This 
method was described by J.P. Riehl13 and has only been used for three-dimensional 
cases. The master equation was solved by diagonalizing a matrix of transfer rates and 
solving a linear equation system.

A modified version of this algorithm was used for the study of energy transfer 
among rotating donors. In this case the transfer rate matrix was re-diagonalized after a 
small rotation of the donors. The rotation of the donors and rediagonalization of the 
matrix was carried out typically each 0.01  x, depending on the rotation velocity of the 

donors. We assumed that the rotation of the donors was described by Brownian 
motion.

The second algorithm is a Monte Carlo, MC, simulation of the transfer of energy 
among the donors in the box. In these simulations, the excitation jumps among the 
donors explicitly. The algorithms are described in detail in papers I and II.

The systems used in the different simulation methods differ somewhat from each 
other. When the method of solving the master equation of energy transfer for slow or 
fast rotating donors was used, the system was limited to the box in which the donors 
reside. The original box is the whole system, there are no periodic boundary 
conditions. This results in the excitation energy not being able to migrate further than



to the edge of the box. Consequently, the transport of the excitation should be 
underestimated by using this method.

In the Monte Carlo simulations, periodic boundary conditions and the minimum 
image convention were used together with a spherical truncation of the interactions. 
The minimum image convention means that the excited donor interacts with another 
donor which can be an original donor or a periodic image. Energy transfer between 
particles inside the cut-off sphere were treated explicitly. Particles outside the cut-off 
sphere were treated as a continuum of acceptors. The continuum was then treated as a 
single particle, as far as the transfer rate was concerned. Thus, the energy migration is 
not limited by the size of the box and a more accurate description of the excitation 
migration is expected.

The system used for the simulations of energy transfer among rotating donors was a 
mix of the two systems described above. The periodic boundary conditions were not 
used, but on the other hand a cut-off sphere and the minimum image convention were 
used. The continuum was not treated explicitly when the numerical solution was 
applied, but was added in the same way as the fluorescence decay can be added, i.e. 
as an exponential term.

3.3 RESULTS

Many different properties were calculated in the computer simulations. It is of great 
importance that the predictions from a simulation can be verified for some case. This is 
done by comparisons with analytical theories or to experiments. Analytical theories 
often have some restrictions. In the case of electronic energy transfer the mean square 
displacement in anisotropic systems, i.e. mono-, bi- and multilayers, was not 
evaluated either by the GAF-theory or by the tp-model. In the MC simulations <R2(t)> 
can be calculated for anisotropic systems, in the same way as for a three-dimensional 
system. Consequently, the simulations are applicable to systems where analytical 
results are not available.

3.3.1 Comparisons to analytical theories
All of the properties calculated in the simulations, i.e. Gs(t), <R2(t)> and the 

fluorescence depolarization ratios, were compared with analytical theories for at least 
one system for each property.
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3.3.1a Comparisons to the GAF-theory
In the GAF-theory both Gs(t) and <R2(t)> are given and from the Gs(t) the 

fluorescence anisotropy can be obtained, but only for a solution. The donors can be 
either slowly or rapidly rotating. The GAF-theory was compared to experiments14*15 

giving excellent results.
The simulated energy transfer in three-dimensional systems were compared with the 

GAF-theory, both for fast and slowly rotating donors. In the GAF-theory, a two-body 
and a three-body approximation was developed7. The agreement between the three- 
body approximation and the simulations was found to be good while the comparison 
to the two-body approximation was not. The agreement for <R2(t)> was also found to 
be good. The fluorescence anisotropy was calculated within the so-called Galanin 
approximation11*12, r(t) = 2/5 Gs(t) and the agreement was found to be excellent.

3.3.1b Comparisons to the two-particle model
The two-particle model is not limited to three-dimensional isotropic systems, it can 

also be applied to two-dimensional systems and to bi- and multilayer systems. 
Unfortunately, only the Gs(t) is available within the tp-model. Fluorescence 
depolarization ratios can be defined within the approximations of the tp-model, see 
paper II. The donor molecules can either be slowly or rapidly rotating, as in the GAF- 
theory.

