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ABSTRACT A general method for estimating fluorescence resonance energy transfer between
distributions of donors and acceptors on surfaces is presented. Continued fraction approxi-
mants are obtained from equivalent power series expansions of the change in quantum yield in
terms of the fluorescent lifetimes or the steady-state fluorescence. These approximants provide
analytic equations for the analysis of energy transfer and error bounds for the approximants.
Specific approximants are derived for five models of interest for membrane biochemistry: (a)
an infinite plane, (b) parallel infinite planes, (¢) the surface of a sphere, (d) the surfaces of
concentric spheres, and (e) the surfaces of two separated spheres. Recent experimental results
in the literature are analyzed with the equations obtained.

INTRODUCTION

Fluorescence energy transfer is a well-established technique for determining distances in
biological systems (1,2). In most applications a single energy donor specifically located on a
macromolecule transfers its electronic excitation energy to a single energy acceptor at another
specific location. Studies in which multiple donors and acceptors are present have also been
carried out (cf. references 3 and 4). Recent studies with membranes and phospholipid vesicles
have shown that topographical information can be obtained from energy transfer measure-
ments when a distribution of donors transfers energy to a distribution of acceptors. For
example, acceptor surface densities can be determined using randomly oriented donors and
acceptors on a membrane or vesicle surface (5-7). This may be useful in studying processes
such as phase separations, antibody-receptor clustering, and membrane fusion. Energy
transfer between a tryptophan residue on cytochrome b; and lipids in phospholipid vesicles has
been used to determine the distance between the fluorophore and the vesicle surface (8). The
location of specific polypeptide chains of the ATP synthesizing complex from chloroplasts
relative to the membrane surface has been studied using polypeptide specific fluorescent
antibodies and lipid analogues as energy acceptors (9). These few quantitative studies indicate
that fluorescence energy transfer measurements can be a valuable tool in membrane biology.

The theory for energy transfer between distributions of donors and acceptors on surfaces
has been based on the work of Forster (10), and application of the theory in its most general
form requires extensive numerical integrations (5,6). Relatively simple analyses have been
derived for limiting ¢ases where the distance of closest approach of acceptor and donor is
either very long (5) or very short (11). Other theoretical analyses have used various
approximations (7,12), but analytical expressions of general validity have not yet been
presented. In this work, close approximations to the exact theory are developed for the
calculation of energy transfer between distributions of surface donors and acceptors that are
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valid over a wide range of conditions and can be readily applied to experimental situations.
Both fluorescence lifetime and steady-state measurements are considered, and simple analyti-
cal expressions are presented for several specific models. Moreover, upper and lower bounds
for the energy transfer can be readily calculated from the approximations. The approach used
allows the derivation of simple, accurate approximants and their error bounds for a variety of
specific energy transfer problems.

Measurement of Energy Transfer

The most convenient measures of energy transfer are the steady-state quantum yield of the
energy donor and the fluorescence lifetime of the energy donor. When multiple energy donors
and acceptors are present, the fractional change in quantum yield due to energy transfer can
be written as (cf. reference 2)
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where Qp, is the observed quantum yield in the presence of energy acceptors, Qp is the
observed quantum yield in their absence, ry, is the fluorescence lifetime of the donor in the
absence of energy transfer, k,; is the rate constant for energy transfer, 2, is the summation
over all acceptors, and Z; is the summation over all donors. The Forster theory of singlet-
singlet resonance energy transfer shows that (13)

k!ij = (ROij/Rij )6/70, (2)
where R, is the distance between the jth donor and ith acceptor and
Roi; = 9.79 x 10° (x5 J,;Qpn*)' ¢ A. 3)

Here n is the refractive index of the medium, Qp is the quantum yield of the energy donor, J;;
is the overlap integral of the donor emission and acceptor absorbance, and «;; is the orientation
factor for dipolar coupling between donor and acceptor. The overlap integral is defined as

f F;(\)¢;(MN*dX
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where F; is the corrected fluorescence emission spectrum of the donor, ¢ is the extinction
coefficient of the acceptor, and A is the wavelength. In this work, we assume that the spectral
properties of all donor molecules are identical in the absence of energy acceptors and that the
spectral properties of all acceptor molecules are identical so that only a single overlap integral
exists. These approximations are valid for the experimental conditions normally encountered.
Furthermore, we assume «j; is identical for all donor-acceptor pairs; this assumption is not
strictly necessary, as is discussed later. With these assumptions, the subscript ij on Ry is
superfluous, and Eq. 1 can be written as
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If fluorescence lifetimes are measured experimentally rather than steady-state quantum
yields, the observed time dependence of the fluorescence, ( F(?) ), is averaged over all donors
and can be written as

