Journal of Fluorescence, Vol. 14, No. 6, November 2004 (©2004)

Utility and Considerations of Donor—Donor Energy
Migration as a Fluorescence Method for Exploring
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This review aims at surveying the use of electronic energy transport between chemically identical
fluorophores (i.e. donors) in studies of various protein systems. Applications of intra- and interprotein
energy migration are presented that make use of polarised steady-state and time-resolved fluorescence
spectroscopic techniques. The donor-donor energy migration (DDEM) and the partial donor-donor
energy migration (PDDEM) models for calculating distances between donor groups are exposed
together with the most recent development of an extended Forster theory (EFT). Synthetic fluorescence
depolarisation data that mimic time-correlated single photon counting experiments were generated
using the EFT, and then further re-analysed by the different models. The results obtained were
compared with the known parameters used to generate EFT data. Aspects on how to adopt the EFT
in the analyses of time-correlated single photon counting experiments are also presented, as well as
future aspects on using energy migration for examining protein structure.
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INTRODUCTION

Numerous studies in molecular biology and bio-
chemistry rely on different physical methods for obtaining
structural information about macromolecules, such as
proteins and nucleic acids. Powerful tools for determining
the three-dimensional structure include the traditional
methods of X-ray diffraction and multi-dimensional
NMR-spectroscopy. While the former method relies on
the preparation of crystals of high quality, NMR may,
for larger molecules, suffer in spectral resolution, e.g.
proteins with molecular masses exceeding about 200
amino acids. Furthermore NMR is a rather insensitive
method that typically requires protein concentrations in
the millimolar range. Unfortunately these concentrations
are frequently associated with an unwanted protein
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aggregation. Distances can also be obtained from studies
of electronic energy transfer between extrinsic or intrinsic
chromophoric groups localised within macromolecules.
The measurable distances that can be explored provide an
important distinction between the traditional methods as
well as the use of electronic energy transfer. While the X-
ray and NMR methods measure short distances, typically
those between nearest neighbouring atoms, the fluores-
cence methods provide longer distance values (10—100 A),
which are typically comparable to the size of proteins.

ABBREVIATIONS: A, acceptor of electronic energy; BD, Brownian
dynamics; D, donor of electronic energy; D, the j-th donor Dj; the
rotational diffusion constant of j-th donor; D ;, director frame for the j-
th donor; DAET, donor—acceptor energy transfer; DDEM, donor—donor
energy migration; EFT, extended Forster theory; EM, energy migration;
FRET, fluorescence resonance energy transfer; L, laboratory frame;
M;, molecule fixed frame for the j-th donor; PDDEM, partial donor—
donor energy migration; R, the distance between the donor groups; R,
coordinate system fixed in a protein; S, 2nd rank order parameter of
the j-th donor; TCSPC, time-correlated single-photon counting; 7, the
fluorescence lifetime.
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The electronic energy transfer between a donor (D)
and an acceptor (A) group, the so-called donor-acceptor
energy transfer (DAET), can be used to determine dis-
tances in macromolecules. In the literature, this process
is also referred to as fluorescence resonance energy trans-
fer (FRET). Several researchers have used DAET/FRET.
Surveys of many related and relevant papers are found in
books describing fluorescence spectroscopy [1,2], as well
as in textbooks specialised on energy transfer [3,4]. When
using DAET with extrinsic probes a major practical dif-
ficulty is to achieve the specific attachment of one donor,
and one acceptor group within the same macromolecule.
By using two chemically identical fluorophores in the la-
belling procedure however, this problem is circumvented
[5]. Ideally the rate of energy transfer between identical
fluorophores is reversible, which means that the electronic
energy is exchanged back and forth within a pair. It can also
migrate among several fluorophores within an ensemble
of donors. For this reason many scientists use the concept
energy migration in order to distinguish it from DA pro-
cesses which are irreversible. Energy migration among
donor molecules (also referred to as homotransfer) has
been studied [6—11] and reviewed for decades [2,3,12,13].
However, relatively few studies deal with energy migra-
tion within pairs of donors, and it is only within the last few
years that applications on proteins have been performed in
order to obtain intramolecular distances. In the following,
the process of donor-donor energy migration within a pair
of identical fluorescent groups is referred to as DDEM.