The tp-model was used for comparisons of energy transfer in systems with lower 
dimensionality than three, i.e. the mono-, bi and multilayer systems. In the case of 
monolayer systems, the tp-model is straightforward to use. In the case of bilayers and 
multilayers it becomes more complicated, at least when the distance between 
consecutive layers is comparable to Ro. In these cases, at least one integral has to be 
evaluated for each layer separation and each reduced time. The concentration is not a 
parameter in the integrals and as a consequence a set of integrals can be used for all 
concentrations, at least as far as the tp-model is concerned. The evaluation of the 
integrals demand much CPU-time in order to cover the time interval, here 2t, in which 

the comparisons shall be made. In the case of multilayer systems, integrals for more 
than one layer separation must be evaluated, at least two or three depending on the 
layer separation, for each reduced time. This is the reason why the simulated 
multilayer systems has not been compared to the tp-model. If a comparison to 
experiments is to be done, and provided that the concentration is not too high, the 
computer time needed for an MC simulation is of the same order of magnitude as the 
time spent on evaluating the integrals.
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The agreement between Gs(t) obtained from the tp-model and the MC simulations 
were found to be good. The agreement was equally good for the mono- and bilayer 
systems and both of the angular distributions investigated. A multilayer becomes a 
monolayer when the layer separation becomes large enough, as far as the energy 
transfer is concerned. The distance at which the monolayer case occurs differs 
between the tp-model and the MC simulations. The tp-model predicts that the distance 
at which the monolayer limit is reached is much shorter, 1.77 Ro, than the distance at 
which Gsmuiti(t) can be approximated by the Gsm0no(t) according to the MC 
simulations. The MC simulations show that the distance between consecutive layers 
should be at least 3.0 Ro, Figure 2A. The MC simulations shows that the <R2(t)> 
cannot be approximated by that of a monolayer even at the distance where the 
agreement of the Gs(t) between the tp-model and the MC simulations are good, Figure 
2B.

1

Gs (t)

5

0
0 1 2

A ?  B
Figure 2: The Gs(t), in A, and <R^(t)>, in B , for multilayer systems containing isotropically oriented 

donors at a concentration of unity. The distances between the layers are, from top to bottom in A and 

vise versa in B, 3Ro, 2Ro and IRo, the dotted lines represent the simulated monolayer.

The agreement between the fluorescence depolarizations calculated within the tp- 
model and the MC simulations was not good in any of the investigated cases. Another 
approach is therefore proposed, (see paper II), which is a phenomenological treatment
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where the initial value and the infinity value of each fluorescence depolarization ratio 
are used together with the Gs(t). This approach gives a much better description of the 
fluorescence depolarizations, in comparison to the MC simulations, than that of the tp- 
model treatment. The fluorescence depolarization ratios obtained within the tp-model 
seldom show a correct limiting behaviour at t =00, due to a residual anisotropy which 
differs from the theoretical residual value. This is the origin of the, sometimes very 
large, discrepancy between the tp-model and the MC simulations. The MC simulations 
treat all the jumps and chromophores explicitly, and show a correct limiting behavior 
in all the cases investigated.

The energy transfer in systems where the donors rotated on the same time scale as 
the fluorescence lifetime were simulated and the fluorescence anisotropy was 
compared with the model proposed by Fredrickson16. The Gs(t) was compared with 
the tp-model8 including the rotational motion as it was proposed by Berberan-Santos 
and Prieto17. The rotation correlation time, xr, of the chromophores were chosen as 10 
T, lx and 1/6 x, x being the fluorescence lifetime, because they were relevant from a 

experimental point of view. A comparison of the Gs(t) shows that the decay of the 
simulated Gs(t) is faster than the Gs(t) obtained by Knoester and van Himbergen. 
According to Fredrickson the dynamic limit should be reached even for a ratio xr / x 

being small. The comparison between the simulated anisotropy and the anisotropy 
according to Fredrickson showed that the simulated r(t) decays slower than the r(t) of 
Fredrickson. The discrepancy is largest when the ratio xr / x is small. At large ratios, 

i.e. fast rotation, the ratatinai motion dominates the decay of r(t) and the differance 
becomes smaller, see Figure 3.
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~  0.2
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Figure 3: The fluorescence anisotropy, r(t), for donors with a rotatonal correlation time of etemety, 

i.e. static case, 10 x, lx and 1/6 x, from top to bottom. The dashed lines represent the Fredrickson 

prediction and the solid lines the simulated result.

