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ABSTRACT 

The present review aims at surveying recent theoretical development and applications of electronic 

energy transport between chromophoric molecules (i.e. donors and acceptors) in various protein and lipid 

systems. Reversible, partly reversible, as well as irreversible energy transport within pairs of interacting 

chromophoric molecules are considered. Also energy migration/transfer within ensembles of many donor 

and acceptor molecules is discussed. An extended Förster theory of interacting pairs is summarised, 

which brings the analyses of data to the same level of molecular description as in ESR and NMR 

spectroscopy. Recent applications of energy transfer/migration on protein systems concern their structure, 

folding, as well as their formation of non-covalent protein polymers. The latter systems are of particular 

interest in e.g. the study of amyloid formation and the molecular functioning of muscles. The energy 

transfer/migration processes have also been utilised to study the spatial distribution of lipid molecules, 

which is of interest in the study of biological membranes and their functioning, e.g. the presumed 

formation of so called rafts.   

 

KEY WORDS: Electronic energy transfer/migration, donor-acceptor energy transfer, (partial) donor-

donor energy migration, homotransfer, protein polymerisation, lipid membranes, protein folding 

 

LIST OF ABBREVIATIONS 

A = acceptor of electronic energy 

BD = Brownian dynamics 

CTBX = cholera toxin B-subunit 

χ(t) = the time-dependent excitation probability 

D = donor of electronic energy 

D(t )= experimental difference curve created from fluorescence depolarisation data 

Dj = director frame for the j-th donor 

DAET = donor-acceptor energy transfer 

DDEM = donor-donor energy migration 

EFT = extended Förster theory 
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EM = energy migration 

(F)RET = (Förster/fluorescence) resonance energy transfer 

DF ( t ) = fluorescence relaxation of a donor in absence of acceptors 

φc = the rotational correlation time 

( )sG t  = the excitation probability of the initially excited donor 

κ = the angular dependence of dipole-dipole coupling 

L = the Liouville operator 

L = laboratory frame 

M= molecule fixed frame 

MD = molecular dynamics 

MC = Monte Carlo 

N = the aggregation number 

SLE =  stochastic Liouville equation 

SME = stochastic master equation 

τD = the fluorescence lifetime of the donor  

PDDEM = partial donor-donor energy migration 

pDNA = plasmid DNA 

R = the distance between the centres of mass of the donor groups 

R = a coordinate system fixed in a protein 

R0 = the Förster radius 

r0 = the fundamental anisotropy 

Sj = 2nd rank order parameter 

TCSPC = time-correlated single-photon counting 

ω = the rate of electronic energy transport 

( , , )Ω α β γ= = the Eulerian angles of orientation 

 

INTRODUCTION 
A diverse of methods based on fluorescence and NMR spectroscopy are frequently applied to study the 

functioning, structure and dynamics of biomacromolcules, like proteins and nucleic acids, as well as in 

studies of biological and model membranes. Methods based on X-ray diffraction[1, 2] and NMR 

spectroscopy[3, 4] are of central importance for the determination of macromolecular structures, and 

these can often provide three-dimensional structures with atomic resolution. While the former method 

relies on the preparation of crystals of high quality, the NMR methods may suffer from sufficient spectral 

resolution for larger molecules. Furthermore NMR is a rather insensitive technique that typically requires 
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protein concentrations in the mM range, which are often associated with an unwanted protein 

aggregation. However, intense work has been and still is devoted to the development of complementary 

methods based on electronic energy transfer and fluorescence spectroscopy. These methods may become 

important, especially in studies that concern the structure of complex macromolecular assemblies. Most 

of these applications are based on monitoring the irreversible energy transfer from an excited donor to an 

acceptor molecule[5-8], while hitherto electronic energy migration between fluorescent molecules of the 

same kind, so called donor-donor energy migration (DDEM) or homotransfer[9], is used much less 

frequently. 

 

Distances within macromolecules can be estimated from studies of the electronic energy transfer between 

extrinsic or intrinsic chromophoric groups localised in macromolecules. The range of distances and the 

resolution from such experiments is different from that obtained by X-ray and NMR methods. While the 

X-ray and NMR methods measure short distances, typically representing nearest neighbouring atoms, the 

fluorescence techniques provide information about longer distances (10 – 100 Å), which are comparable 

to the size of proteins. The latter range of distances is also representative for intermacromolecular 

distances within supra-macromolecular structures 

 

NMR spectroscopy[10-13] and X-ray diffraction[14-16] have long been applied to obtain information 

about structure and dynamics of lipid membrane systems,. For a long time fluorescence quenching has 

also been extensively applied in various investigations, e.g. for the determination of micellar size[17, 18], 

the size of the building units of cubic liquid crystalline phases[19, 20], as well as to examine the 

characteristic properties of micro-heterogeneous surfactant and lipid systems[21]. More recently 

fluorescence experiments have been used to monitor the heterogeneous lipid distributions in giant lipid 

vesicles[22]. These distributions are sometimes called rafts, and they might be of biological interest. 

 

In quite many applications, donor-acceptor pairs are used to estimate distances in macromolecules and 

supra-macromolecular structures. This process is here referred to as donor-acceptor energy transfer 

(DAET). In the literature this process is also named fluorescence resonance energy transfer (FRET). 

DAET/FRET has been applied in an immense number of studies and publications, and surveys of related 

papers are found in books describing fluorescence spectroscopy[6, 23], as well as in specialised editions 

on electronic energy transport[5, 8]. When DAET and extrinsic probes are used to explore 

macromolecules (e.g. proteins or nucleic acids), a major practical difficulty is to achieve specific 

attachment of one donor and one acceptor group within the same macromolecule. This problem is 

circumvented by using two chemically identical fluorophores in the labelling procedure[24]. 
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Since energy transfer among identical fluorescent groups usually can be considered reversible. Hence, the 

electronic energy jumps back and forth within a pair, moreover it can migrate among several molecules 

within an ensemble. For this reason the concept energy migration is used to distinguish from the case of 

irreversible electronic energy transfer. In what follows, the abbreviation DDEM is used for the process of 

donor-donor energy migration. Although the problem with specific labelling is largely solved, the use of 

DDEM introduces other methodological questions to solve, which are caused the need of fluorescence 

depolarisation experiments to monitor the energy migration process. The depolarisation experiments are 

influenced by the reorienting motions of the fluorophores, as well as the energy migration process, which 

itself depends on these motions. Therefore, the analysis at a molecular scale becomes rather complex. 

However, these questions can be sorted out and solved, by adopting an extended Förster theory (EFT)[25, 

26], which is presented in this review.  

 

The need to use fluorescent groups, which irrespective of their localisation in a macromolecular structure 

(e.g. a protein) exhibit very similar photophysics, limits the applicability of DDEM. Most fluorescent 

molecules do not fulfil this criterion, whereby the number of useful probes is considerably reduced. 

Nevertheless, it is possible to make use of the interaction between two chemically identical, but 

photophysically non-identical donor groups. The energy migration rate within such a DD-pair will 

influence the photophysics observed, and it is then possible to show how the fluorescence relaxation 

depends on the rate of energy migration[9, 27]. To distinguish from DDEM and DAET, this case is 

referred to as partial donor-donor energy migration (PDDEM), because one deals with donor molecules 

for which the excitation probability is partially reversible. The theoretical treatment of PDDEM is very 

similar to that of partly reversible DAET[28]. Strictly speaking, PPDEM can occur in any DD-pair, for 

which each D in the absence of energy migration exhibits non-exponential photophysics[29]. This 

statement is valid even if the two interacting D-molecules have an identical non-exponential decay[30]. 

 

Several biological functions and diseases are connected with proteins which exhibit an inherent 

ability[31] to form various non-covalent protein polymers. For instance, the α,β,γ-crystallines form rigid 

three dimensional protein structures, which are of utmost importance for the properties of the human  

lens[32]. Several diseases are related to non-covalent protein polymers, e.g. the formation of amyloids[33, 

34] and prions[35, 36]. The cytolytic toxins[37] constitute another interesting class of proteins that form 

regular proteins aggregates[38, 39], which are thought to create pores in membranes. The X-ray and 

NMR-methods have the highest potential for exploring such structures at an atomic level. While the 

challenge of preparing crystal for X-ray should be easier with regularly aggregating proteins, this is in 

practise not found, where rather mixtures of crystalline structures are obtained. Furthermore the 

interpretation of NMR data becomes very complicated[40]. This motivates the development of methods 
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*

based on fluorescence DAET and DDEM for the study of structures and functioning of non-covalent 

protein polymers. Recently such a method has been presented[41] and applied to investigate the structure 

of filamentous actin[42]. 

