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Abstract

The model of resonance energy transfer(RET) in membrane systems containing donors randomly distributed over
two parallel planes separated by fixed distance and acceptors confined to a single plane is presented. Factors
determining energy transfer rate are considered with special attention being given to the contribution from orientational
heterogeneity of the donor emission and acceptor absorption transition dipoles. Analysis of simulated data suggests
that RET in membranes, as compared to intramolecular energy transfer, is substantially less sensitive to the degree of
reorientational freedom of chromophores due to averaging over multiple donor-acceptor pairs. The uncertainties in
the distance estimation resulting from the unknown mutual orientation of the donor and acceptor are analyzed.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Structure–function relationships in biological
membranes are known to be governed by a variety
of factors depending on the spatial and orientation-
al organization of the protein–lipid assemblies
w1,2x. The problem of structural characterization
of these assemblies has been approached by a
number of physical methods including X-ray and
neutron diffractionw3,4x, NMR w5–8x, ESR w9x,
IR and fluorescence spectroscopyw10–19x, etc. In
ascertaining the transverse protein location in a
lipid bilayer, spectroscopic techniques based on
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non-resonance(collisional) w16,20x or resonance
(energy-transfer) w10,21,22x fluorescence quench-
ing are believed to be particularly well-suited.
The efficiency of resonance energy transfer

(RET) is a function of the distance between the
chromophores employed as energy donor and
acceptor, the donor quantum yield, overlap of the
donor emission and acceptor absorption spectra
and relative orientation of the donor and acceptor
transition dipolesw10x. Importantly, the character
of this function strongly depends on the geometry
and dimensionality of the system being examined
w10,23x. Specifically, adequate description of RET
in membranes requires the application of particular
theoretical models developed for analyzing energy
transfer in two-dimensional systemsw24,25x. Theo-
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Fig. 1. Schematic for disposition of donor and acceptor planes
within the bilayer as assumed in the model. The donor mole-
cule D (or D9) is surrounded by an array of adjacent acceptors
A (only one acceptor molecule is shown for clarity).i

retical analyses clearly indicate that such factors
as the mode of acceptor bilayer distribution, the
curvature of lipid–water interface, the extent of
area exclusion around fluorophore, etc. could sig-
nificantly contribute to the RET efficiencyw25–
29x. Another essential contribution that is regarded
as the main source of uncertainty in the quantita-
tive interpretation of RET data is determined by
the chromophore relative orientation affecting the
value of such parameter as the orientation factor.
This limitation of the RET method has long been
a focus of numerous theoretical considerations,
and a number of approaches have been proposed
to circumvent the problem of orientation factor
w30–33x. In the context of membrane studies, this
problem acquires some new facets that are worth
special analysis.
The present study has been undertaken to assess

the role of orientational effects in determining the
rate of energy transfer in membrane systems. The
RET model proposed previously for two-dimen-
sional systemsw25x has been extended here to the
case of chromophore distribution over three par-
allel planes—one acceptor-containing and two
donor-containing ones. Analysis of simulated data
has revealed the possibility of minimizing the
uncertainty in the RET-based distance estimation
by selecting donor–acceptor pairs with appropriate
parameters.

2. Theory

2.1. General formalism

To treat the problem of energy transfer in two-
dimensional membrane systems many theoretical
approaches, differing in their complexity, have
been developedw24–29x. One of them, proposed
by Wolber and Hudsonw25x, has been extended
here to the case of donors uniformly distributed
between the outside and inside of the bilayer and
acceptors confined to one membrane leaflet(Fig.
1). The formalism employed in derivation of the
expression for the relative quantum yield of a
donor can be briefly described as follows.
The rate constant of energy transfer by Forster¨

mechanism(in the limit of weak dipole–dipole
coupling) is a function of excited donor lifetime

in the absence of acceptost , Forster radiusR ,D 0¨
and distances between a given donor and theith
acceptor in its surroundings{R } :i