(F(t))ae "™ (e Zkut ), (6)

where ( ) indicates ensemble averaging, ¢ is the time, and, as before, k,; = (R, /R,-,-)‘/TD. In
practice, the complex time dependence of the fluorescence implied by Eq. 6 is difficult to
assess experimentally. Instead, the fluorescence decay is usually analyzed in terms of the
empirical equation

F(t) =) A,e'm, (N

where A4; and 7, are experimentally determined parameters. Ascribing individual relaxation
times obtained from the use of Eq. 7 to specific molecular processes is virtually impossible for
complex systems. This dilemma is avoided if the relaxation times are regarded as curve-fitting
parameters, and an average lifetime, 7,v, is defined as

Tav = ZAIT:‘/Z A, (8)

then 1,y is equal to the area under the normalized plot of F(¢) versus ¢. This area is
proportional to the quantum yield, and

TavDa % )
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Thus, in principle, measurement of average lifetimes and quantum yields are equivalent. The
ratio Qpa/Qp can be expressed in terms of Eq. 6 by recalling that the steady-state
fluorescence is the time dependent fluorescence integrated over time:

% = L fm c"/’n (e—zl(Ro/R.‘/)a’/fn)dt. (10)
O m%°

General Expansions and Approximants

In this section general approximants are derived for Qp,/Qp from Egs. 5 and 10 when
uniform distributions of energy donors and acceptors are present on a surface. The steps in the
development are as follows. Firstly, Qp./Qp is represented as a power series (which is not
necessarily convergent). Secondly, Qpa/Qp is represented as a continuous fraction related to
the power series; this representation converges rapidly and gives both upper and lower bounds
for Qpa/Qp- The application of these results to specific cases is given in the next section.

The approximation by a power series of Qp, /Qp as given by Eq. 10 is considered first. If a
uniform distribution of donors and acceptors on a surface is assumed, the summations are
replaced by integrals, and the surface area and number of donor molecules on the surface are
large, Eq. 10 can be written as (5)

Ooa 1| r-
Q_ = T_ £ e—l/ine—vS(l) d[
D D
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with
S@) = _/;(1 — e UmR/RY G P, (11)

In Eq. 11, ¢ is the surface density of energy acceptors, dP is the probability the acceptor and
donor are located a distance between R and R + dR apart, and the integration is over the
surface. (Note that k, is set equal to (R,/R)%/7p). Eq. 11 is a Laplace integral and can be
written as a power series in 7 (cf. reference 14):

Oor _ (8" e“s‘”)
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=l = +uy—ps... (13)

Since S(0) = 0, the final series begins with unity and then has terms alternating in sign. The g,
are defined by Eq. 12. This reduces the problem to one of finding expressions for the
derivatives of S at one point, ¢ = 0. This can be done by expanding the exponential in the
expression for S(z), which gives

s [ ES T (e

Tp

Explicit calculation of the first few terms in Eq. 13 gives

Qor/Q> = 1 — a  (Ro/R)*dP

+
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An equivalent expansion of Eq. 1 can be carried out.
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If a uniform distribution of donors and acceptors on a surface is assumed and the summations
are replaced by an integral,

Oox .
Q—‘;=1-U_£(R0/R) dp

+ aL (Ry/R)dP + &*

L (Ro/R)“dPH —an

As required, Eqs. 15 and 17 are identical. This shows the power series expansions of Egs. 1
and 10 are the same, although the expansion for Eq. 10 is easier to use.

The moment expansion by itself is not very useful in approximating Qpa/Qp. These
expansions do not always converge; this is the case when Ry > R. However, continued fraction
approximants to Qp,/Qp are much better behaved. A moment expansion like Eq. 13 can be
represented as a continued fraction (15)

Ooa __a
O l+a

l+a3

1+a4
T+ - (18)

The o's are determined by the requirement that the formal expansion of the continued
fraction have the same coefficients as the moment expansion. The first few a’s are:

o = 1
ay = py
M2 —I’-f
ay =
My
2
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Approximants to Qpa/Qp are obtained from the truncated continued fraction, A,, by setting
Qpyy = Qyyq = . . . = 0. These approximants have a useful property which allows error bounds
to be calculated. The even approximants form a nondecreasing sequence of lower bounds,
while the odd approximants form a nonincreasing sequence of upper bounds. The best
approximant is the average of the highest order odd and even approximants, 4,,,:

1
An.n+l =5(An + An+l)- (19)
The error, ¢, for this approximant is

1
€nnsl = 5|An+l - Anl (20)
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Thus, in addition to providing approximants for Qp,/Qp, this technique also allows an
evaluation of the error of the approximation.