 

A general challenge with fluorescence and electronic energy transfer data concerns the molecular 

interpretation. A theoretical molecular description involves several parameters, which are usually difficult 

to unambiguously quantify. In this review, recent theoretical developments are presented together with a 

new approach to the qualitatively improvement of data analysis. This review also highlights some recent 

DDEM- and DAET-applications on biomacromolecular systems. In particular, the emphasis is on studies 

of protein and lipid systems. 

 

THEORETICAL DEVELOPMENT 
Applications of electronic energy transfer/migration deal with either pairs or ensembles of interacting 

chromophores. From a theoretical point of view the former case accounts for the interaction within two 

particles, while the latter involves a many-particle system with energy transfer/migration among spatially 

and orientationally distributed molecules. The latter complexity can be handled by combining Monte 

Carlo (MC) and Brownian dynamics (BD) simulations[41]. Each of these two classes of systems is 

separately discussed in the following subsections. 

 

Electronic Energy Migration/Transfer within a Pair 

Electronic energy transport between two chromophoric molecules can be divided into three separate 

cases. Each case is dictated by the chemical and photophysical properties of the interacting 

chromophores. Most often the energy transfer between a donor and an acceptor group is studied, i.e. 

between chemically and photophysically different molecules. This DAET process is schematically 

illustrated by the reaction 

 

      (1) D A D A* + ⎯⎯→ +

 

The electronic energy is here transferred irreversibly to the acceptor at a rate ( DAω ). Thereafter the 

excited acceptor A* either emits a photon, or relaxes to its electronic ground state via non-radiative 

routes. For DA pairs an extended Förster theory (EFT) has recently been derived by solving the stochastic 

master equation (SME) of energy transfer. The SME, which accounts for the reorientational and the 

spatial dynamics, has been derived from the stochastic Liouville equation (SLE). The solution of the SME 

provides the following expression of the time-dependent excitation probability {χ(t)} of the donor 

group[43, 44]; 
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In Eq. 2, FD(t) stands for the fluorescence relaxation of the donor in the absence of an acceptor. The 

expression within the bracket (<…>) is a stochastic average over the rate of electronic energy transfer 

between a donor and an acceptor group. The stochastic time-dependent rate of electronic energy transfer 

is given by; 
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Here the κ2-function, Λ, R̂  and Dτ denotes the stochastic orientational dependence of the dipole-dipole 

coupling, a unit vector of the distance vector R
r

( ˆR R= ⋅ ), the coupling strength and the fluorescence 

lifetime of the donor in absence of an acceptor, respectively. The angles defining the κ2-function are 

indicated in Fig. 1. The restricted local reorienting motions of the interacting D and A groups, with 

respect to the coordinate systems denoted by DA and DB, are described by the transformation angles 

 and , respectively. The mutual orientation of the director frames D
A AM DΩ

B BM DΩ A and DB relative to a 

common R-frame is described by the angles 
iD RΩ , which are referred to as the configuration angles. 

Notice that in the short-time limit, Eq. 2 and the EFT are transferred into the well-known theoretical 

expression given by Förster´s theory[45], i.e. the fluorescence decay of the donor is; 

 

 ( ) D0t
lim ( t ) exp t F ( t )χ ω

→
= −     (4) 

 

In Eq. 4 the exponent ( ω ) corresponds to the dynamic average of the transfer rate between the donor 

and the acceptor groups. In the numerous applications of Förster’s theory, the fluorescence of a donor is 

monitored in the presence of an acceptor, while both groups are attached to a macromolecule. In the 

analyses of data it is frequently assumed that the two groups are isotropically oriented, and that the 

reorienting motions are fast as compared to the rate of energy transfer, i.e. in the dynamic limit. In 

practise these assumptions are usually not fulfilled. In fact, the fluorescence relaxation and the reorienting 

motions typically occur on the same timescale, i.e. in the ns range. Some resulting consequences of these 
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approximations are illustrated in Fig. 2. Here the D and A groups interact over a fixed distance, which is 

taken to be 0 0 8R . R= ⋅ . The donor’s lifetime in the absence of A is 10 ns, and both groups undergo 

rotational motions with a rotational correlation time of φc = 5 ns. Using the EFT, the time-correlated 

single-photon counting (TCSPC) data have been created to mimic the corresponding to the D-

fluorescence relaxation experiment. According to Eq. 4, the initial decay of the fluorescence relaxation 

equals the decay expected according to the FT. It is obvious that the FT initially coincides with the EFT 

(cf. Fig. 2), but the two curves gradually diverge over time. Unlike Förster´s theory, the EFT predicts a 

multi-exponential decay. As a consequence, significant errors in the distance calculations are expected 

when Förster’s theory is used in analyses of experimental data. For isotropic orientation 2κ  = 2/3, the 

errors can be minimised by determining the initial mono-exponential part of the decay. This means that 

the decay is fitted to data over the range for which Eq. 4 provides a good statistical fit.  Thus, from the 

value of ω  obtained and 2ω κ Λ= , an accurate value of the distance can be calculated. 

 

A second interesting case of energy transport is the reversible migration between two donors that exhibit 

the same mono-exponential fluorescence decay. This refers to the DDEM process, which is schematically 

illustrated by the reaction 

 

     (5) A B A BD D D D* ⎯⎯→+ +←⎯⎯ *

 

It is obvious that the forward and backward rates of energy migration are equal ( AB BAω ω= ), which 

implies that the total excitation probability is conserved. Thus, the total excitation probability and the 

observed fluorescence decay become invariant to the energy migration process. The SME of energy 

transport for a DD pair can be derived from the stochastic Liouville equation, in a similar manner as was 

used for DAET. The solution of this SME provides an expression for the time-dependent excitation 

probability of the primary (p) and secondary (s) excited donor[46]. These excitation probabilities are 

given by;  

 

( ) ( ) ( )

( ) ( ) ( )
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D D

0
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0
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2
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%
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   (6) 
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The last equation shows that the excitation due to energy migration is conserved, whereby the total 

excitation probability, i.e. the observable p s
DF ( t ) ( t ) ( t )χ χ= + , becomes insensitive to the DDEM 

process. However, information about the DDEM process can be obtained from fluorescence 

depolarisation experiments. From time-resolved depolarisation experiments the time-resolved 

fluorescence anisotropy can be constructed[6, 23]. For an ensemble of fluorescent molecules the 

anisotropy corresponds to an orientational correlation function of second rank according to; 

 

 ( ) ( ) ( )[ ]0 2 00ˆ ˆr t r P t r ( t )µ µ ρ= ⋅ ≡     (7) 

 

In Eq. 7 r0, .....  and P2 denote the fundamental anisotropy[47], the orientational average over the 

ensemble and the second Legendre polynomial, respectively. The orientation of the electronic transition 

dipole moment at the times of excitation (t = 0) and emission (t = t) are denoted by the unit vectors )0(µ̂  

and )(ˆ tµ . In the following we consider two interacting donor groups (DA and DB), which are covalently 

attached to a macromolecule. Here the macromolecule is assumed to undergo global rotational diffusion 

like a spherical particle with a characteristic rotational correlation time denoted φc,glob. Because of energy 

migration between DA and DB, the experimental fluorescence anisotropy {r(t)} is composed of the 

following contributions[26]; 

 

( ) ( ) ( ) ( ) ( ) (AA BB AB BA c,glob

0
2

r
r( t ) t t t t exp t /ρ ρ ρ ρ φ= + + + −⎡⎣ )⎤⎦                    (8a) 

 

The initial excitation probability of DA and DB is equal (= 1/2). The fluorescence anisotropy of each 

donor in the absence of DDEM is described by ρii(t) (i = A or B). The anisotropy contribution due to 

DDEM from Di to Dj is given by ρij(t). The ρ-terms in Eq. 8a are given by: 

 

( ) ( ) ( ) p
ii 2 i i0ˆ ˆt P t ( t )ρ µ µ χ⎡ ⎤= ⋅ =⎣ ⎦ % i A,B    (8b) 

( ) ( ) ( ) ( ) ( )p
ij 2 i j0 1 i,j A,B Aˆ ˆt P t ( t ) , ;ρ µ µ χ⎡ ⎤= ⋅ − =⎣ ⎦ % B≠

*

  (8c) 

 

The third case concerns the energy transport between two chemically identical fluorophores which exhibit 

different photophysics. This partly reversible process is illustrated by the following reaction: 

 

A B A BD D D D* ⎯⎯→+ +←⎯      (9) 
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For this case the time-dependent excitation probabilities of the donors are different, even if for equal 

rates AB BAω ω= . Thus, the PDDEM process represents the intermediate case of DAET and DDEM. 