Although the problem with specific labelling is
solved, the use of DDEM introduces other practical
problems and theoretical demands. As is frequently stated
in papers and textbooks, only fluorescence depolarisation
experiments can monitor the rate of DDEM. This is not
necessarily true however, as is explained in the present re-
view. Nevertheless, the analyses of fluorescence depolar-
isation experiments in terms of the energy migration rate
are more complex, as compared to DAET-experiments.
The key-problem is that the rates of energy migration
and the reorienting motions of the fluorescent molecule
both contribute to the measurement. Different researchers
have considered this problem and come up with different
models and theories; these are discussed below. Therefore
it is not surprising that few DDEM-studies have been pub-
lished as compared to those using DAET. The reasons are
likely connected with experimental difficulties, as well as
the difficulty in performing a solid analysis of DDEM data.

Several diseases as well as biological functions are
connected with the aggregation of proteins. This moti-
vates an increasing interest in exploring such structures.
The Alzheimer’s, Creutzfeldt-Jacob’s and prion diseases
are important examples. For some proteins aregular aggre-
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gation is intimately connected with particular biological
functions. This is the case with the muscle protein actin,
as well as tubulin, which forms microtubules. X-ray and
NMR-methods exhibit the highest potential for exploring
such structures at an atomic level. While the challenge
of preparing crystals for X-ray diffraction experiments
should be easier with aggregating proteins, NMR spec-
tra of protein aggregates become much harder to resolve.
Consequently, in the study of structure and function of reg-
ular protein aggregates, fluorescence DAET and DDEM
experiments can be very useful.

The present paper aims at reviewing and analysing
different approaches for determining distance informa-
tion from DDEM-experiments. A survey of DDEM-
applications on biomacromolecular systems, mainly pro-
teins, is also presented.

INTRA- AND INTERMOLECULAR DISTANCES
IN PROTEINS

Hitherto, few publications consider energy migration
(EM) as a means for distance measurement between two
chemically identical fluorophores localised in a protein
molecule. One reason is the difficulty connected with the
analyses of experimental data. Because fluorescence de-
polarisation experiments are usually the prerequisite for
detecting the EM process, the separation of the reori-
entational motions from the EM process becomes very
complex. Previously several models that aim at handling
this complexity were published [14—19]. A comparative
study of these models is presented below in the section
“Models of DDEM.” At the same time that these models
have been used, more basic theoretical analyses of EM
between two interacting and reorienting donors were pub-
lished [15,20,21]. Today a complete theoretical descrip-
tion exists which relates experimental data to the simulta-
neous motions and energy migration within a donor-donor
pair. This theory is referred to as the extended Forster’s
theory (EFT). The EFT involves stochastic functions that
make its applicability less straightforward. Recent stud-
ies show, however, that the EFT is applicable in studies
of model systems [20,21], and even more recent results
demonstrate how to apply EFT to the analyses of DDEM-
data obtained with proteins [22].

DDEM has been used to explore structure-function
properties of the plasminogen activator inhibitors type 1
and 2, denoted PAI-1 and PAI-2. These proteins belong
to the large and diverse family of serine proteinase in-
hibitors (serpins) that encompass a wide range of proteins,
mostly proteinase inhibitors [23]. The DDEM method
was utilized to examine structural aspects of a protein
complex that forms between PAI-1 and a urokinase-type
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plasminogen activator: uPA [24]. Recently, the localisa-
tion of the active loop of PAI-1, which is involved in
forming the complex, was also examined by using DDEM
[25].

Hamman er al. [17] estimated distances between sub-
units of dimeric ribosomal protein L7/L12. They created
cysteine mutations of the protein that were labelled with
a sulfhydryl specific fluorescein derivative. Fluorescence
steady-state depolarisation studies were performed and
further analysed by a steady-state model, which is de-
scribed below (cf. Eq. 9). Distances were calculated and
the dissociation constant of the dimer was determined
from the depolarisation data.

Runnels and Scarlata [19,26] have proposed a model
to analyse the fluorescence depolarisation caused by
DDEM within protein aggregates. This model was applied
for distance measurements on protein aggregates [13], and
Santos et al. [27] have estimated the distance between the
two Trp residues within a dimer formed by the fragment
of HIV protein gp41.

Lillo et al. [18] studied the interaction between
the anticancer drug Taxol and microtubules. From time-
resolved anisotropy measurements on fluorescein-labelled
Taxol analogues, the authors were able to calculate the dis-
tance between Taxol binding centres. The time-resolved
depolarisation model used for this is briefly discussed in
the section “Models of DDEM.” The model includes the
depolarisation due to several fluorophores, which are ar-
ranged in a ring to represent one turn of helical structure
of microtubule.