N
y1 6Ž .k st R yR , (1)T D 0 i8

is1

where N is the number of acceptor molecules
within the sphere of radiusR (centered at thed

donor molecule) beyond which there is no energy
transfer. Since at low surface density of a donor
the rate of energy transfer is independent of its
concentration, one needs only consider a system
consisting of one donor molecule and a set of
acceptors withR (R (or rather an ensemble ofi d

such systems with different{R } ).i

The probability that a donor excited at the
moment t s0 will remain excited after timet is0

described by the first-order kinetic equation:

dP(t) y1Ž .y s k qt P(t)T Ddt
NB E

y1 6Ž .st 1q R yR P(t). (2)C FD 0 i8
D Gis1

After integration with the initial condition
P(0)s1 one obtains:

N
6Ž . Ž .Ž .P(t)sexpytyt exp ytyt R yR . (3)w xD D 0 i2

is1
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Ensemble averaged fluorescence decay function
NP(t)M can be written asw25x:

RdN
6Ž . Ž .Ž .N MP(t) sexpytyt exp ytyt R yRw xD D 0 i|2

0is1

Ž .=W R dR , (4)i i i

whereW (R )dR is the probability of finding thei i i

ith acceptor at the distance betweenR andRqdR
from the donor. Since the donors and acceptors
are assumed to be randomly distributed over the
corresponding planes, the functionsW (R ) arei i

identical for alli, i.e.W (R )sW(R). However, fori i

the donor planes confined to the opposite
membrane sides the probability functions should
be normalized differently:

2RdR
W (R)dRs and1 2 2Ž .R y d y0.5dd c t

2R9dR9
W (R9)dR9s , (5)2 2 2Ž .R y d q0.5dd c t

whereW (R)dR stands for a donor localized in the1

acceptor-containing bilayer leaflet(i.e. in the upper
donor plane in Fig. 1), and W (R9)dR9—for a2

donor residing in the opposite leaflet;d is thet

distance between the two donor planes, andd isc

the distance between the acceptor plane and the
bilayer center.
Finally, the relative quantum yield of the donor,

which is directly measurable in the steady-state
RET experiment, is related to the average fluores-
cence decay functionNP(t)M by the following
expression:

`

N MP(t) dt|
0QDAQ s s , (6)r `QD Ž .expytyt dtD|

0

whereQ andQ are the donor quantum yieldsD DA

in the absence and presence of acceptor, respec-
tively. By combining Eqs.(4)–(6), introducing
the dimensionless timelstyt , and assumingD

that the donor partitions equally between the outer
and inner membrane leaflets, one obtains:

`1 yl N N1 2Ž . Ž .Q s e I (l) q I (l) dl, (7)w xr 1 2|2 0

where
Rd

6I (l)s expyl R yR W (R)dR,w xŽ .1 0 1|
Nd y0.5d Nc t

Rd
6w xŽ .I (l)s expyl R yR W (R)dR (8)2 0 2|

d q0.5dc t

andN , N are the numbers of acceptor molecules1 2

within the distanceR from the donor locatedd

either in the upper or lower bilayer leaflet, respec-
tively; these quantities are related to the acceptor
surface concentrationC :sA

s 2 2w xŽ .N spC R y d y0.5d ; N1 A d c t
s 2 2w xŽ .N spC R y d q0.5d , (9)2 A d c t

BsC s , (10)A L f Sj j8

B being the molar concentration of bound acceptor,
L is the total lipid concentration,f and S arej j

mole fraction and mean area per molecule, respec-
tively, of the jth lipid species constituting the
membrane.

2.2. Orientation factor problem

Under given conditions(polarity, degree of
motional freedom, anisotropy of chromophore
microenvironment) any donor–acceptor pair is
characterized by a certain distanceR at which the0

rate constant of energy transferk is equal to theT

rate of the donor fluorescence decayt in they1
D

absence of acceptorw10x. According to Forster’s¨
theory this parameter(Forster radius) is related to¨
spectral characteristics of the donor and acceptor
as follows:

2Ž .9000 ln 10k Q JD
6R s ,0 5 4128p n NA

`

y4F (n)´ (n)n dnD A|
0

Js (11)`

F (n)dnD|
0

wherek is the orientation factor,J is the spectral2

overlap integral,F (n) is the donor emissionD
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Fig. 2. The angles introduced by Dale et al.w30x in obtaining
the dynamic average value of orientation factor(Eqs.(21) and
(22)).