An extended Förster theory of PDDEM has also been developed. Starting from the stochastic 

Liouville equation, it is possible to derive the following stochastic master equation[48] 
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&

&
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⎥

A

ξ
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⎥
⎦

    (10) 

 

This SME is relevant for two chemically identical donor molecules which exhibit the same absorption and 

fluorescence spectra, while their fluorescence lifetimes differ. The latter might by due to e.g. different 

chemical environments, or to different exposures of a quencher.  For the numerical solution of Eq. 10, it 

is convenient to adopt the following transformations; 

 

       (11) 
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whereby the integrated form of Eq. 10 can be written 

 

A
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tt
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Here  stands for the two-dimensional matrix; ( )sP

 

( )
( )

1 1
B A

1 1
A B

1/ 2 1/ 2 exp( )
( )

1/ 2 exp( ) 1/ 2
t

t
t

τ τ
τ τ

− −

− −

⎡ ⎤− −
= ⎢ ⎥− −⎣ ⎦

P   (13) 

 

In studies of PDDEM it is worth noticing that fluorescence lifetime and depolarisation experiments 

contain information about the excitation probabilities of the donors. Again, we consider two 

interacting donor groups (A and B), which are attached specifically to e.g. a macromolecule. The 

orientation of the pairs averaged over the ensemble studied is assumed isotropic. For a coupled AB 

pair, the observed theoretical fluorescence decay of the photophysics {s(t)} is given by: 
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p s p s1
A  A B B2  s(t) ( t ) ( t ) ( t ) ( t )χ χ χ χ= <  + +  + >         (14) 

 

For example,  and denote the probability that donor A is primarily (p) and excited 

secondarily (s) by donor B and thereafter emits a photon at the time t, respectively. Notice that the 

observed fluorescence decay is not invariant to the energy migration process as is the case in DDEM. 

Therefore, a rather complex expression for the fluorescence anisotropy is obtained; 

p
A( t )χ s

A( t )χ

 

  
( )p s p s

0 AA A AB B BB B BA A prot
p s p s
A B B A

 
 

r ( t ) ( t ) ( t ) ( t ) ( t ) ( t ) ( t ) ( t ) exp t /
r(t)

( t ) ( t ) ( t ) ( t )
ρ χ ρ χ ρ χ ρ χ Φ

χ χ χ χ
<  + +  + > −

=
<  + +  + >

  (15a) 

where  

 

     (15b) ij 2 i j0 i,jˆ ˆ( t ) P ( ) ( t )ρ µ µ= ⋅ ∈⎡ ⎤⎣ ⎦ A,B

 

In the limit of DDEM, i.e. for identical fluorescence decays {= FD(t)} of donors A and B, one obtains 

that[46]   

 

{ }p p s
i i iD D1( t ) ( t ) ( t )F ( t ) F ( t )χ χ χ= = −% % i A,B∈    (16) 

 

Here the excitation probabilities due to energy migration denoted by . The following expression 

of fluorescence anisotropy is then obtained by inserting Eq. 16 into Eq. 15b; 

i ( t )χ%

 

{ } { } ( )p p p p
0 AA A AB A BB B BA B prot1 1r( t ) r ( t ) ( t ) ( t ) ( t ) ( t ) ( t ) ( t ) ( t ) exp t /ρ χ ρ χ ρ χ ρ χ Φ= <  + − +  + − > −% % % %  (17) 

 

Thus, by using Eq. 15a it follows that the anisotropy decay is invariant to the photophysics decay as is 

expected for DDEM. 

 

The different angular transformations needed to evaluate the orientation correlations functions  ij( t )ρ  

are illustrated in Fig. 1. The two correlation functions for which i = j are given by; 

 

 ( ) i

i i i i i i

i

2
m(2) 0 (2)

ii m ,0 M D -m ,0 M D
m 2

1( t ) D ( )D ( )ρ Ω Ω
=−

= ∑ −    (18) 

 

while for i ≠ j  the corresponding functions read: 
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 ( )
i j i i j j

m(2) (2) (2) 0 (2)
ij m,q D R -m,q' D R q,0 M D q',0 M D

q, q',m

1( t ) D ( )D ( ) D ( )D ( )ρ Ω Ω Ω Ω= −∑   (19) 

 

The second rank Wigner rotational matrix elements[49], (2)
p,qD ( )Ω  ( , ,Ω α β γ≡ ), depend on the Euler 

angles and which transform the transition dipole to a fixed and immobilised director frame 

at the times t = 0 and t = t. The orientations of the two director frames relative to a common R-frame 

are given by the configuration angles (cf. Fig.1). 

i i

0
M DΩ

i iM DΩ

iD RΩ

 

In depolarisation experiments the fluorescence intensities F||(t) and F⊥(t) are collected with the 

emission polariser set parallel (||) and perpendicular (⊥) relative to the excitation polariser. In terms of 

contribution from the different correlation functions ( ) and excitation probabilities (ij( t )ρ k
m ( t )χ  , k = 

p or s and m ∈ A,B) these observables are given by; 
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∑ ∑

∑ ∑

�

  (20) 

 

DDEM in Regular Polymer Structures 

The theoretical description of reversible energy transport among many donors in an ensemble or structure 

is extremely complex. In the most general case, the rates of energy migration are determined by the 

reorientation and spatial dynamics, as well as the spatial and orientational distributions of the donors. 

Unfortunately, there exist no analytical theory that relates the fluorescence depolarisation experiment, or 

the anisotropy (r(t)) to the above mentioned properties. Fortunately, these properties can be taken into 

account by using BD and MC simulations, as described previously[41]. For describing the local 

reorientations of the donor bound to a macromolecule, e.g. a protein, BD simulations can be implemented 

by using suitable orienting potentials, usually a Maier-Saupe[50-52] or a cone potential[53, 54]. The 

parameters of modelling potentials can be adjusted by fitting BD simulations to the experimental 

orientation correlation functions, which are obtained for the donors in absence of energy migration. To 

mimic the DDEM among labelled monomers within a regular structure (cf. Fig. 3), MC simulations are 

used. In experiments/simulations this structure is preferably prepared/examined for different mixtures of 

D-labelled and unlabelled monomers, which then provide independent observations/conditions. In the MC 
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simulations, the spatial positions of all the donors as well as the neighbours within a certain cut-off 

distance need to be defined. The BD trajectories are calculated over a long period of time, referred to as 

T∞. The total migration rate is calculated from 

  
n

0j
j=-n

( t ) ( t )Ω ω= ∑       (21) 

where ω0j(t) is the rate of energy migration (cf. Eq. 3)  from the 0:th to the j:th donor. Because the donors 

undergo reorienting motions on the time scale of migration,  is time-dependent. The coordinates of j0κ jµ̂  

with respect to the aggregate fixed frame are given by 
jj XY jˆ ( t ) A ( t ) O( T ,T , , )µ Zµ θ= −

r r
. Here )(

j
tAµ

r
 

denotes the vector directed from the origin of (XA, YA, ZA) to the point described by jµ̂  and 

XY Z jO( T ,T , , )θ
r

 describes the position of the centre of mass of the j:th donor (cf. Fig. 3). 

 

The first question to answer in the MC simulation is the time (τEM) when an energy migration event takes 

place. A time interval ∆t is chosen, which is smaller than the characteristic time for the variation of )(tΩ  

caused by reorienting motions. Hence, )(tΩ  is approximated to be constant within the time interval ∆t. 