Applications of the General Theory
We now apply the results of the previous section to five particular models of practical interest:
energy transfer between uniform distributions of energy donors and acceptors on an infinite
plane, on two parallel infinite planes, on the surface of a sphere, and on the surfaces of a
spherical bilayer; and energy transfer between a uniform distribution of energy donors on the
surface of one sphere and a uniform distribution of acceptors on the surface of another
sphere.

INFINITE PLANE  For a uniform distribution of energy donors and acceptors on an
infinite plane, dP = 2rRdR. If the distance of closest approach of a donor and acceptor is L
and the maximum separation of donor and acceptor is infinity, Eq. 14 can be written as

so - [ Z( )M(T’D)"(%)anmdk

(- 1)"+l Ro\*"~* 27R}
—Z (TD) (L) (6n—2)° (21)

Use of Eqgs. 12, 18, and 21 permits calculation of the approximants for Qp./Qp. The first
three are

A, - [1 + 9%&%(%)4]_1 (22)
2\ [Ro\$
e

a,\ (2 Ro)" a,woR} (Ro)4
1 2242 [ 2o 21770 f e
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For the infinite plane a, = @, = a; = 1, but these factors will be useful in discussing other
models.

To illustrate the validity of the approximants derived, Qp./Qp is plotted versus aR} for
several values of R,/L. The lines are exact solutions obtained by numerical integration or
from the tables of Wolber and Hudson (11). The points are the approximants A,, 4,,, and
A, 4. The convergence of the approximants to the actual curve is apparent. The approximant
A, is the limiting value of Qp,/Qp when R, « L (cf. reference 5). The range of validity of the

approximants depends on both Ry/L and oR}. For aR} = 0.5, A4, is a good approximation for
Oba/Qp if Ry/L < 1.4. For oR} = 0.5 and R,/L = 2.0, A,; is ~ 50% higher than the actual

As

(24)
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FIGURE 1 Relative quantum yield, Qp./Qp, versus aR3 for randomly oriented energy donors and
acceptors on an infinite plane. Qp, is the quantum yield in the presence of energy acceptors, Qp is the
quantum yield in the absence of energy acceptors, ¢ is the surface density of energy acceptors, and R, is
defined by Eq. 3. Solid lines, numerical integration of Eq. 11; O, A4,; O, 4,,; ®, 4,,.
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FIGURE 2 Models for energy transfer calculations: (A4) infinite parallel planes separated by a distance h;
(B) sphere of radius r,; (C) concentric spheres with an inner sphere of radius r; and an outer sphere of
radius 7,; and (D) spheres of radii a and b whose centers are separated by a distance L. R is the distance

between an energy donor and acceptor.
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value of Qpa/Qp; As4is ~ 25% higher than the actual value. The values of Qp,/Qp, versus o R}
are also shown for the limit where L « R,. A simple series approximation for this case has
been derived (11). The results presented indicate that continued fractions give a good
representation of Qp, /Qp over a wide range of values of ¢R} and R,/ L, but that as ¢ R} and /or
R, /L become large, approximants of high order are necessary. Also, present experimental
limitations require that Qp,/Qp < 0.95 for reliable measurements. Thus the curve for R,/
L = 0.5in Fig. 1 is at the limit of experimental feasibility (or somewhat beyond) for the range
of aR2 considered.

PARALLEL INFINITE PLANES Models with different geometries can be easily treated
with the methodology developed. Several possible models are illustrated in Fig. 2. For the
infinite planar bilayer (Fig. 2 A), two possibilities are considered. If the energy donors are
uniformly distributed on one plane and the energy acceptors on the other, the analysis is
identical to that for the single infinite plane, except that the distance of closest approach L is
now the distance between the planes, A. If the donors and acceptors are uniformly distributed
on both planes, two contributions to energy transfer exist, one for energy transfer within a
plane and one for energy transfer between planes. In this case

S(0) = 8,(1) + 8,00

where

o (—1)"“(1)" 21‘.R(2) (R0)6n—2
S'(’)‘n)_:l a \rg) 61— 2\L

[ 2

Tp 6” - 2 h ’

where S,(#) is due to energy transfer within a plane and S,(¢) is due to energy transfer
between planes. These two sums can be combined to give

© (_l)n+l t\" 21rR(2, (Ro 6n-2

l)n+l
n!

s, -3 &

with

L 6n-2
=1 —
a-1+(5)

and the approximants to Qp,/Qp are as given by Eqs. 22-24. The range of validity of the
approximants is similar to that for the single infinite plane if & = L.