spectrum,́ (n) is the acceptor absorbance spec-A

trum, n is the refractive index of the medium, and
N is Avogadro’s number.A

The orientation factor, characterizing the relative
spatial orientation of the donor and acceptor tran-
sition dipoles, is given by
2 2Ž .k s cosu y3cosu cosu , (12)T D A

whereu is the angle between the emission tran-T

sition moment of the donorD and the absorption
transition moment of the acceptorA, u and uD A

are the angles between these moments and vector
R joining the donor and acceptor. The angleuT
can be further expressed in terms of the dihedral
anglef between the planes(D, R) and(A, R):

cosu ssinu sinu cosfqcosu cosu , (13)T D A D A

then
2 2Ž .k s sinu sinu cosfy2cosu cosu . (14)D A D A

As follows from Eq.(12), orientation factor can
attain any value between 0 and 4, the minimum
value corresponding to perpendicularly oriented
donor and acceptor dipoles and the maximum one
characterizing the case when these dipoles are
parallel and identically directed. Due to consider-
able complications in experimental or theoretical
evaluation of orientation factor it is a common
practice in the RET studies to putk to be equal2

to 0.67. This value is valid for the isotropic and
dynamic averaging conditions, when the donor and
acceptor dipoles can adopt all orientations(isotro-
pic condition) in a time short compared with the
transfer time(dynamic averaging condition).
Eqs.(12)–(14) hold for the donor and acceptor

whose transition moments do not experience any
reorientations during the transfer time. Alternative-
ly, for the rapidly tumbling donors and acceptors
the dynamic average value of orientation factor
(Nk M) should be introduced. The formalism for2

obtaining this value has been described in detail
in the early work of Dale et al.w30x. On the
assumption of the limited orientational freedom of
donors and acceptors it has been postulated thatD
and A exhibit random reorientation within cones
about certain axesD andA (fixed with respectx x

to the intramolecular coordinate system) in a time
shorter than transfer time(‘wobbling in cone’

model). In this case the chromophore orientation
can be described in terms of three angular para-
meters—u , the cone half-anglesc , and theD,A D,A

azimuthal anglesg (Fig. 2), related by theD,A

following expressions:

fsFqf yf , (15)A D

sinu sinf ssinc sing , (16)D,A D,A D,A D,A

cosu scosQ coscD,A D,A D,A

qsinQ sinc cosg , (17)D,A D,A D,A

sinu cosf ssinQ coscD,A D,A D,A D,A

ycosQ sinc cosg .D,A D,A D,A

(18)

Combining Eqs.(15)–(18) with Eq. (14) and
averaging over the azimuthal anglesg withD,A

N M N M N Mcosg s sing s cosg singD,A D,A D,A D,A

s0, (19)

2 2
N M N Mcosg s sin g s1y2 (20)D,A D,A

permit the dynamic averagek value to be derived:2

2 x2 x x x x
N M N MN M N M N Mk sk d d q1y3 1y d q1y3 1y dŽ . Ž .D A D A

2 x x
N M N MqcosQ d 1y dŽ .D D A

2 x x
N M N MqcosQ d 1y d , (21)Ž .A A D

in which

x2 2Ž .k s sinQ sinQ cosFy2cosQ cosQ (22)D A D A
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Fig. 3. Wobbling in cone model applied to membrane probes.
Transition moment vectors of a donor(D) and an acceptor(A)
have axially symmetrical distributions about their mean ori-
entationsD andA , respectively.x x

Fig. 4. Dependencies of dynamically averaged orientation fac-
tor on the angleu between the bilayer normal and vectorRi

joining donor and acceptor. Pairs of axial depolarization factors
(d ,d ) used inNk (u)M calculation are shown in parentheses2