Now a random number is generated from a uniform distribution ( ]1,0∈η , and τEM is calculated according 

to

η
Ω

τ ln
)(

1
EM t

−=       (22) 

 

The obtained value is only accepted if t∆<η , which ensures that the assumption of a constant )(tΩ  is 

correct. If t∆>η  one steps forward a time unit ∆t and calculates )( tt ∆Ω + . Using this Ω-value, a new 

random number is generated, and the procedure is repeated until a value of t∆<η  is reached. 

 

The second decision concerns where the energy migrates, i.e. to which D group among the labelled 

monomers. From the above calculations one knows the time (T) of the energy migration event. By using 

BD simulations we can therefore account for the reorienting motions of all donors within the cut-off 

distance , which enables calculation of , ω)(
j

TAµ

r
)(2

j0 Tκ 0j(T), and )(TΩ . The simulation of the 

orientational trajectories is performed for all particles in the time window  within the cut-off 

distance, and is only repeated for the new fluorophore when moving along the aggregate. To select the 

next excited donor, energy migration rates are normalised and sorted in decreasing order according to 

[ ∞∈ TT ,0 ]
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)(
)(

)( j0
j0 T

T
T

Ω
ω

ω =       (23) 

 

Here a random number is generated from a uniform distribution ( ]1,0∈η , and the i:th donor is selected for 

which, 

⎥
⎦

⎤
⎜⎜
⎝

⎛
∈ ∑∑

=

=

−=

=

ij

1j
j0

1ij

1j
j0 )(,)( TT ωωη      (24) 

 

The calculations above (Eqs. 21-24) account for the local anisotropic motions of the donors groups, i.e. 

energy migration under dynamic conditions. For energy migration in the static limit the scheme also 

holds, whereas the time-dependence of j0ω  and Ω  is no longer relevant. The time-dependent 

fluorescence anisotropy is calculated for times [ )TT ,τ−  as outlined above until . The procedure is 

repeated many times to form the final ensemble average (= 

∞≥ TT

... ): 

 

 ( )
j=n

0 j 2 0 j
j= -n

0ˆ ˆr( t ) r p ( t )P ( ) ( t )µ µ= ∑ ⋅     (25) 

 
For aggregates effectively being infinitely long, relative to the distance of energy migration, the value of 

n must be adjusted to probe sufficiently many monomers. When the j:th donor is excited the probability,  

pj(t), is set equal to 1, if not it is equal to 0. 

 

To exemplify the influence of aggregate symmetry on the time-resolved fluorescence depolarisation, data 

have been generated for a configuration ( DADA , βα ) and a local order parameter (= 2
00 MD
( )D ( ) Sβ ≡ ) of 

the donor group, as well as for different labelling efficiencies[41]. Three principal aggregate symmetries 

were considered namely; the helical, linear and circular one. The influence of dynamics was also 

examined. The data show (cf. Fig. 4) that the energy migration in the static limit is faster in linear and 

circular aggregates, as compared to the helical geometry. More evident is the large difference between the 

r(t)-decays in the static limit, at low degrees of D-labelling (f), and in the presence of reorienting motion 

of the donor groups. As can be expected this difference decreases with increasing f-values, so that the r(t)-

decays become very similar when approaching 100 % labelling. The DDEM simulation algorithm used 

also provides information about how far (in terms of the root mean-square displacement) the initial 

excitation migrates within an aggregate. In units of the average number of Förster radii, one finds that the 

migration in the linear aggregate is much faster and takes place over a larger distance, as compared to the 

helical aggregate. This is compatible with the difference in dimensionality and a similar behaviour was 

previously observed[55]. Because the energy displacement in a ring is directly related to its radius, a 
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comparison is less straightforward between the circular geometry on one hand, and the helical and linear 

geometries, on the other.   

 

Electronic Energy Migration/Transfer in Model Membranes 

Quite often lipid molecules are labelled with fluorescent groups which are used to probe the membrane in 

different lateral positions. A realistic scenario is illustrated in Fig. 5, where the fluorescent label is 

covalently attached to the lipid head-group. If the labels are donor groups, DDEM occurs within and 

between the bilayer leaflets, i.e. as intra- and interlayer migration, respectively. This is also the case if one 

studies mixtures of donor- and acceptor-labelled lipids. To model the fluorescence relaxation and 

depolarisation of the donor in DAET and DDEM experiments, one needs to calculate the probability 

(= ) that the initially excited donor is still excited at a time t later. Models for the probabilities of the 

intra- and interlayer processes have previously been derived[56]; 

( )sG t

 

( )
1 3

s
intra 2 1 3

1 2
3

/

/

tlnG t C Γ
λ τ

⎛ ⎞⎛ ⎞= − ⎜ ⎟⎜ ⎟
⎝ ⎠⎝ ⎠

            (26) 

 

( ) ( ){ }
1 3 2

s 42 3
inter 2 0

2 1
3 3

/
/ClnG exp s s ds

µ

µ µ
λν

−⎛ ⎞= − − −⎜ ⎟
⎝ ⎠ ∫ 3          (27) 

 
Here C2 denotes the reduced concentration, which stands for the number of electronically interacting 

molecules within the area of a circle determined by the Förster radius, R0. The reduced concentration can 

be calculated from  with knowledge of the surface acceptor density (ρ). The parameter λ is a 

number equal to 1 or 2 for DAET and DDEM, respectively. In Eq. 27 

2
02 RC πρ=

( ) 162/3 −= τνλµ t , and 

. Here d denotes the distance between the monolayers, which is approximately equal to the 

thickness of a lipid bilayer (cf. Fig. 5). The angle θ

rs θ6cos=

1
0

−= dRν

r is between the surface normal and a line connecting 

the centres of mass of each interacting dipole. For the energy transfer/migration within and between the 

two-dimensional planes the electronic transition dipoles are approximated  to be either isotropic or in-

plane oriented[56]. The Eqs. 26 and 27 were derived for isotropically oriented transition dipole moments. 

 

The total excitation probability, , that accounts for both intra- and interlayer energy 

transfer/migration is given by the joint probability 

( )sG t

 

( ) ( ) ( )s s s
intra j,inter

j

G t = G t G t∏     (28) 
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In Eq. 28, the multiplication accounts for the general case of energy transfer/migration between several 

planes of interacting donors/ acceptors. In the case when there is no intralayer energy transport 

( )s
intra 1G t = . 

For a donor-acceptor system the fluorescence relaxation of the donor is given by  

 

( ) ( )s
DF t G t F ( t= )      (29) 

 

To monitor the rate of energy migration among donors one needs to measure the fluorescence 

depolarisation, which is conveniently expressed by the time-resolved anisotropy, r(t), according to[57]: 

 

( ) ( ){ } ( )2 s
0r t r t S G t r Sρ= − + 2

0

j

    (30) 

 

Here S describes the order of transition dipole S with respect to the bilayer normal.  The reorientation of 

the excited donors is described by  

 

j( t ) a exp( t / )ρ φ= −∑      (31) 

where φj are the rotational correlation times which describe the local motions of the donors in the lipid 

bilayer. 

 

DAET/DDEM in Micelles 

When considering electronic energy transfer/migration within vesicles, it is usually not needed to account 

for the membrane curvature, since the vesicle radii (> 500 Å) are much larger than R0. However, this 

approximation is usually not valid for micellar systems, whose radii rarely exceeds 150 Å (see for 

example reference [58]). In order to account for the micelle curvature, the Eq. (26) above must be slightly 

modified. When donor and acceptors are distributed on the surface of a sphere (at the core-shell interface 

of micelles) and all donors occupy equivalent positions one obtains that ( )sG t ) of the donor with respect 

to DAET[59] is given by; 

 

[ ]{
s2

s
A

0

2 1
R

lnG ( t ) C r exp ( r )t drπ ω= − − −∫ }
 

                                                             (32) 
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where CA is the acceptor surface density, Rs the radius of a sphere, r the distance between the donor and 

the acceptor and finally ω(r) stands for the rate of energy transfer of the donor-acceptor pair separated by 

distance r.  This equation can be transferred into a more convenient form[60]  

 
4 101 3 2 3 5 3

s 50 0
2

D s D s D

2 1 0 0231 7 21 10
3

/ /
t R t R tlnG ( t ) C . . ...