SPHERICAL SURFACE  For a uniform distribution of energy donors and acceptors on
the surface of a sphere of radius r, (Fig. 2 B),

S(t) - ’/;' (1 _ e—(l/ro)(Ro/R)‘)zﬂ,RZ sin 0d0, (26)
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where 8, is the angle of closest approach. From simple geometry
R =2r2(1 — cos 8)
cos 8, = (1 — L?/2r2).
Expanding the exponential and integrating gives
a,=1—(L/2r)%"2 27

The validity of the approximants again is similar to that for the infinite plane, since L/2r, < 1
for cases of practical interest.

SPHERICAL BILAYER  For a uniform distribution of energy donors and acceptors on
the surface of two concentric spheres (Fig. 2 C), four contributions to energy transfer must be
considered: energy transfer between donors and acceptors on the same surface and between
donors and acceptors on the two different surfaces. The contributions due to energy transfer
on the surface of the external sphere are given by Eq. 27. The contribution due to energy
transfer between donors on the external surface and acceptors on the internal surface can be
calculated by referring to Fig. 2 C.

Again S(2) is given by Eq. 26 but now

R = (rl+ r} — 2r,ricos8)
dP = 2xrisinfdé
and 6, = 0. Expansion and integration as done previously gives

1 1

__ J6n-2 . _
e S R i

(28)

For the donors on the external sphere the coefficients a, for the complete expansion are the
sum of Eqgs. 27 and 28. If the surface on the internal sphere has the same density of donors and
acceptors as the external surface, coefficients identical to Eqs. 27 and 28 are obtained, except
that r, and r; must be interchanged. Before combining the four coefficients, one must take into
account that the surface area of the external sphere is greater than the surface area of the
internal sphere. The fraction of donors on the external sphere is r2/(r? + r?) and that on the
internal sphere is 77 /(r2 + r?). When the coefficients a, are multiplied by these fractions, the
coefficients that include all contributions to energy transfer are

el rfr) __fr)
- B e e
ri2 1 (ri/re) (’i/re)
A REn™ - s r)” @

SEPARATED SPHERES One further case of practical interest is considered, namely,
energy transfer between a uniform distribution of energy donors on a sphere of radius a and a
uniform distribution of energy acceptors on a separate sphere of radius b (Fig. 2 D). The
centers of the two spheres are separated by a distance L and L - (@ + b) > 0. An approximate
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solution to this problem has been presented previously (9). The appropriate series expansion of
QOpa/ b is given by Eq. 16. In this case consecutive integrations must be done over the donor
and acceptor spheres. Thus

I
NARgfsA LDFdSAdSD
My = ’

L A L  dS,dS,

where N, is the number of acceptors on the surface of the sphere and dS, and dSy, are the
surface differentials for the acceptor and donor spheres. Integration over the acceptor sphere
can be readily carried out with the relationships dS, = 27b? sin 6df and R* = r* + b* — 2br
cos 6:

‘ll 2 -
NARg-LD-/t)- F21rb sin 8d8 N.RS

) [ w I
(47b7) (47a?) @ra) J. 7 =5y T =y 95

B =

Integration over the donor sphere then follows with 7 = L? + @* — 2al cos 8 and dS;, = 2xa’
sin 8d6. The final result is

LS~ L%a* + b%) + LZE @b — (b — @)} + (B — @)(a® + b?)

4, = NARS . (30)
LA [L - 2L%(a® + b%) + (b* — a*)*)
The second moment is
NARE r, 2b? 1 L
= ade
K2 5 A [(r2 —bY)* + - bz)sl sin
4 2 1
(e - (§)eor-x (5)or-x
NIRL 7 3 5
_Nako 4 N
4al | y'x yoxe yx |
with
y=L*-b +a +2aL and x=1L7- b+ a® - 2aL. 3n

To illustrate the range of validity of the approximants for Qp,/Qp, the curve obtained by
numerical integration is shown for a particular case together with the approximants 4, and
A, in Fig. 3. The approximant A,, falls quite close to the results of the numerical
integration.

Orientation of Transition Dipoles (*) and Donor-Acceptor Distributions

The explicit assumption has been made that «* is the same for all donor-acceptor pairs.