We found that the number of configurations needed for good statistics became much 
larger when the chromophores were allowed to rotate and as a result of this the 
computer time increase.

3.3.2 Comparisons to experimental observables

The observables, i.e the fluorescence depolarization ratios, calculated in the 
simulations of the anisotropic systems are defined from the experimentalist's point of 
view. This means that the comparison between the MC results and the experimental 
results can be done directly.

Fluorescence anisotropies obtained from experiments where donors are solubilized 
in the hydrophobic part of vesicles were compared with simulated anisotropies. The 
reduced concentrations were in all cases below 1.0. The results agree very well.

Further comparisons with experimental observables have not been done. The other 
fluorescence depolarization ratios that were simulated have not been tested against 
experiments yet, but they have a correct limiting behavior.
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3.3.3 The mean square displacement

The distance over which the energy migrates during 2x is strongly dependent on the 

dimensionality. In a three-dimensional system, the energy migrates much further than 
in any monolayer system. In a monolayer with in-plane oriented donors, the energy 
migration is more efficient than for isotropically oriented donors. The same pattern 
was found for bilayer systems. In multilayer systems the difference between the 
angular distributions was not as large as in the mono- and bilayer case. The 
concentration dependence was strong in all of the systems investigated.

3.4 CONCLUSIONS

All the properties calculated in the simulations are mean values over a large number 
of particles. The initial value of the fluorescence depolarization ratios is in all cases, 
except for vesicles, a mean value dependent only on the angular distribution of the 
initially excited donors. In the case of vesicles, the initial value of the anisotropy 
equals 2/5, and not dependent on the angles of the initially excited donors.

In order to describe the energy transfer accuratly, the number of donors in the 
system should be at least 50 to 200 particles, not least for describing the mean square 
displacement. A large number of donors also yields a better statistics of the calculated 
properties. We found that 2000 configurations, and in the MC simulations 100 
trajectories in each configuration, were enough for a good statistical value of the 
calculated properties. The advantage of increasing the number of donors is that the 
computational time does not increase in proportion to the increasing number of 
donors. The disadvantage is that the memory needed for a simulation of a larger 
system increases very fast, which is a larger limitation than the computer time spent. 
The other possibility is to increase the number of configurations, which is linear with 
the computer time needed for a simulation. If the method of Riehl is used, the 
computer time needed for a simulation of a larger system increases more than the 
factor by which the system is enlarged. No matter which method was used, we found 
that at least 50 or even perhaps 100 donors should be used in the simulations, but this 
can of course differ slightly between different systems.

One could ask whether these computer simulations can only be used in systems 
where the spatial and angular distributions are described by those already specified. 
The answer is no, since there are no limitations in the algorithm for the MC 
simulations of how a simulated system can be designed. A model system with an
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angular distribution, something in between the two already studied, i.e. isotropic or 
in-plane, should not cause any problems. If one wants to simulate a more specific 
structure, for example a photosynthetic system, some questions arise. The continuum 
approach changes when a more specific structure is considred. It can probably not be 
used since the system is not homogeneous or maybe it is not necessery if a sufficiently 
large part of the system is considred. The chromophores are no longer identical and 
the Förster radius is different between different chromphores. The coordinates of the 
chromophores and the orientation of their transition dipole moment should be known. 
The MC simulations can be used in at least two ways in comparison to experiments. If 
the structure of the system is well known, the simulations can be used for testing if the 
Förster mechanism is valid for that system. If on the other hand the Förster 
mechanism is assumed, the simulations are useful for the experimentalists since 
different angles of the transition dipole moments and distances between the 
chromophores can be tested and compared with the experiments. The probabilities for 
excitation for the different chromophores can be displayed as a function of time and 
the migration of the energy can be followed. Another point that should be carefully 
considered is the connection between the fluorescence lifetime, the Förster radius and 
the transfer rate. The fluorescence lifetime and the Förster radius are measured in 
solution and are then approximated to be the same in the biological system, an 
approximation which may not hold.

Energy transfer among chromophores that rotate on the same timescale as the energy 
transfer itself occurs is another interesting subject. In the approach described above the 
Gs(t) and the anisotropy is well described while the description of the energy 
migration is probably not accurate since the system is limited to the box. If, on the 
other hand, the box becomes big enough, then would the energy migration perhaps be 
accuratly described by the simulations.