R R
Γ

τ τ
−

⎡ ⎤⎛ ⎞ ⎛ ⎞⎛ ⎞ ⎛ ⎞ ⎛ ⎞⎛ ⎞= − + − ⋅ +⎢ ⎥⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ ⎜ ⎟⎜ ⎟
⎝ ⎠ ⎢ ⎥⎝ ⎠ ⎝ ⎠ ⎝ ⎠⎝ ⎠ ⎝ ⎠⎣ ⎦

/

τ      (33) 

 
For Rs > R0, the time-dependent terms in the bracket ([]) become negligible and the equation transfers into 

Eq. 26, which accounts for homogenously distributed donors and acceptors in two dimensions (i.e. λ = 1).  

 

From a physical point of view it is reasonable to assume that the donors and the acceptors are spatially 

distributed in a core-shell interface of thickness ∆ (cf. Fig. 6), since the core-shell thickness usually 

cannot be neglected. A more general model that accounts for these circumstances has been derived[60, 

61]. The fluorescence decay is then given by  

 

 
2

mic

s
D D

D V

tF ( t ) exp P( r )G ( t,r )r dr
τ

⎛ ⎞−
= ⎜ ⎟

⎝ ⎠
∫ D D D    (34a) 

 

 [ ]{ }
D

D

s
D A

D

2 1
e

r r

R r r

G ( t,r ) exp exp ( r )t n P( r )r dr rdr
r

π ω
+∞

−

⎛ ⎞⎧ ⎫− ⎪ ⎪⎜ ⎟= − − ⎨ ⎬⎜ ⎟⎪ ⎪⎩ ⎭⎝ ⎠
∫ ∫ A A A

}

  (34b) 

 
where Vmic, P(r), Re, and nA stands for the volume of the micelle, the distribution of donors and acceptors 

within its interface, the minimal distance between D and A, and for the total number of acceptors within 

the micelle, respectively (cf. Fig. 6). Now imagine that the donors and acceptors are attached between the 

hydrophobic and hydrophilic block in the place of block junctions. Then, according to Farinha et al[62], 

the distribution of fluorescent probes can be replaced by the distribution of block junctions derived by 

Helfand and Tagami[63]. The distribution has a shape of inverse hyperbolic cosine function, is less 

peaked and has broader wings as compared to a Gaussian distribution,  

 

( ){ 1

s2P( r ) A cosh r R / ∆
−

⎡= −⎣ ⎤⎦ .                                                                            (35) 

 

 where ∆ is assigned to the interface thickness and A is a normalisation constant.  
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APPLICATIONS OF DAET AND DDEM 
Intra- and Intermolecular Distances in Proteins  

Few scientists have hitherto used energy migration to determine distances between two chemically 

identical fluorophores in a protein molecule. Important reasons are the difficulties in obtaining well-

defined labelling positions of the interacting chromophores, as well as the complexity in analysing 

experimental data, which was discussed in the section “Theoretical Development”. The energy migration 

may take place between intrinsic fluorophores, e.g. Trp residues[64-66], or between extrinsic probes[67-

69] such as e.g. BODIPY-derivatives[70-72]. Applications of energy migration has been used to study 

protein unfolding[67], active sites[65], as well as conformational structures and motions[73, 74]. In these 

studies more or less qualitative methods were used for analysing the data. Only recently, the extended 

Förster theory was used for a quantitative analysis of fluorescence depolarisation experiments[26].  

 

Heyn and coworkers[75] have convincingly combined DDEM and DAET experiments to study the 

dimerisation and inter-chromophore distance in the Cph1 Phytochrome from Synechocystis. The 

chromophore analogue phycoerythrobilin (PEB) was used as the donor group, while either the natural 

chromophore phycocyanobilin (PCB) or PEB was used as the acceptor in DAET and DDEM studies, 

respectively. Since each Cph1 monomer has a single binding site for the chromophore, i.e. for the PEB or 

PCB groups, energy migration/transfer occurs within the Cph1 dimer. Time-resolved fluorescence 

experiments were used to study the PEB/PCB dimers. The average lifetime of PEB was found to decrease 

linearly with the fraction of occupied PCB sites, which is also expected because the influence of energy 

transfer increases linearly with the population of DA pairs. For the PEB/PCB dimers, the anisotropy of 

PEB did not depend on the rate of energy transfer, which is expected if the donor is immobilised on its 

timescale of fluorescence. The fluorescence depolarisation experiments on PEB/PEB dimers revealed a 

gradual decrease of the anisotropy decay with increasing concentration of DD pairs, while the lifetime 

was constant. This clearly shows that DDEM is present within the Cph1 dimers. In the determination of 

the distance between the PEB-PEB chromophores, the uncertainty of κ2 was considered. The allowed κ2-

values angles were determined in an elegant manner by combining the anisotropies obtained in the 

presence of DDEM and knowledge about the twofold symmetry of the dimer. 

 

Recently, Heyn and coworkers[76] have also examined the energy transfer from a single tryptophan to 4-

hydroxy-cinnamoyl in a photoactive yellow protein. The aim was to monitor changes of the chromophore 

structure during the photocycle. For each of the structures corresponding to the two isomerisation states P 

and I2, the configuration angles were estimated from the X-ray structure.  It was then possible to calculate 

the κ2-value and thus predict the rate of energy transfer, which was found to be in excellent agreement 

with the measured values. The values of the obtained fluorescence anisotropy were compatible with 
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immobilised chromophores. For the isomerisation of the P to the I2 structure, the κ2 value decreased by a 

factor of 10, whereas the spectral overlap increased by a factor of 2.3. These effects were confirmed from 

time-resolved fluorescence experiments, which show that the rate of energy transfer is much faster in the 

P isomer, as compared to the I2 isomer. 

 

Tryptophan and BODIPY {N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-sindacene-3-yl)methyl 

iodoacetamide} is a suitable donor–acceptor pair for intraprotein distance measurements, applicable to the 

study of protein folding. This is demonstrated in studies of electronic energy transfer between Trp and 

BODIPY located protein, S6, obtained from Thermus thermophilus[77]. Revealing the mechanisms that 

dictate protein stability is of large relevance for instance to enable design of temperature tolerant enzymes 

with high enzymatic activity over a large temperature interval. In an effort to identify mechanisms that 

dictate protein stability the pair Trp–BODIPY has been used in a comparative study of the folding 

thermodynamics and kinetics of the ribosomal protein S16, which was isolated from a mesophilic and 

hyperthermophilic bacterium[78]. 

 

Non-Covalent Protein Polymers 

Proteins may form oligomeric and large aggregates, which constitute regular structures commonly 

referred to as protein polymers. Using a chemist’s terminology, it would be more correct to name the 

structures non-covalent protein polymers. For instance, transthyretin forms tetramers and mutants of 

transthyretin form structures, which are associated with the human amyloid disease, familial amyloidic 

polyneuropathy[31, 79]. A common feature of the amyloid diseases is the formation of crystalline non-

covalent protein polymers, so called amyloid fibrils. These are, depending on the kind of disease, found 

as protein deposits in different extra cellular spaces of tissues, or in a few cases as intracellular inclusions. 

The structure of filamentous actin (F-actin) is another non-covalent polymer, resulting from the 

spontaneous polymerisation of actin molecules in the presence of salt, and characterized by a fast and a 

slow growing end where actin subunits add and dissociate in a constant flux balanced by a stable 

concentration of unpolymerised G-actin. The helically twisted structure of F-actin is of methodological 

interest in this context since it incorporates special cases of linear and ring-shaped structures[41]. The 

characteristic parameters of the non-covalent polymer (cf. Fig. 3) constitute the translational distance (Tz), 

the rotation (θ) of each neighbour protein molecule, and the radial distance between the helical axis and 

the position of the donor (Txy). Recently, the structure of F-actin was studied by performing DDEM 

experiments and analysing the data by means of Monte Carlo and Brownian dynamics simulations, 

combined with a fitting procedure, which is based on a genetic algorithm[42]. The method enables 

prediction of the distribution of a repeating position for the centre of mass of the donor molecule without 

any quantitative preliminary information of the polymer; the only requirement is that the structure is 
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regular. It was applied to studies of BODIPY-{N-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-

indacene-3-yl)methyl}-labelled filamentous actin. The samples studied were composed of different 

fractions of labelled actin molecules. The obtained structural parameters Tz and θ were compatible with 

previously published data[80]. 