A D

next to the curves. Straight heavy dash-dot line corresponds to
d sd s0.D A

is the axial orientation factor defined for the axial
(mean) orientationsD and A while Nd M andx

x x D

Nd M (also referenced asd andd below) are so-x
A D A

called axial depolarization factors
x 2

N M N Md s3y2 cosc y1y2, (23)D,A D,A

related to the steady stater and fundamentalr0
anisotropies of donor and acceptorw30x:
x 1y2Ž .d s" r yr . (24)D,A D,A 0D,A

Intramolecular energy transfer commonly occurs
between the donor and acceptor attached to the
substrate molecule in a unique way, so that every
donor–acceptor pair in the sample appears to be
placed in the same conditions. However, this is
not the case for the donors and acceptors located
in membrane where RET exhibits several peculi-
arities. First, there is no fixed distance between
donors and acceptors but certain distribution of
distances(Eq. (5)). Second, if the characteristic
times of the chromophore rotational diffusion in
fluid membrane are much shorter than the donor
lifetime in the presence of acceptors,D and Ax x

should be parallel to the bilayer normal(Fig. 3).
Indeed, since the membrane(modeled as an infi-
nite plane) has a trivial axial symmetry with its
normal being the symmetry axis, on the time scales
much greater than the rotational diffusion rate the
orientations of chromophore molecule will be
mainly distributed symmetrically about the bilayer
normalw34x. Third, for a given donor-acceptor pair
the anglesQ andQ formed byD andA withD A x x

R are equal and depend on D–A separation(Figs.

2 and 3):

Q sQ su, usf(R). (25)A D

Taking into account the above rationales Eq.
(21) can be rewritten asw31x:

2 x x 2 x2Ž .N M N MN M N Mk (u) s d d 3cosuy1 q1y3 1y dŽ .D A D
x 2

N Mq1y3 1y d qcosuŽ .A
x x x x

N M N MN M N M= d y2 d d q d . (26)Ž .D D A A

Thus, orientation factor appears to be a function
of the angleu and, therefore, ofR, since

2B Ed .0.5dc t2 C Fcosus , (27)
RD G

in which signs ‘y’ and ‘q’ correspond to the
donor located in the upper or lower plane, respec-
tively. Typical dependencies of(dynamic) average
orientation factor on the donor–acceptor separation
or, equivalently, on are shown in Fig. 4. It shouldu

be noted that these functions are mainly non-
monotonic, ‘crinkling’ about their respective mean
values lying between;0.5 and;1.5. Further-
more, as will be discussed below, almost all the
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Fig. 5. The angular relationships corresponding to the case
when symmetry axis of donor reorientationD is parallel tox

bilayer normalN, while the acceptor transition moment is dis-
tributed about normal to the plane making anglea with the
membrane surface.z andz9 are azimuthal angles defining the
orientation of transfer vectorR andA , respectively.i x

values ofk corresponding to 0(u-py2 contrib-2

ute to the overall energy transfer since for the
most cases in practice arccosN(d "0.5d )yR N isc t d

close topy2.
Thus Eq. (8) can be modified to adopt the

distance-dependent orientation factorNk (R)M:2

Rd r 6B Ew zR02x |C FŽ . Ž .I l s exp ylk R1,2 | y ~RD GNd .0.5d Nc t

B E2R
C F= dR, (28)2 2Ž .R y d .0.5dD Gd c t

here Forster radius is represented asR s60¨
k (R)Ø(R ) , R s979(n Q J) (cf., Eq. (11)).2 r 6 r y4 1y6

0 0 r D

All the above considerations provide a theoreti-
cal background for analyzing one particular case
of interest when energy transfer takes place
between membrane-incorporated fluorescent probe
as a donor and the protein chromophore(e.g. heme
or covalently attached label) as an acceptor
w22,35x. Assuming that the protein has certain
specific orientation with respect to the bilayer, the
general model presented above can be easily
extended to describe such situation. In this case
the axis of acceptor distributionA , being perpen-x

dicular to the plane of the protein chromophore,
makes an anglea with the bilayer normalN (Fig.
5). The azimuthz9 describes the protein rotation

about the bilayer normalN, whereas the azimuth
z characterizes the direction from the donor toward
a given acceptor and therefore it will be different
for different acceptors surrounding the donor.
Using the averaging procedure proposed by Dale
et al. w30x it can be shown that in this case the
dynamic average value of the orientation factor is
also described by Eqs.(24) and (25) provided
that the following substitution is made:

B E3 1x 0 2C FN M N Md s d Ø cosay . (29)A A 2 2D G

HereNd M stands for the axial depolarization factor0
A

associated with intramolecular reorientations about
A while the term(3y2cosay1y2) represents the2

x

additional depolarization factor due toA deviationx

from the membrane normal. Particularly, in the
case of heme acceptor, which is commonly treated
as a planar oscillatorw33x, Nd M equalsy1y2 since0

A

c spy2. In the averaging procedure the follow-A

ing relationships were utilized in addition to Eqs.
(15)–(18) (Fig. 5):

cosQ scosacosQ qsinasinQ cosz9, (30)A D D

cosascosQ cosQ qsinQ sinQ cosF. (31)A D A D

The initial expression Eq.(14) was averaged over
g , g , andz9 using the identities(w19,20x) togeth-D A

er with the equivalent expressions forz9. Alterna-
tively, Eq. (29) can be obtained by direct
application of Soleillet’s theorem, stating the mul-
tiplicativity of independent depolarization factors.
It should also be noted that the above derivation

has been performed in the dynamic averaging
limit, thus implying that the rotational diffusion of
the membrane-bound protein(the acceptor) is
much faster than the energy transfer. Otherwise,
the orientation factor will also depend on the
azimuth z9 between the planes(N, A ) and (N,x

R):
2 Ž .N Mk sf R,a,z9 . (32)

The exact expression forNk (R,a,z9)M can be2

obtained by substituting
x2 2Ž .k s cosay3cosQ cosQ (33)D A

into Eq.(21) and then expanding cosQ accordingA

to Eq. (30). In order to averagek in this case2
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Fig. 6. Dependence of relative quantum yield of the donorQr

on the dimensionless acceptor(surface) concentrationC Rs 2
A 0

and dimensionless acceptor plane separation from the bilayer
centerd yR calculated numerically according to the presentc 0

model in the limit of both isotropic and dynamic averaging
(i.e. d sd s0, k s0.67,R sconst). The distance between2

D A 0

the two donor planes was 0.8R .0

Eq. (28) should be rewritten as:
R 2pd w

2xŽ . Ž .I l s exp ylk R,a,z91,2 | | yNd 0.0.5d Nc t

r 6B E zR0 |C F= ØW (R)dz9dR. (34)1,2
~RD G

Application of this model to analyzing the
experimental data requires the following experi-
mental tasks to be performed:(1) determination
of the donor quantum yield in the membrane
environment, needed for the calculation ofR ; (2)r

0

estimation of bound acceptor surface concentra-
tion; (3) measuring the relative quantum yieldQr

as a function of the acceptor concentrationC ,sA
and; if possible,(4) evaluating the donor and
acceptor depolarization factors. Finally, the struc-
tural parameterd can be derived by least squarec

fitting of the theoretical curves calculated using
appropriate model parameters to the measured
dependenciesQ (C ).s

r A

3. Results

Shown in Fig. 6 are the quenching profiles
illustrating the dependence of RET efficiency or,
equivalently, relative quantum yield of the donor
on the acceptor distance from the bilayer center.
These profiles were obtained by numerical integra-
tion of Eqs.(7)–(10) assuming that both isotropic
and dynamic averaging conditions are satisfied
(i.e. k s0.67) and varyingd yR ratio from 0 to2

c 0

2. Increasing this ratio results in the lowered RET
efficiency with Q values being rather insensitiver

to variations in the distance between the two donor
planesd .t
Next, it seems of significance to assess how

consideringk as a function of the donor–acceptor2

distance(or angle u) and depolarization factors
d andd rather than a parameter attaining uniqueD A

value, would affect theQ (d ) dependencies. Pre-r c

sented in Fig. 7 are the sets ofQ vs. d plotsr c

(dotted lines) calculated allowingd and d toD A

vary over the widest possible limits(from y0.5
to 1.0). By excluding unrealistic cases of consid-
erably immobilized donors and acceptors where
d andd are close to unity, these curves are seenD A