Another question is what kind of computer is demanded for these simulations. In 
these works a CYBER 180/750 has been used as well as an IBM 3090-600J VF. The 
development of work stations has been better than our most hopeful dreams and the 
work stations now have a capacity in the same range as the computers used for these 
simulations with the advantage of being a system for a limited number of users.A 
result is that anyone who wants to do this type of simulation should be able to do so, 
with a computer which is not too expensive.
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4. MOLECULAR DYNAMICS SIMULATIONS OF A DECAPEPTIDE

The conformations of biomacromolecules are of great importance for their biological 
function. For example, the function of an enzyme is often due to its secondary and 
tertiary structure. A Molecular Dynamics (MD) simulation is a way of finding out how 
conformation changes, if the amino acid sequenceis altered or, as in this study, what 
happens to the structure if a peptide bond is reduced. The initial structure used in an 
MD simulation was, in this case, obtained from a crystallographic study.

The peptide H142 is a biologically active decapeptide designed to inhibit renin. The 
peptide bond between residues 6 and 7, a Leucine and a Valine, is reduced. This 
means that the amide group is transformed into a -CH2-NH- group. The peptide was 
simulated as the biologically active peptide, denoted H142, and as tH  corresponding 
peptide with the bond between Leu6 and VaI7 as a real peptide bond, denoted H142n. 
The aim of this study was to see what happens to the structure when a peptide bond is 
reduced, but also to compare the structure obtained in the aqueous simulation to a 
structure obtained by 2D-NMR. The dynamics of the peptide was also to be 
investigated as a function of the peptide bond reduction.

4.1 COM PUTATIONAL METHODS

In a Molecular Dynamics simulation the Newtonian equation of motion is solved 
numerically for the particles in the system, with a very small time step. The program 
used is the MUMOD package of Teleman and Jönsson18 which uses a fourth order 
predictor corrector algorithm with the Gear coefficients19. The program uses a double 
time-step algorithm in which the rapidly varying degrees of freedom, i.e. oscillations 
in bonds and bond angles, are evaluated every 0 .2  fs (1 fs = 10 ' 15s) and all other 
degrees of freedom are evaluated every 1.2 fs. Periodic boundary conditions are used 
together with a spherical truncation of the interactions, at 10 Å. In an MD simulation, 
the invesigated molecule can be surrounded by solvent molecules, usually water, or by 
vacuum. In these simulations another approach has also been tested, i.e. the peptide 
was surrounded by a continuum with a relative dielectric constant, in order to mimic a 
solvent. The continuum can be described as the screening part of a solvent, which 
reduces the electrostatic interactions but has no other effect on the simulated molecule. 
All interactions are pairwise and the sites that interact are atoms including non-polar 
hydrogens. The potential is described in detail in paper V and references therein.
The simulations were run on an IBM 3090-600E VF.
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4.2 CALCULATED PROPERTIES

In the analysis of a simulation, properties which give information about the 
dynamics of the peptide are calculated together with properties giving information 
about shape and structure. The calculated properties are studied both as mean values 
and, if possible as a function of time.

In order to study the shape of the peptide the radius of gyration, re, was evaluated 
as

where mi is the mass of atom i and ri its distance from the center of mass. Differences 
between two trajectories or the difference between a trajectory and a specified 
conformation are monitored by the RMS, the root mean square deviation at optimal 
superpossition.

here ri a and r^b are the two conformations to be compared. In the comparison 
between two trajectories, the two conformations are conformations at corresponding 
times in the different trajectories. Two conformations in the same trajectory can also be 
compared, the second being for example, the x-ray structure.

The dynamic properties were studied by the reorientation of some vector in the 
backbone or side chains. From the reorientation, the time correlation function and 
characteristic times were calculated, see paper V. The time correlation function can be 
approximated by a sum of exponentials, but a single exponential decay is often used 
because the different decays are supposed to occur on different time scales, so that 
they can be separated.

The dynamics in an aqueous simulation can be studied by the mean square 
displacement and the translational diffusion constant. The diffusion constant, D, is 
calculated according to

(4)

(5)

D =  lim
A t  —> <

(lr(t + At) - r(t) l2)t 
6At (6)
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here the r(t) is the position of the center of mass at the time t. Naturally, there are 
innumerous properties to calculate depending on the aim of the study. The ones 
described here are only a handful of the most common.