 

Yeow and Clayton[81] have studied the enumeration of oligomerisation of membrane proteins in living 

cells by using DDEM and fluorescence depolarisation experiments. In systems exhibiting 

oligomerisation, the steady-state anisotropy obeys a characteristic feature when plotted as a function of 

labelling efficiency. The paper also presents a model for interpreting anisotropy data obtained in studies 

of dilute solutions of oligomers and oligomerisation distributions. 

 

Tubulin is another well-known protein that forms the building unit of microtubules (see e.g. reference 

[82]). Acuna and coworkers[83] have studied the interaction of the anticancer drug Taxol with 

microtubules. 

 
Micelles 

Micelles are built up by a hydrophobic core and shell-forming hydrophilic part and have been studied for 

decades. The motivations are several, e.g. micelles appear useful in applications to environmental 

questions (removal of organic pollutants), or in pharmaceutical applications as drug releasing units. 

Although the micellar structure seems simple, micelles may exhibit quite a complex response to 

physicochemical properties such as, the ionic strength, the solvent polarity, temperature, pH, etc[84, 85]. 

Different techniques have been implemented to elucidate their unique behaviour, ranging from static and 

dynamic light and neutron scattering, various fluorescence techniques, NMR, AFM, TEM[84, 85], and 

more recently also electrophoresis[86]. In the following focus will be on the implementation of 

DAET/DDEM to the study of micellar structures. 

 

Block copolymer micelles. The models of the fluorescence donor decay, which are briefly described in the 

theoretical section, can be used to obtain information from about the aggregation numbers, (N), the core 

radius of a micelle and the interfacial thickness. For cases when the higher terms can be neglected in Eq. 

33, a similar expression to Eq. 26 has been published[87]. This equation contains the parameter 

( 2
A 0 s0 339. f N R Rξ = ) , which can be determined from experiments. However, neither N nor Rs can be 

determined unless the mole fraction of acceptor (fA) is known[87]. A more extended model[60, 61] 

accounts also for the finite interfacial thickness {cf. Eq. 34-35}. Farinha et al have successfully applied 

this model in studies of a PI-PMMA diblock copolymer dissolved in acetonitrile[62]. For this system the 

interfacial thickness was estimated to be 9 ± 1 Å. The above model is valid only when donors and 
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acceptors are distributed within the interface. If this cannot be assumed other models are needed. Jones et 

al[88] have applied such a model for the case of acceptors being solubilised at the interface, while donors 

are distributed above the surface in a shell. More than thirty years ago Tachiya[17] devolped another 

model which has been frequently used to determine aggregation numbers. It is then assumed that 

fluorescent probes residing in a micelle are quenched by quenchers present in the bulk phase. However, 

the model, although not yet used, should also be applicable to the quenching of donors by acceptors 

which are incorporated into micelles. 

 

In addition to the above mentioned parameters of micelles, it is also possible to use DAET for 

determining the critical micelle concentration (cmc), as was shown by Liu et al[89]. In this work 

polystyrene-block-poly(2-hydroxyethyl methacrylate) was labelled by either fluorene or pyrene for which 

a sudden increase of the DAET efficiency was observed upon micelle formation. DAET enables the 

estimation of cmc, as well as to qualitatively monitor the monomer-micelle equilibrium itself. In such 

studies two solutions containing micelles are mixed, after being doped with a low fraction of the donor 

and acceptor labelled monomers, respectively. Upon mixing, the monomers exchange between micelles 

and the donor intensity decreases over time due to DAET[90].  
 

Towards biological micellar systems. Several research groups have applied DAET to show that the 

plasmid DNA (pDNA) condenses in confined environments of nanoparticles. These can be of 

pharmacological interest as potential drug/gene delivery devices[91, 92]. To investigate this idea, Itaka et 

al[91] used pDNA labelled with both fluorescein (donor) and X-rhodamine (acceptor) and followed 

changes in the donor spectra upon solubilising pDNA in micelles. Since the donor intensity drastically 

decreased upon binding, it has been suggested that pDNA comprise a more packed (condensed) state in 

the nano-environment. Itaka et al went even further and used this finding to explore the stability of 

nanoparticles in serum, which could serve as potential gene (DNA) delivery devices. They solubilised 

pDNA inside a variety of nanoparticles and monitored repeatedly donor spectra in the course of time.  

While the donor intensity did not change substantially within several hours for pDNA incorporated into 

poly(ethylene glycol)-poly(L-lysine) micelles, this process was significantly faster for pDNA solubilised 

in lipoplex particles. The latter is a consequence of the fast degradation of lipoplex particles in serum. 

Therefore, DAET enables one to observe directly the stability of gene-delivery devices in serum.  

 

Another study that focuses on conformational changes monitored by DAET has been carried out by Kim 

et al[93]. They investigated the conformational switching of a β-amyloid peptide, which is known to be 

connected with Alzheimer decease. For this purpose, they used the β-amyloid peptide labelled by amine-

reactive TMR (donor) and thiol-reactive DABMI, which enabled estimating the DA distances during the 



Ann. Rev. Fluorescence in Spectroscopy: Submitted: 2008-05-29 
 

 21

aggregation process. The observed changes in distances with increasing peptide concentration were 

assigned to monomeric and random coiled amyloid peptides forming micelles, followed by the formation 

of monomers with β-sheet conformation.  

 

Sarkar et al[94] studied the folding of heart cytochrome c using a buffer in absence and presence of urea, 

and in reverse CTAB micelles. In these experiments a dansyl was covalently attached to the surface of the 

cytochrome. The dansyl group then acts as a donor to the intrinsic heme group. The structural 

perturbations observed were compatible with circular dichroism and dynamic light scattering 

experiments. Recently, Taniguchi et al[95] have employed a DAET based method to investigate light-

induced structural changes of phoborhodopsin/transducer complex in n-dodecyl β-D-maltoside micelles. 

Then the protein complex was labelled at different positions by a DA pair. The absorption spectrum of 

this pair was not overlapping with that of the protein complex. Hereby it was possible to follow the 

dynamic change of the protein complex upon excitation. By monitoring the donor intensity, the structural 

changes decayed at a rate of 1.1 ± 0.2 s-1.  

 

Electronic Energy Transfer in Membranes 

Searching for rafts. It has been proposed that the cell membrane may contain liquid-ordered domains, 

usually called rafts. It is then assumed that these coexist with the liquid-crystalline/liquid-disordered 

phase of the biomembrane[96]. Since rafts are thought to be involved in various biological functions, such 

as endo- and exocytosis, cell-cell signalling, and protein sorting[97, 98], any evidence for their existence 

is of outmost interest. The difference in spatial resolution of the techniques available for exploring 

membranes is very large. Fluorescence microscopy and AFM reveal domains on the micrometer 

scale[99], while NMR methods are sensitive to domains on the sub-micrometer scale[100]. Moreover 

DAET experiments are able to detect heterogeneities as small as few nanometers. Hence, DAET can 

become an important method in the search for lipid rafts. 

 

To fully utilise the potential of the DAET process, it is important to choose suitable fluorescent probes are 

needed, which partition differently in crystalline and liquid-ordered phases. If both partners of a DA pair 

incorporate preferentially in the same phase, the energy transfer rate will increase upon the formation of 

phase-separated domains. On the other hand, if the probes have different affinity to the phases, energy 

transfer efficiency decreases as a consequence of donors being separated from acceptors. As a result it is 

important necessary to also account for the Förster radii, as well as possible dimensions of the presumed 

lipid rafts. As a rule of thumb, the domain sizes should be comparable to the Förster radius of the DA 

pair.      
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To the search for lipid rafts were initiated by Pedersen et al[101], who successfully observed domain 

formation in one model lipid membrane composed of 1,2-dihexadecanoyl-sn-glycero-3-phosphocholine, 

and at temperatures close to the main gel to liquid crystal transition. As a donor-acceptor pair derivatives 

of phospho-ethanolamine were used, which show different affinity to the coexisting gel/liquid phases. 