In some studies the contributions from the rotational
motions might be negligible on the timescale of energy
migration, and therefore one could assume that the fluo-
rescence anisotropy only depends on the migration rate.
This turned out to be a good approximation in studies
of energy migration between flavins in lipoamide dehy-
drogenase [28]. For the analyses of data, the equations
described by Tanaka and Mataga [29] or by Hochstrasser
and co-workers [30] were applicable. In the particular case
where the fluorescence depolarisation is solely due to en-
ergy migration, these two equations, as well as the DDEM
model (Eq. (3)) coalesce into the following expression

r(t) = %[1 + S5 + (1 — S5) exp(—2wt)] (1)

In Eq. (1), the rate of energy migration is denoted
w,and S5 = %(3 cos? 8 — 1) where the angle § is between
the electronic transition dipoles of the interacting donors.
This approximation is of particular interest for the case
of EM between the chromophores of green fluorescent
proteins (GFP) [31-34]. The Forster radius for GFP-GFP
energy migration is about 47 A [32,35]. Recently, Gautier

et al. [32,36] observed EM between GFP chromophores
in vivo using fluorescence anisotropy decay microscopy.
They studied the herpes simplex virus thymidine kinase
fused to GFP, in living cells. The authors estimated the dis-
tance between the two GFP chromophores within dimers
of thymidine kinase. Clayton et al. [33] have demonstrated
the possibility of measuring the time-resolved anisotropy
by using fluorescence anisotropy microscopy in the fre-
quency domain. The latter technique was further applied
to study the concentration depolarisation of enhanced GFP
fluorescence in bacteria.

PROTEIN AGGREGATES

Proteins may form oligomeres but also very large ag-
gregates, which constitute a regular structure. For instance,
transthyretin forms tetramers and mutants of transthyretin
can form large aggregates, which are associated with the
human amyloid disease, familial amyloidic polyneuropa-
thy [37,38]. A common feature of the amyloid diseases is
that the protein aggregates form crystals, so called amy-
loid fibrils, which depending on the kind of disease, are
found as protein deposits in different extracellular spaces
of tissues, or in a few cases as intracellular inclusions.

To characterise monomer/dimer transitions in solu-
tion, several authors have utilised the influence of EM on
the fluorescence depolarisation [26,34,39—41]. Using the
additivity of the fluorescence anisotropy [1] calculation of
the fraction of each state becomes possible, provided one
knows what kind of aggregates are formed. In many cases,
however, the fluorescence depolarisation data contain ad-
ditional structural information.

Runnels and Scarlata [19,26] have modelled the flu-
orescence depolarisation due to fluorescence EM within
protein aggregates. The model was applied to study
the oligomerisation of melittin, which is well character-
ized and therefore provides a suitable test system. The
N-terminal of melittin was then labelled with fluores-
cein isothiocyanate. The authors demonstrated that their
model could be used to estimate the number of subunits
in oligomers.

Blackman et al. [41] used a numerical Monte-
Carlo approach to analyse the time-dependent fluores-
cence anisotropy of the erythrocyte anion exchange
protein oligomers, band 3, labelled with eosin. They
concluded that the dimeric and tetrameric band 3 could
explain DDEM data, obtained with ghost membranes,
without including any substantial clustered fraction of
band 3.

Tubulin is another well-known protein that forms the
building unit of microtubules (see e.g., [42]). Recently
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Acuna and coworkers [18] have studied the interaction of
the anticancer drug Taxol with microtubules, as is further
described below in the section “Intra and Intermolecular
Distances in Proteins.”

Varma and Mayor [43] have demonstrated that
glycosyl-phosphatidyl-inositol (GPI)-proteins anchored
atthe surface of living cells are organized in domains. They
measured the extent of fluorescence depolarisation due to
energy migration between GPI-anchored folate receptors,
bound to a fluorescent analogue of folic acid. The fluores-
cence anisotropy was density-independent, which is not
consistent with uniform random distribution at the cell
surface. Rather, this would be expected for GPI-anchored
proteins arranged in domains, so that the average distance
between fluorophores is density-independent. In a simi-
lar way MacPhee et al. [44] studied the interaction of an
a-helical peptide derived from apolipoprotein C-II with
a model lipid surface. The peptide was labelled at the
N-terminus with 7-nitrobenz-2-oxa-1,3-diazole (NBD).
The efficiency of energy transfer between NBD groups
was not consistent with a random distribution of peptides
on the lipid surface, which indicates self-association of the
lipid-bound peptides. A similar approach was also used in
the characterisation of fluorescent lipid derivatives, to dis-
tinguish between a random distribution on the lipid surface
and aggregation of the probes. (see e.g. Prieto et al. [45]).