to be confined to a certain region restricted by the

upper and lower envelopes(heavy solid lines)
corresponding to the maximum and minimum Qr

values derived for given acceptor surface concen-
tration and the distance between donor arrays.
Importantly, the average width of such region,
reflecting the proximity of theQ (d ) plots, isr c

characterized by a clear dependence on the sepa-
ration of the donor planes(different panels in Fig.
7). Comparison of these plots shows that, for a
particular case ofR s3.0 nm, the narrowestQ0 r

limits are observed atd ;2–2.4 nm. This findingt

made us assume that there exist certaind yRt 0

limits in which Q (d ) plots exhibit the closestr c

proximity, thus allowing one to minimize the error
in d estimation resulting from taking the isotropicc

k value (0.67) instead of using experimentally2

measuredd andd parameters.D A

In view of this the following step of numerical
simulation was aimed at recovering the depend-
ence of the accuracy ofd estimation(Dd yR ) onc c 0

such parameters asd yR and d yR . Note that int 0 c 0

obtaining simulation results we mainly utilized the
dimensionless separationsd yR andd yR as wellt 0 c 0
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Fig. 7. Relative quantum yield of the donorQ as a function of the acceptor plane separation from the bilayer centerd (dottedr c

lines) calculated for different parameter sets. The acceptor surface concentration was kept constant(C s0.03 nm ), andR wass y2 r
A 0

chosen to be . The distance between the two donor planesd was varied from 0.3 to 4.0 nm(panels A to F). Each(3y 0.67(3.2nm t

set of curves was obtained by varying the depolarization factorsd andd from y0.5 to 1. Shown with heavy solid lines are theD A

envelopes to the sets of curves, representing the bounds of uncertainty due to unknownd andd at a givend . Note that forQr D A c

calculation of the envelopes the rangesy0.5%0.9 for d and d were used. The curves corresponding tok s0.67 are stressed2
D A

(heavy dash-dot lines).
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Fig. 7 (Continued).

Fig. 8. (A) Typical graph used for obtaining the error ofdc
estimation(Dd ) as a function ofd and d . The upper andc t c

lower curves restrict the range of values calculated withQr

d and d varying fromy0.5 to 0.9, while the dotted curveD A

corresponds tok s0.67. Intercepts of horizontal lines with2

curves 1, 2, 3 yield thed valuesd , , d that were usedd̄c 1 2

subsequently to calculate . All distances¯Dd sf(d)sd ydc 2 1

(including Dd ) are expressed inR units; (B) Contour plotc 0

for d andd sets corresponding to different errors inDd esti-t c c

mation. Acceptor concentrationC R s0.4.s 2
A 0

as dimensionless surface concentrationCsC Rs 2
A 0

to make the model independent ofR and, there-0

fore, to generalize the analysis for any pair of

chromophores characterized by specificR . Anal-0

ysis of the results presented in Fig. 8 shows that
in certain area corresponding tod yR and d yRt 0 c 0
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values lying between approximately 0.6–1.2 the
error in d estimation is characterized by a clearc

minimum.

4. Discussion

In analyzing the above simulation results it
seems of significance to point out several essential
aspects of energy transfer in membranes. The first
aspect concerns the contribution of orientational
effects to the RET efficiency. In the case of
intramolecular energy transfer each donor–accep-
tor pair is characterized by a certain dynamic
average orientation factor. A different situation
occurs in the systems where donors and acceptors
are distributed over separate planes and energy is
transferred from a donor to an ensemble of accep-
tors. As illustrated in Fig. 4, in this casek shows2

explicit dependence on the angle between the
bilayer normalN and the transfer vectorR, i.e.
k values will be distinct for the acceptors residing2

at different distances from a donor. One conse-
quence of this fact involves rather low sensitivity
of the relative quantum yield of a donor to the
degree of the chromophore rotational freedom. For
instance, as can be seen in Fig. 7, varying thedD
andd values in the widest realistic limits(y0.5A