The formation of domains was indicated by the decrease in the donor fluorescence intensity. Later this 

experimental approach has been extended to the study of more complex systems with an effort to also 

examine living cells[102, 103].  

 

A slightly different approach based on DAET/DDEM was chosen to prove the intrinsic self-aggregation 

property of GM1 gangliosides in DOPC vesicles[104]. For this purpose, a variety of BODIPY-labelled 

GM1 were synthesised, which could act as DD or DA pairs. The time-resolved fluorescence 

depolarisation/relaxation data were analysed by means of models, which are very similar to those given 

by Eqs. 26-31. The model applied is strictly valid for a homogenous distribution of fluorescent probes in 

membranes. It was found, however, that the recovered reduced concentrations were considerably higher 

than the values expected for a homogeneous distribution. Therefore the models were modified and 

synthetic data were generated to mimic various non-uniform distributions of the probes. The reduced 

concentrations obtained from the reanalyses of these data, were also found significantly higher than the 

expected ones when using the idealised model. Taken together, this strongly suggests that the GM1 lipids 

show an intrinsic self-aggregation property in lipid bilayers of DOPC.   

 

The determination of raft-sizes from fluorescence decay curves of DAET experiments is a challenging 

task. Almeida and Loura et al[105, 106] have estimated an upper limit of the domain sizes. The follwing 

modelis assumed:  

 
s s s s

DA 1 intra,1 inter,1 D1 2 intra,2 inter,2 D2F ( t ) x G ( t )G ( t )F ( t ) x G ( t )G ( t )F ( t )= +% % % %                           (36) 

 

This means that the donor decay in the presence of acceptor FDA(t) is be expressed as sum of two 

contributions, the first one originating from the liquid-ordered and the other one from the liquid-

disordered phase. In Eq. 36, xj and FDj(t) denotes the mole fraction and the fluorescence decay of the 

donor in the j:th phase, respectively. and  are extended probabilities of and 

, which account for the excluded volume of the donor.  One should notice that Eq. 36 only 

accounts for energy transfer between a donor and an acceptor occupying the same phase. Thus, the 

domains studied need to be much larger than R

s
intra,jG ( t% ) )s

inter,jG ( t% s
intraG ( t )

s
interG ( t )

0. The analyses of the donor decays yield that the partition 

coefficient between both phases of the acceptors. This coefficient can also be obtained in an independent 
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experiment (e.g. from the variation of the lifetime weighted quantum yield or from steady state 

experiments). From a comparison of the partition coefficient provided by the model, and that obtained 

independently, the upper limits of domain sizes can be obtained by means of MC simulations[105]. It is 

found that: 

i) The two partition coefficients coincide for domain radius corresponds to at least 15 - 20R0 

ii) The recovered partition coefficient approaches unity if the domain sizes being close to R0. This is 

because all acceptors are then distributed randomly in both phases with respect to the donors 

iii) For a domain size of ~ 9R0, the recovered partition coefficient for the acceptor probe is still closer 

to unity than the input value, which means that the transfer across the interface is not negligible.  

 

Towles et al[107] have presented another DAET-approach to the determination of domain sizes. In this 

work the above presented model was extended. In brief, a constant density of acceptors within a shell 

around a donor is assumed. The contribution of this shell to the overall decay was estimated and 

summoned up over the whole space. An analytical expression for the donor decay was derived for 

heterogeneously distributed acceptors. Numerical calculations were used to estimate the average 

probability of finding a domain at a distance from the point where the initially excited donor is located. 

The donor decay is expressed as 
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where Rex is the radius of the excluded zone (shell), η is the thickness of the shell and the survival 

probability (J = intra, inter) depends on the distribution of acceptors surrounding the donors. From 

a comparison of the analytical model with MC simulations it was concluded that the model predicts 

domains sizes within an accuracy of ~ 20 %, for domain sizes < 4R

s
JG ( t )%

0.  In addition to the above mentioned 

models, another one there also exists that enables an estimation of domain sizes from fluorescence steady-

state experiments. Using this model heterogeneities both in binary and ternary systems have been 

reported[108]. 

 

Interaction membrane-peptide/-protein. Lipids play a crucial role in protein/peptide assembling 

behaviour. Interestingly, some helical peptides that by themselves do not assemble, actually form peptide-

peptide assemblies in the presence of lipids bilayer[109]. Sparr et al[110] have studied self-association of 

transmembrane α-helices in model membranes by means of DAET and the formation of pyrene excimers. 

Either the C or N terminus of the peptide was labelled by pyrene. The efficiency of excimer formation 
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was compared for C-C, C-N and N-N pyrene-labelled peptides. Supporting information has been obtained 

by DAET between the intrinsic tryptophan group and pyrene labelled helices. The self-association of α-

helices that did not contain any specific recognition motive occurred almost exclusively between 

antiparallel helices. Relatively high peptide/lipid ratios (at least 1/25) were needed to obtain association in 

DOPC vesicles. Self-assembly was promoted by an increase, as well as a decrease of the bilayer thickness 

because of the increased mismatch[111] between the bilayer thickness and the hydrophobic length of the 

peptide. It was therefore concluded that the lipids influence the association of α-helices. 

 

The specific interactions between rhodopsine and the G-protein in phospholipid vesicles have been 

studied by DAET[112]. For this purpose, these molecules were labelled with coumarin or pyrene, which 

form an efficient DA pair. Since the G-protein can bind to the membrane by non-specific interactions, 

additional experiments were carried for estimating this fraction. In the first experiment non-hydrolysable 

analogues were added of GTP, which promote dissociation of the rhodopsine-G-protein complex. In 

further experiments excess of unlabeled G-protein was added, which competes for the binding sites in 

rhodopsine. It was possible to observe specific binding of the G-protein, even in the presence of non-

specific interactions with a membrane. 

 

In a complex DAET study Loura et al have studied the interaction of the K6W peptide with lipid bilayers 

composed of dipalmitoyl-phosphatidylcholine and dipalmitoyl-phosphatidylserine[113]. These model 

membranes were examined at two temperatures (45 or 60 ˚C) and for different peptide concentrations. 

The DA-pair used was DPH-labelled phosphocholine (donor) and NBD-labelled phosphocholine 

(acceptor). The donor group is preferably located in the hydrophobic part, while the acceptor group is 

likely localised in the interface region of the membrane. Therefore energy transfer occurs between a plane 

of randomly spaced donors and two more planes containing the acceptors located in the opposite 

interfaces. A model accounting for this case was successfully applied only in the presence of the peptide 

at the lower temperatures. The data obtained for the higher temperature are compatible with 

heterogeneous lipid bilayers (containing domains). This was concluded from the donor decay in the 

presence of acceptor, which could be described by asssuming two infinitively separated phases (see 

above). Although addition of peptide did not cause any substantial perturbations to the heterogeneous 

membrane at the lower temperature, the DAET efficiency changed drastically for the previously 

homogenous membrane. Interestingly, no improvement in describing the donor decay was obtained by a 

model which accounts for the two-phase separation. Because the peptide is positively charged and the 

lipid bilayer is negative the formation of multi-bilayers was suggested, where stacking is promoted by the 

peptides. The data were also analysed with a model that describes DAEt between two or more bilayers 

from which a repeat distance of 57 Å was obtained.  
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A very similar approach was used to prove the self-aggregation property of GM1 (see above) can also be 

applied in the study of peptide/protein aggregation in membranes. Several years ago this was 

demonstrated by Bogen et al[114] in studies of the WALP16 peptide labelled with rhodamine 101. The 

obtained reduced concentration for the transmembrane peptide WALP16 was about 10 times higher than 

that expected for randomly distributed peptides. 

 

Pore formation. The action of some antibacterial molecules is ascribed to their presumed ability to form 

pores in the membrane. Although several investigators have addressed this question[115, 116] a minority 

of them make use of the DAET/DDEM techniques. A possible explanation is the lack of fluorescent 

compounds that would preferentially reside inside pores. Rather, other methods have been used, such as 

the measurements of leakage of fluorescent probes from the inside of vesicles[116], or fluorescence 

microscopy[117].  A real challenge would be to estimate the pore size by means of the DDEM methods.  