Donor-donor systems could also be used for quan-
titative investigation of the distribution of peptides or
proteins in lipid bilayers. It might then be interesting to
reveal whether peptides/proteins attract each other or ac-
tually form aggregates, or are randomly distributed as
monomers in the lipid bilayers. From the analyses of
fluorescence depolarisation experiments performed with
fluorophore-labelled proteins of different concentrations
in the lipid bilayers, it is possible to obtain the surface
concentration (Ceyp) of labelled proteins, which is fur-
ther compared to the theoretical value for a random dis-
tribution (Ccqc). Values of Cexp > Cearc, strongly suggest
that the molecules posses mutual affinity. Previously this
idea was used to study the eventual aggregation of sul-
phatide lipids in mixtures with phospholipids [46], by
applying theoretical models developed by Baumann and
Fayer [11]. A feature of this approach was also used
to examine the eventual aggregation of the membrane
spanning hydrophobic «-helical peptide, WALP16 [47].
The peptides were labelled at the C-terminus with a po-
lar fluorophore (rhodamine 101), and solubilised at dif-
ferent molar ratios into the bilayers of unilamellar lipid
vesicles. Upon increasing the concentration of WALP16
in the lipid bilayers, the fluorescence anisotropy de-
creased, as is expected due to increasing EM. But at even
higher peptide concentrations the fluorescence lifetime
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also started to decrease, which was consistent with the
formation of rhodamine 101-dimers. Thereby the dimers
acted as excitations traps, or acceptors of the monomeric
rhodamine 101. By using previously developed models
[11] in the data analyses, it was concluded that the
transmembrane spanning peptide WALP16 exhibits an
inherent affinity towards aggregation in lipid bilayers.
Moreover, for certain lipid-WALP16 systems, the analyses
of DAET data were only compatible with one-dimensional
aggregation.

MODELS OF DDEM

According to Foster’s famous theory of weak dipole-
dipole coupling between an electronically excited chro-
mophore and a second chromophore in its electronic
ground state, the rate of energy migration w is given

by
2 6
e
T R
Here 7, (k?), R and Ry in Eq. (2) stand for the flu-
orescence lifetime of the donor, the averaged square of
the angular part of the dipole-dipole interaction, the dis-
tance between the interacting molecules and the Forster
radius, respectively. In the following we consider DDEM
within a pair of chemically and photophysically identi-
cal fluorescent groups (denoted D; and D,), which are
covalently linked to a macromolecule, such as a protein.
From depolarisation measurements the time-resolved flu-
orescence anisotropy is obtained for a coupled system
(D1D»), as well as for the single donors: D; and D,. These
time-resolved anisotropies are denoted 7 (¢), 71 (t) and r,(¢),
respectively. The corresponding steady-state anisotropies
are r, ry and r,, respectively. The anisotropy contribution
to r(t) from donors excited indirectly through the en-
ergy migration D; — D, and D, — D, are denoted by
r12(¢) and 51 (¢). In this section we present different mod-
els that were previously used for analysing time-resolved
and steady-state fluorescence data. The models I-III and
IV-VI refer to the analyses of time-resolved fluorescence
and steady-state depolarisation data, respectively.

Model 1

The DDEM model was developed for analysing the
fluorescence anisotropy obtained from experiments with
singly and doubly fluorophore-labelled proteins [5,14].

1 1
r@) = i@ +rOlx 0+ exp(—2wt)] + Z[i‘lz(t)

+ r21(0)] x [1 — exp(—2w1)]
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InEqgs. (3) rp is the limiting anisotropy and S is a sec-
ond rank order parameter for each of the two donor groups.
The order parameter describes the orienting distribution
of the transition dipoles, which is assumed to be effec-
tively uniaxially symmetric about the zp -axis (j = 1,2)
of a frame attached to the macromolecule (see Fig. 1). The
angle between the zp -axes is § and S; = %(3 cos? 8 — 1).
The maximum contribution to the anisotropy from the sec-
ondary excited fluorophore is given by pg, and y;(¢) de-
scribes the reorientation dynamics of the donor molecules.
In the analyses of DDEM-data w, pp and § are fitting
parameters.