4.3 RESULTS OF THE H142 SIMULATIONS

The two versions of the peptide, H I42, with the peptide bond between residues 6 

and 7 reduced, as well as H142n, with the same bond intact, were simulated in many 
different environments. Continuum simulations, with four different dielectric 
constants from 1 to 80, were performed as were simulations with water molecules 
explicitly present. In the aqueous simulations, the peptide was surrounded by water 
corresponding to a concentration of 56 mM.

Each trajectory covered at least 230 ps after the equilibration. The analysis of the 
trajectories were concentrated upon structural and dynamical properties and their 
dépendance on the environment as well as the chemical difference between the two 
peptides. The RMS was used for displaying the differences between the trajectories. 
The two peptides were compared in different surroundings as well as with each other 
in all possible combinations. As expected, the peptides were found to be most similiar 
when they were simulated under identical conditions. Moreover, two simulations of 
the same peptide are most alike when the difference in dielectric constant is small. The 
structure of the peptides changed very much from the extended X-ray conformation in 
all of the continuum simulations. This is not surprising due to the hydrophobic 
residues Phe4, Leu6 , Val7 and lies. The folding is faster the lower the relative 
permeability of the continuum is, i.e. it is driven by the electrostatic forces. The folded 
conformations at the end of the trajectories are not the same in the different 
simulations. This means that one correct folded structure was not found. In water the 
peptides did not fold, but the shape fluctuates as can be seen from the ro, therefore no 
conclusions about the structure of the peptide in aqueous solution could be drawn 
from these simulations.

One of the purposes of this study was to compare the MD structure of H I42 
obtained in aqueous solution with the structure obtained by 2D NMR. So far this has 
not been possible, because H142 aggregates in water at least at those concentrations 
needed for an NMR study.
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5. FINAL REMARKS

Numerical experiments provide information about the systems investigated which 
cannot be obtained from experiments. The information can be of different kinds, such 
as in the case of energy transfer when the simulations give the mean square 
displacement of the excitation and a prediction about the fluorescence depolarization 
ratios. From the H I42 simulations we obtained information about how much a 
simulation without explicit water is worth and how much the length of the simulation 
is dependent on which system is studied at that time. The simulations also provide us 
with the possibility to test the results against theories and experiments.

6. THE FUTURE

Most of my work concentrats on energy transfer simulations so my concern is 
primarily in this field. The simulations of energy transfer will continue with 
comparisons to experiments. First, the bilayer vesicles will be investigated and 
compared with simulations as well as the two-particle model. Then the multilayer 
systems should be studied, they are experimentally constructed by a lamellar phase of 
lipids where the donors can be resolved either in the interior of the lamellae or at the 
lipid-solvent interface. These systems can be investigated by the method described by 
Johansson and Sundström20. The experiment of energy transfer in a monolayer, 
experimentally defined by a Langmuir-Blodgett film, can also be compared with the 
simulations. The work on energy transfer in systems where the donors rotate on the 
same time scale as the energy transfer occurs will also continue. There are a lot of 
investigations left to do. First, a more accurate investigation of different re-orientation 
rates of the donor molecules, i.e with different rotational diffusion constants. The 
translational motion can also be included in the same way as the rotational motion. 
Moreover, a study of the concentration dépendance should be performed together with 
an investigation of what will happen if the dimensionality of the system is reduced. 
Another interesting project is to simulate even more specified systems as a part of the 
photosynthetic systems. There are systems where energy transfer takes place, i.e. 
reaction centres, for which the structure is well known21' 23 and for determining one of 
these structures Huber, Michel and Deisenhofer received the Nobel prize of 1988.
In Molecular Dynamics simulations there are a lot of proteins that are possible to 
simulate. One of the main questions is: Why should this protein be simulated and 
what are the expectations on the simulation? There are many answers to this question.

19



The comparison with experimental results obtained from NMR is one reason to 
continue the work with MD simulations. The choice of protein is dependent on the aim 
of the study. Here in Umeå a combined study of a protein, with the many different 
methods available, not only NMR, could be a nice project for the future. The 
cooperation between computer oriented scientists and experimentalists should increase 
in intesity in order to gain more understanding of the systems studied.
There are probably many more simulations and comparisons to be done both on 
energy transfer and in Molecular Dynamics than I can ever think of...
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