 

Viero et al[118] have published an interesting DAET study on the pore formation. They observed the 

oligomerisation of two different proteins HlgA/HlgB in a model membrane. Site specific mutagenesis 

was used to replace certain residues of HlgA and HlgB by cysteine. These Cys groups were labelled with 

ALEXA-488 (donor) and ALEXA-546 (acceptor). The mutated residues were deliberately selected on the 

right or left site of the protein surfaces. The reason of the choice was a proposal that the wall of the pore 

is build up by rings consisting of alternating HlgA/HlgB proteins. From an analysis of the energy transfer 

efficiency for all possible DA pairs (such as HlgAright/HlgBright, HlgAleft/HlgBright etc.) it was shown that 

heterogeneous interfaces HlgA/HlgB or HlgB/HlgA have a much higher affinity than corresponding 

HlgA/HlgA, HlgB/HlgB pairs. In another study of pore formation Silva et al[119] labelled an amino 

group of nystatin polyene molecule by NBD. The intention was to prove the ability of the nystatin 

polyene molecule to aggregate and form pores in lipid membranes by means of DDEM. Surprisingly, they 

could not confirm the previous results obtained by O’Neill et al[120], who observed pore formation by 

photo-bleaching measurements. The authors have suggested[119] that the function of the NBD-labelled 

amino group is crucial for the action of nystatin.      

   

Membrane-DNA interactions. There are surprisingly few fluorescence spectroscopic studies of lipid-DNA 

interactions. However, such methods have been applied to examine the encapsulation efficiency into 

lipoplex particles (cf. the above section about micelles and a paper by Madeira et al[121] for further 

references). Madeira et al[121] were among the first to apply DAET/DDEM in quantitative studies. 

DNA/lipid complexes were examined by DAET by using DNA, labelled by either BOBO-1 (donor) or 

ethidium bromide (acceptor). The charged membrane was doped with either DPH-PC (donor) or 
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BODIPY-PC (acceptor). It was confirmed that the DNA molecules intercalate between membranes and 

orient with their long axis parallel to the bilayer surface. In the theoretical modelling it was therefore 

assumed that the donors and acceptors are randomly distributed in different parallel planes. Since there 

was an indispensable fraction of unbound DNA, the authors modified the theoretical model, depending on 

whether the DNA served as a donor or acceptor. From the analyses of the fluorescence decays, the 

distance between membrane-bound DNA and the donors/acceptors which were attached to the PC chain 

was obtained, as well as the encapsulation efficiencies.  

 

Approaching studies of the living cell. Up to now this review has dealt with model membranes, which are 

more or less relevant for mimicking the properties of biological membranes. Nevertheless this approach is 

useful, especially for testing complex models aimed for quantitative studies. In studies of really complex 

systems, such as living cells, it is usually very difficult to determine absolute values of energy transfer 

efficiencies, and a more qualitative approach is wanted. For instance, the aim might be to study the 

formation of various associates (like protein dimers, lipid domains etc.) in living cells. It is then necessary 

to find out whether the donors and acceptors involved in the formation of studied aggregates are 

randomly distributed in the membrane, or whether they form aggregates and/or partition into the domain 

structure. For exploring this, the energy transfer efficiency is usually monitored as a function of the 

acceptor surface density and the molar donor/acceptor ratio. For donors and acceptors forming 

aggregates, the DAET efficiency depends on the donor/acceptor ratio, and it is independent of the surface 

density of acceptors. On the other hand, for randomly distributed probes, the DAET efficiency increases 

with increasing surface density of the acceptors. This methodology has been applied, for example by 

Herrick-Davis et al[122], who studied the formation of homo-dimers of serotonin-5HT2C in the 

membrane of living cells. In addition to DAET, bioluminescence and energy transfer was used in studies 

which do not require an external excitation by for instance a laser. 

 

The above outlined concept has also been frequently used to prove the presumed existence of rafts in 

living cells. However, this proposal is still controversial, as is evident from the review by Silvius et al 

[123]. For example, Kenworthy et al[124] monitored energy transfer between the donor- and acceptor-

labelled cholera toxin B-subunit (CTBX), between donor- and acceptor-labelled GPI-anchored proteins 

and CTBX, as well as between CTBX and GPI-anchored proteins in living cells. It was found that the 

DAET efficiency correlates with the acceptor surface density, and it approaches zero at low surface 

densities. This is indeed consistent with randomly distributed probes within cell membranes, and 

consequently with no or a very low formation of rafts. Sharma et al[125] have used GPI-anchored 

fluorescent proteins (GFP or mYFP) and the GPI-anchored folate receptor to monitor the raft formation 

by means of both DDEM and DAET. The analysis of the depolarisation data suggests that the fractions of 
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rafts are 20 - 40 %. Their size is estimated to be less than 5 nm in diameter and they comprise 4 - 5 GPI 

molecules. Notice however, that the DAET studies by Kenworthy et al[124] did not reveal any formation 

of rafts. A possible explanation might be that the DDEM method in the present case is more sensitive to 

small heterogeneities, which consist of only ca. 4 - 5 molecules. Sengupta et al[126] have recently 

investigated inhomogeneities in plasma membranes by labelling lipids with carbocyanine derivatives of 

different acyl chain length. These studies provide consistent results from DAET as well as DDEM 

experiments, which are compatible with the existence of nanometer sized domains. 
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Figure 1. The upper schematic shows two interacting chromophore
donors, or one donor and one acceptor. A and B are thought to
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Figure 2. Generated fluorescence relaxation data that mimic TCSPC experiments for DA-pairs of which 
the two groups are separated at a fixed distance R = 0.8.R0. The lifetime of the donor τD = 10.0 ns. The D 
and A groups are reorienting in an isotropic potential, i.e. the molecular order is isotropic. The 
photophysics’ relaxation {F(t)} of the D as predicted by the EFT (upper trace) and the FT. The ring 
indicates the time range where the FT agrees with the EFT 
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Figure 3. Schematic showing the coordinate systems used to describe the protein position in regular 

structures forming helical, linear and ring-shaped aggregates. The ZA axis coincides with the C∞–axis of 

the aggregate and Txy denotes the distance from this axis to the position of a fluorescent group. The 

translational and rotational transformations between nearest protein neighbours are θ and Tz, respectively. 

The fluorophore undergoes local reorienting motions about an effective symmetry axis ZD that is 

transformed to the aggregate fixed frame by ΩDA = (α , β ). The electric transition dipole DA DA µr  is 

transformed to the D-frame by the angles ΩΜD = (αMD, βMD). 
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Fig. 4 
Figure 4. The time-dependent anisotropy decay {r(t)} and the normalised mean square displacement of 

the excitation { 0

2/12 /)( RtR }. The unit on the x-axis is reduced time, i.e. t/τ where τ is the fluorescence 

lifetime. The data refers to the following aggregate geometries: helical (A, D), linear (B, E) and circular 

(C, F). The dashed lines correspond to DDEM in the static limit (for local uniaxial anisotropic D-

distribution), while the remaining r(t)-decays (solid lines) account for Brownian motions within the 

corresponding uniaxial Maier-Saupe potentials. The rotational correlation time is 0.86 in units of reduced 

time. In graphs A, B and C the residual anisotropy {r(t∞)} decreases, while the mean square displacement 

(D, E, F) increases with increasing fraction of labelling. The labelling fractions (f) start by a very low 

value (f ≈ 10-4) and are increased to 5, 50, 95 and 100 %. The local order parameter )( MD
)2(

00 βD = 0.80. 
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      Fig. 5 
 

Figure 5. Energy transfer/migration occurs either between fluorophore labels in one leaf of the lipid 

bilayer, i.e. an INTRA layer process, or between fluorophores located in different layers of bilayer, i.e. an 

INTER layer process. The energy transport is intra as well as inter between layers separated by the 

distance d. 
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Figure 6. A schematic of a spherical micelle, which indicates the core radius (Rs), the interface thickness 
(∆), as well as the shell region. Donor and acceptor molecules are solubilised in the interface at the 
distances rD or rA, respectively. The encounter radius (Re) refers to the shortest effective distance between 
the donor and acceptor molecules. 
 
 
 