Model II

Barcellona and Gratton [16] as well as Jameson and
coworkers [17] have presented a model that slightly differs
from Egs. (3). By adapting Egs. (5) in the reference [16]
to the notation used for Model I one obtains:

F
Fy(t) = ?(’(1 +71(t) X [1 4 exp(—wt)] + r12(7)

x[1 —exp(—wt)]) exp(—t/1)

Fig. 1. The coordinate systems and angles needed for describing elec-
tronic energy migration within a donor pair. The electronic transition
dipole moments of the donors (D and Dy) are coinciding with the z-
axis of the molecular frames M; and M;. The donors are assumed to be
uniaxially oriented about the z-axis of the director frames Dy and D5,
which are attached to a rigid macromolecule. The concept configuration
here means the orientation of D; and D, with respect to the R-frame,
which is defined by the three orienting angles (Brp,, arp, and Brp,)
because agp, is taken to be 0. The z-axis of the R-frame connects the
centre of mass of Dy and D, at the distance R.

Fi(t) = %(1 — ”T(t) x [1 + exp(—wt)] — "122(”
x[1— exp(—wr)]) exp(—t/7) )

In Eqgs. (4) F(¢) and F (¢) denote the time-resolved
fluorescence intensities polarised parallel and perpendic-
ular to the polarisation of the excitation light, respectively.
Fy is a constant. To simplify Eqs. (4), the authors [17] have
assumed that 1, = 0. It then follows that

1
r(t) = Erl(t) X [1 + exp(—wt)] 5)

Model III

Recently Acuna and coworkers [18] have suggested
modelling the fluorescence depolarisation as a product of
all contributing factors (cf. Eq. (6) in ref. [18]). If the tum-
bling of a macromolecule is negligible on the fluorescence
timescale, the anisotropy is given by

r(t) =i (1 — Sp) exp(—2wt) + Six]  (6)

Here Sgr is a second rank order parameter which is deter-
mined by assuming that energy transfer is the only contri-
bution to the fluorescence depolarisation.

In addition to these models, EM was simulated by
means of a Monte-Carlo algorithm. This numerical ap-
proach can be used in the analysis of energy migra-
tion within pairs of chromophores [41,48], in multichro-
mophoric molecules [49], Langmuir-Blodgett films [50]
and oriented polymer films [51], as well as in lipid
membranes [52]. The reorienting motions of fluorescent
molecules can also be taken into account [53,54].

Model IV

Different integrated versions of the models men-
tioned above, which are intended for analysing the flu-
orescence steady-state anisotropy, are given in the litera-
ture. For a pair of interacting fluorophores, Runnels and
Scarlata [19] have suggested the following expression for
the fluorescence anisotropy:

1+ tw n Tw 7
r=ri{ ——— r —_—
"1 +2tw T\ +2tw

By using Eq. (7) and assuming that (x?) = 2/3 and
rgr = 0 [19], the distance (R) between the interacting flu-
orescent groups can be calculated from

(21‘ —r1>1/6
R=Ry (®)

r—r
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Model V

Jameson and co-workers have proposed a formula
that relates the efficiency of energy transfer to the
anisotropies r and ry (cf. Eq. (3) in reference [17]). From
that expression it follows that

1 2r —nr 1/6
R =Ryl = x ©)]

2 ry —r

Model VI

Provided ri(¢) = ry(t) = roexp(—t/¢) and ri,(¢) =
r21(¢t) = 0, the integration of Eq. (3) leads to an expression
for calculating the distance according to

r 2r —nr 1/6
R = Ry| — x (10)
o ro—=r

COMPARISON BETWEEN THE MODELS I-VI

In the following section we intend to compare the
different DDEM-models by using them to re-analyse syn-
thetic data that was generated using the extended Forster
theory (EFT), being a complete theoretical description of
EM within DD-pairs [15]. Because the EFT depends on
stochastic functions due to the time-dependent reorienta-
tions of the interacting molecules, the EFT is not directly
applicable. The reorientation, in terms of the orientational
trajectories, can be handled by using Brownian dynamics
simulations, as described elsewhere [20,21]. The orienta-
tional trajectories were generated by a recently developed
method [55]. Two different uniaxial potentials were used
in the simulations, namely a cone- and a Maier-Saupe
potential.

The cone potential assumes that the rotational diffu-
sion is free within a cone. Then, by representing the elec-
tronic transition dipole moment as a vector and describ-
ing its orientation by a polar angle 8, the mathematical
description of the cone potential is given by:

0 B <0
oo B> 6.

Up) = { 1D

Fluorescence depolarisation data was generated for
all possible combinations of definite values chosen for the
cone angle (6.), the rotational diffusion constant (D), and
the angle (§) between the symmetry axes of the D; and
D; cone potentials (cf. Fig. 1). The following cone angles
were used, 6. = 30°, 60° and 180° (i.e. free diffusion) cor-
responding to the order parameters S =~ 0.808, 0.375, and
0, respectively. The diffusion constants were chosen to be
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D =1/Q2t), 1/(67)and 1/(187). The angle § was chosen
to be 0°, 30°, 60°, and 90°.