Customarily «* is assigned a value of 2, the appropriate value when both the donor and
acceptor rotate freely and rapidly relative to the fluorescence lifetime. This assumption is not
likely to produce a serious error in the interpretation of energy transfer measurements,
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FIGURE 3 Relative quantum yield for separated spheres, Qpa/Qp, versus L — (a + b) for the case of a =
b=25A,R, =354, and N, = 100. Qp, is the quantum yield in the presence of energy acceptors, Qp is
the quantum yield in the absence of energy acceptors, R, is defined by Eq. 3, N, is the number of acceptors
on the sphere of radius b, L is the distance between the centers of the spheres, and a and b are the radii of
the spheres (Fig. 2 D). Solid line, numerical integration of Eq. 16; O, A4,; O, A, ,.

because R, depends on the one-sixth power of «*, energy donors and acceptors usually have
some rotational mobility, and multiple electronic transitions are often involved in donor
fluorescence (cf. references 1 and 16). Bounds for «* can be established from fluorescence
polarization measurements; extensive theoretical treatments of this problem have been
developed (cf. references 11 and 17). A similar theoretical treatment can be applied to the
approximants calculated here; the result will be a scaling factor for Ry with upper and lower
bounds. A detailed analysis of this problem is not of practical value at this time.

For most experiments a distribution of acceptor surface densities exists within the system.
The number of acceptors (N, or &) occurs linearly or raised to integral powers in the power
series approximations so that use of a distribution function is not difficult. If the distribution is
Poisson, then the correct values of ¢ and N, to use are the averages, as is normally assumed.
(Note that for a Poisson distribution (N4 ) = (N, )” where p is an integer and the brackets
indicate an average.) The use of a Poisson distribution with the exact equations for Qps/Qp
requires a complex numerical analysis.

DISCUSSION

The approximants developed here offer a practical and general method for estimating energy
transfer between distributions of donors and acceptors on surfaces. In addition to the simple
analytical form of the lower order approximants, this method has the advantage of estimating
error bounds for the approximation. The approximants also are convenient if a specific
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distribution in R;; is used, since the distribution function always is multiplied by 1/R;; raised to
some power, resulting in relatively simple integrals. The approximant A,; generally is
adequate if Ry/L < 1.5. Moreover, reference to Fig. 1 indicates that if Ry/L > ~2, the series
approximation derived for Ry/L — « is adequate (11). To test the utility of the method,
experimental data in the literature were analyzed using Qpa/Qp = A,3. The infinite plane
models were used, since corrections due to radius of curvature are small for the systems
studied.

For energy transfer between small fluorescent lipid labels, distances of closest approach are
~ 10 A. Since most R, values lie between 20 and 40 A, most of the data of Fung and Stryer
(6) for energy transfer between modified lipid molecules on the surface of phospholipid
vesicles can be fit with the series approximation of Wolber and Hudson (11). With this
approximation Qp,/Qp depends only on ¢ and Ry; it does not depend on L. Fung and Stryer
noted that Oy, /Qp was relatively insensitive to the choice of L. Our approximants adequately
fit the data only for the case where Ry = 25.5 A. In this case, a distance of closest approach of
13 A was required. Estep and Thompson (7) studied energy transfer on phospholipid vesicles
using anthracene as the energy donor and perylene as the energy acceptor. Their data are well
described by A4,; with L = 17 A. This is a reasonable distance of closest approach for the
bulky donor and acceptor molecules.

Energy transfer between a tryptophan on cytochrome b and trinitrophenyl or dansyl
acceptors on the surface of a phospholipid vesicle has been measured (8). The distance from
tryptophan to the vesicle surface was estimated to be 20-22 A by use of an approximate
theory (12). With the parallel infinite planes model and A,;, the data are fit best with a
distance of closest approach of 18 A. Energy transfer between a fluorescent donor embedded
~15 A from the outer surface of the red blood cell membrane and hemoglobin bound to the
inside of the membrane has been measured (5). The data were analyzed with the parallel
infinite planes model and the approximation R, « L, which is equivalent to using A4,; a value
of 42 A was obtained for L. A more exact analysis with A, ; gives a value of 34 A for L.

In conclusion, the approximants derived here appear to be useful in analyzing most of the
energy transfer measurements done thus far on membrane-like surfaces.

This work was supported by National Institutes of Health (N.LLH.) grant GM 13292. Dr. Dewey is an N.LH.
Postdoctoral Fellow (GM 07485).
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