to 0.9) results in theQ changes not exceeding 0.3r

in the worst case ofd sd s0 (all donors andt c

acceptors are confined to the same plane). From
mathematical point of view this fact could be
explained in the following manner. Since thek (u)2

dependencies are non-monotonic(Fig. 4), the con-
tributions from thek values being higher and2

lower than 0.67 to some extent compensate each
other thus causing the calculated quenching pro-
files to approachQ value corresponding to isotro-r

pic conditions(k s0.67). Interestingly, this fact2

manifests itself in Fig. 7. Indeed, in each plot one
can see a region aroundd sd y2 showingc t

enhanced dependence of RET efficiency ondD
and d , which results from the elimination ofA

orientation factor dependence(Eq. (27)) on D–A
separation for one of the donor planes(in this case
the donor plane coincides with the acceptor plane
andusconstantspy2).
The second aspect of the problem being scruti-

nized concerns the errors in the quantitative inter-

pretation of RET data, stemming from the common
practice of takingk s0.67. In this context it is2

reasonable to distinguish the errors introduced by
the non-ideality of experimental procedure and
those associated with uncertainty in the parameters
of theoretical model employed. The reliability of
steady state experimental data is determined by
the accuracy of fluorescence intensity measure-
ments, which reaches"3y5% in the most well-
designed experimentsw10x, as well as by the error
in the estimation of acceptor surface concentration.
On the other hand, the most widely discussed
drawback of RET models is the uncertainty in the
relative orientation of the donor and acceptor
transition moments and, consequently, in the ori-
entation factor. The results presented here(Fig. 7)
show that in membrane systems there exist certain
combinations of parametersd yR and d yR att 0 c 0

which the uncertainty introduced by the model
(when the donor and acceptor axial depolarization
factors are allowed to take any value in the range
from y0.5 to 0.9) is less or comparable with the
minimum experimental error.
The third important aspect concerns the possi-

bility of minimizing the uncertainty in estimating
the acceptor membrane location by choosing the
most appropriate donors. As follows from the
results presented in Fig. 8, the maximum accuracy
of d evaluation could be achieved when thec

acceptor distance from the bilayer center is close
to the separation of the donor planes(d –d ) andc t

d to R ratio lies between 0.6 and 1.2. Given thatt 0

for the most donor–acceptor pairs employed in the
membrane studiesR falls in the range 2–4 nm0

w11x, the latter condition implies that membrane
location of the acceptor whosed is less than 1.2c

nm could not be evaluated with desirable confi-
dence. If it is necessary to ascertain the bilayer
position of a given acceptor the donors employed
are required to be:(i) uniformly distributed
between the outer and inner membrane leaflets;
(ii) confined to the parallel planes with known
separation; (iii ) characterized byd yR valuest 0

lying between 0.6 and 1.2. The first requirement
is supported by the data shown in Fig. 8, indicating
that asd yR value approaches zero the errors int 0

d estimation significantly increase. It is also note-c

worthy that using the donors distributed between
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the outside and inside of the bilayer permits the
acceptor distance from membrane center to be
evaluated unequivocally, while in the case of the
donors restricted to one monolayer additional
information as to the side of the donor array facing
the acceptors is needed.
In conclusion, it seems of importance to draw

attention to several principal issues concerning the
application of RET method in recovering the
proximity relation in membranes. In two-dimen-
sional systems containing donors and acceptors
confined to separate planes the contribution of
orientational effects to energy transfer efficiency
proved to be substantially lower than that observed
in the case of intramolecular RET. This essential
feature of RET in membrane originates from the
involvement of a number of acceptors in the energy
transfer from a given donor and varying the ori-
entation factor value with the donor–acceptor dis-
tance. Peculiar orientational dependence of
membrane RET appears to be conductive to the
existence of experimental conditions under which
the error in distance estimation resulting from the
unknown depolarization factors of chromophores
and using the isotropick value would be2

minimum.
The RET model presented here is valid for a

particular case of two donor planes separated by a
fixed distance and one acceptor plane. The afore-
mentioned theoretical approaches and practical rec-
ommendations may prove of usefulness in
elucidating the acceptor location in the systems
with such chromophore distribution.
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