A physically more tractable potential is the Maier-
Saupe potential [56], which in its most simple form reads:

U(B)=—PcosB (12)

To obtain order parameters similar to those for 30°—
and 60°— cones the values of ® were taken to be 14.6 and
3.4 (in units of kT), respectively. The diffusion constants
were chosen to be D = 1/(2t), 1/(6) and 1/(187). The
angle § was chosen to be 0°, 30°, 60°, and 90°.

The generated fluorescence depolarisation data
thereby represents the fluorescence anisotropy of single
donors {r;(¢)} that undergo anisotropic reorientations in
the absence of energy migration. For each set of param-
eters, 10° pairs of trajectories were generated. Each tra-
jectory consisted of 1024 points and the time step was
0.057. If necessary, the time step was reduced so that the
difference between the theoretical and the calculated or-
der parameters was within 0.001. For the coupled sys-
tem of donors, the time-dependent fluorescence anisotropy
was generated using the EFT, as is described elsewhere
[20,21].

The time-resolved depolarisation data was analysed
by aleast-square fitting of the models I-III to the generated
fluorescence anisotropy decays. The steady-state fluores-
cence anisotropy corresponding to generated depolarisa-
tion data was calculated by integration. The models IV-VI
were then used to analyse the data. The exact value of (k2),
calculated from the order parameters and §-angle, was then
used in the analyses of the time-resolved data, while for
all steady-state models IV-VI), (k%) = 2/3 was assumed.
This means that it is usually not possible to estimate (k?)
solely from steady-state experiments.

In many applications of these models, the donor-
donor distance (R) is the most interesting parameter to
determine. For this reason we have compared the values of
the distances obtained using six models, with the correct
value. The range of distances examined was from 0.6 R,
to 1.7 Ry. Because the comparative study combines a wide
range of parameters, a detailed presentation of all results
becomes difficult. The most interesting aspect is to obtain
distances. Therefore we present the percentage of cases
for which the relative errors are within 5, 10 and 20% (see
Fig. 2). A comparison of the models show that for large
values of the order parameters (i.e. S =~ 0.8) and in partic-
ular, 6 = 0°, only Model I appears appropriate, while for
systems of low order the Models I-1III work equally well.
For a system with high and low order parameters typical
anisotropy decays are illustrated in Fig. 3. For the former
case (0. = 30° and § = 0°, Figs. 3A and C) only the
DDEM model fits very well with the generated data and
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Fig. 2. The average errors in distance obtained using different models.
Percentages of cases for which the relative error was within 5, 10 and
20% are shown as black, hatched and white bars, respectively. The data
set is described in the text and was analysed using A: Model I, Eq. (3)
[14]; B: Model I1, Eq. (5) [ 16, 17]; C: Model I11, Eq. (6) [18]. The steady-
state models were also used, shown in D: Eq. (8) [19]; E: Eq. (9) [17];
and F: integrated DDEM model, Eq. (10). The errors in R are shown for
different R /Ry ratios.

the distance of 0.99 R,. However, if the reorientations of
the donors are unconstrained (6, = 180°, Figs. 3B and D),
all of the three models for time-resolved decays describe
EM rather accurately. The errors of the distances obtained
are within a few percent, as mentioned above. Model III
works best for migration rates (w), being much slower than
the rotational correlation times (i.e. 1/(2w) >> ¢), which
is also suggested by Acuna and co-workers [18]. The dis-
tances calculated from the steady-state anisotropy using
the Models IV-VI provide reasonable accuracy for low or-
der and distances where R ~ R,. The above conclusions
are very similar for both the cone and the Maier-Saupe
potential.

In some cases poissonian noise was added in order to
mimic true TCSPC data [57]. The decay curves, F(¢) and
F | (t), were then constructed and re-analysed [58]. This
procedure allows one to investigate both systematic and
random deviations of the extracted parameters from the
values assumed in simulations [59]. The average distances
calculated from the mimicked TCSPC data, using models
I-III, were close to the results obtained by analysing the
data without adding noise. The random scatter of the ex-
tracted distances was noticeable for extreme values, typi-
cally when R < 0.7Ry and R > 1.5R,.

0.40 0.40
0.35

030 %,
\‘\ 0.10

0.25

r(t)

Ar(), x 1073

tit

Fig. 3. Fluorescence depolarisation of pairs of fluorophores in the
presence of energy migration, for A: a high order system, 6. = 30°,
8§ =0° D =1/(6t), R =Ry, and for B: 6. =180°, D = 1/(67),
R = Ry. Best fits to the generated data (o) were obtained using the
DDEM model (Model I, —), the model II (- - -), and the model III
suggested by Acuna et al. [18] (—--—-- —). The differences between
the generated data and the best fits are shown in plots C and D for the
high and low order systems, respectively (some curves are almost in-
distinguishable from each other). The Models I, II, and III applied to
fit the generated data, which are shown in plot A, yield the distances
0.99 Ry, 0.49 Ry, and 0.29 Ry, respectively. The corresponding obtained
distances for the low-ordered system (plot B) are 1.02 Ry, 0.96 Ry, and
1.02Ry, respectively.

PARTIAL DONOR-DONOR
ENERGY MIGRATION

A drawback with the DDEM method is the need to
use fluorescent groups that exhibit very similar photo-
physics, irrespective of their localisation in a protein struc-
ture. Most fluorescent molecules do not fulfil this criterion,
which strongly limits the number of useful probes. It is,
however, still possible to make use of the interaction be-
tween two chemically identical but photophysically non-
identical D-molecules. The EM within such a DD-pair will
influence the photophysics observed, and it becomes pos-
sible to deduce how the fluorescence relaxation depends
on the rate of EM [60]. It means that fluorescence lifetime
measurements could be used for determining distances.
Thus, both the fluorescence lifetime and depolarisation
experiments contain distance information. To distinguish
from DDEM and DAET, we refer to this case as being
partial donor-donor energy migration (PDDEM), because
here one deals with DD-pairs for which the energy migra-
tion is only partially reversible. Strictly speaking, PPDEM
can occur in any DD-pair, for which each D in the ab-
sence of EM exhibits non-exponential photophysics. This
is true even if the two D-molecules have identical non-
exponential decays. The theoretical treatment of PDDEM
is an extension of a previously developed model of partly
reversible DAET [61]. The PPDEM-method can be con-
sidered as the most general treatment of electronic energy
transfer between two chemically identical fluorophores,
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which, as the photophysics becomes very similar leads to
the DDEM-method. Therefore the case of PDDEM is also
useful for extracting distances, as is shown below.

The PDDEM-process may explain the shortening of
the fluorescein lifetimes in melittin aggregates reported by
Runnels and Scarlata [19]. The process may also explain
the fluorescence lifetimes and quantum yields observed for
tryptophan residues in proteins [62—64]. In the latter pa-
pers Engelborghs has shown that the PDDEM process can
explain changes in fluorescence lifetimes [63] and quan-
tum yields [64] of Trp residues the PAI-1 and Barnase.

To accurately determine distance between two
D-groups from fluorescence lifetime measurements, a sig-
nificant difference between their lifetimes is needed [60].
Typically, the (average) lifetimes should differ in a ratio of
2:3. For small differences one could use a corrected form
of the expression for the DDEM-anisotrophy [60,65]. For
D-groups covalently bonded to a protein, however, one
could increase this difference by adding quenchers whose
efficiency of quenching likely depends on the donor loca-
tion in a protein structure. Recently this idea was tested
by using iodide as a quencher of BODIPY-groups that
were specifically bound to cysteines in PAI-2 [65]. The
structures of PAI-2 and the sulthydryl-specific BODIPY
derivative (SBDY) are shown in Fig. 4. The PDDEM ap-
proach has also been used to analyse EM between ionic
forms of xanthene dyes [66,67].

EFT AND PERSPECTIVES

Hitherto the information content of the EM-process
within D-pairs was mainly used in a qualitative manner,
for instance to indicate the aggregation of proteins. The
models available for obtaining distance information from
depolarisation experiments are based on approximations,
which under certain conditions are not fulfilled. The main
question concerns the angular dependence and dynamics
of k2 in Eq. (2). Today it should be possible to leave all
these models and instead use the EFT, which constitutes a
full description of the excitation probabilities, as well as
the fluorescence anisotropy. The fluorescence anisotropy
is given by

rt) = %O[pl(t)+p2(t)+p12(l)+,021(t)] 13)

The probability of initial excitation is equal for
D; and D, and the corresponding time-dependence
is x(¢t). The anisotropy constitutes the following
contributions:

pi(t) = (P[4 (0) - i ()]x () i =1,2  (14)
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SBDY e

t‘\/347

Fig. 4. The ribbon structure of plasminogen activator inhibitor type 2
(PAI-2) in which the CD-loop is shown in red. The yellow spheres in-
dicate Cy-atoms of the Cys residues that were labelled with SBDY {N-
(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-yl) methyl
iodoacetamide}. The chemical structure of SBDY is also shown.

pij() = (Pa[Af(0) - 25 )] = x (@),
i=1201#)) (15)
In Egs. (14) and (15) i denotes the unit vector of the
transition dipole moment, and the superfix indicates an
orientational transformation with respect to a coordinate
system, fixed in the macromolecule (See Fig. 1). The equa-
tion describing the excitation probability of the initially

excited donor group is expressed as a function of the rate
of energy migration (w) given by [15].

x(@) = %I:l + exp <—2(a))t - 2/ [w(t') — (a))]dt')]
o

x©0)=1 (16a)

. 1 ! / /
(w) = lim ?/ w(t)dt

T—o00 o)

o) = sz(t’)

3R0
21:R
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A

k(') = @) - p3 ) = 3(Af @) - R) (A5 (@) - R)
(16b)

Eq. (16a) is the formal solution to the stochastic
master equation, which was previously derived from the
stochastic Liouville equation [15].

Donor 1

Experimental r((#)

Donor 2

Initial guess of
Uy(3) and D,

S —

_new Ui(f8)

"“and D,
Calculation of r(r) :

Simulation of trajectories

STEP 1

Convolution, calculation of x*

; !
[ Optimisation algorithm }7

Convergence

+ Donor 1 -Donor 2
Experimental r(7)
U\(B), Ux(B), D) and D, from STEP 1

Initial guess of R and configuration

Convolution, calculation of x*

new R and
configuration
Calculation of r(f) using EFT

'

[ Optimisation algorithm

STEP 2

Convergence

4

RESULTS:

R and configuration

Fig. 5. Flow scheme of the simulation-deconvolution algorithm. At
STEP 1, the fluorescence anisotropy of the two donors in absence of
energy migration is analysed. Calculation starts with an initial guess of
the potentials U;(f) and U(B) and the diffusion coefficients Dy and D,
and BD-simulations of the trajectories for each donor. The time-resolved
fluorescence anisotropies r1(¢) and r2(¢) calculated from these trajecto-
ries are compared with the experimental data, and the residuals are passed
to the optimisation subroutine. The parameters of the potentials U;(B)
and U,(B) as well as the values of D and D5 are then changed for each
iteration until convergence is reached. At STEP 2 the depolarisation r(t)
of the coupled D D, system is analysed to obtain the distance R between
D, and D; and the configuration of the system (angles Brp,, @rp,,and
Brp, in Fig. 1). The theoretical r(¢) is calculated according to EFT
and using U;(B), U2(B), D1, and D; obtained at STEP 1. The result is
compared with the experimental r(z), R and configuration are changed
accordingly by the optimisation algorithm. The procedure is repeated
until convergence is reached.

A difficulty with the EFT in the analyses of TCSPC
data is the lack of an explicit analytic expression that can
be used in the deconvolution procedure. To handle the
stochastic dependence one needs to use simulations meth-
ods, assuming e.g. Brownian diffusion (BD) in a cone
potential. A schematic of the simulation-deconvolution
approach is displayed in Fig. 5. To start, the local reori-
entations of the donors, described by potential functions
{U1(B) and U,(B)} and diffusion constants (D; and D)
are determined from the depolarisation of the donors D;
and D, in the absence of EM (STEP 1 in Fig. 5). The time-
resolved anisotropy of the DD, system is described by
EFT (Egs. (13)—(16)), which is fitted to the experimental
data by varying coupling strength A and configuration of
the donors, described by angles Brp,, ogp, and Brp,, as
shown in Fig. 1. As a result of STEP 2, one obtains the
distance between D and D, and the configuration of the
coupled system (Fig. 1, angles Brp,, arp, and Brp,).

In addition to the complete theoretical description
of EM, new methods for incorporating fluorescent probes
into protein structures are under development. With com-
parison to standard methods of protein labelling [68],
the site-specific incorporation of unnatural fluorescent
amino acids into proteins is a very promising idea [69—
74]. This approach could circumvent difficulties, such
as: low labelling efficiency, perturbation of the protein
structure, and the uncertainty in distance measurements
due to significant linker lengths between the polypep-
tide backbone and a fluorescent group. Taken together,
the EFT combined with methods that allows for flexi-
bility in the labelling may become a versatile tool that
complement standard NMR- and X-ray-techniques, where
protein sizes, concentrations and crystalline qualities are
inadequate.
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