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A general model is developed to simulate dipole-dipole resonance energy transfer in spatially restricted systems. At low
concentrations of acceptor molecule, the overall quantum yield of a donor population can be defined quantitatively in terms of
transfer to multiple defined acceptor regions. Energy transfer at higher acceptor concentrations can be approximated by
assuming an exponential dependence of relative quantum yield on the acceptor concentratio..s. Through geometrical
manipulations, this algorithm has been applied using an electronic calculator to systems in which donor-acceptor interaction is
limited by unique steric restriction on donor and acceptor distribution within lipid aggregates. The systems that have been
analyzed include monomolecular films, bilayer membranes. small discoidal lipid-protein complexes and plasma lipoproteins.
The cbserved energy transfer from N-(2-naphthyl)-23.24-dinor-5-cholen-22-amide-383-ol to N-dansyldimyristoylphosphatidyl-
ethanolamine in a dimyristoylphosphatidylcholine bilayer agrees with that predicted by this model.

1. Introduction

The physical structure of membranes, lipopro-
teins and lipid-protein complexes has been studied
with a wide variety of physical techniques, each
with unique limitations and advantages. Forster
resonance energy transfer [1] has been used re-
cently to obtain otherwise inaccessible information
about the structure of these macromolecular as-
semblies [2—-4]. Recently, several numerical and
analytical approaches to energy transfer in two-di-
mensional structures have been published [2,5-8].

Resonance energy transfer is one of several
competitive rate processes involving resonant di-
pole-dipole interactions between donors and suit-
able acceptors. For any set of donors and accep-
tors, the rate constant for energy transfer can be
manipulated experimentally. Energy transfer ef-
ficiency (T) decreases as the sixth power of the
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distance (R) separating the two molecules, as
described by the following equation.

T=(Ro/R)/{1+(Ro/R)®) (0

where R, is a constant for each donor-acceptor
pair and is tne distance at which the transfer rate
equals the donor decay rate [1]. If the donors and
acceptors are randomly distributed, the observed
efficiency for transfer from donor to acceptor is a
function of acceptor concentration, donor quan-
tum yvield, the overlap between donor fluorescence
and acceptor absorption spectra, the intermolecu-
lar refractive index and a molecular orien:ation
parameter [2].

The complex relationships between structure
and chromoghore distribution have severely limited
quantitative or even qualitative interpretation of
energy transfer in many biological systems. In this
paper, we present a simplified general method to
analyze energy transfer in spatially restricted
membrane and lipoprotein systems, with emphasis
on the possible structural inferences that can be
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made about these systems. Exclusion of acceptors
from the area around the donor, separation of
donor and acceptor chromophores, and energy
transfer to acceptors distributed in more than one
region are important determinants of energy-trans-
fer behavior in biological membranes and in lipo-
proteins. Energy transfer from the periphery of
discoidal systems to the interior is developed here
because such structures, containing apoprotein
around the circumference, have been postulated
for nascent high-density lipoproteins. HDL [9],
and some apolipoprotein-lipid complexes [10,11].
Two cases of energy transfer in spherical particles
are considered because of the potential use of
these techniques in obtaining structural informa-
tion about the plasma lipoproteins.

2. Experimental procedures
2.1. Mcterials

3-Acetoxy-N-naphthyl-23,24-dinor-5-cholen-
22-amide [12] was the generous gift of Dr. Yin J.
Kao. The acetoxy group was removed by hydroly-
sis of 400 mg of the compound by refluxing for 30
min with 9.1 1T NaOH in methanol. The reaction
product was precipitated with H,O from the cooled
solution. The powder was filtered, reprecipitated
from CH,OH/H,O and recrystallized at —20°C
from acetonitrile to yieid 340 mg of the crystalline
hydroxy derivative. No fluorescent impurities were
detected by thin-layer chromatography in
hexane/ethyl acetate (7:3. v/v). Natural abun-
dance '"*C-NMR confirmed the structure of
N-naphthyl-23.24-dinor-5-cholen-22-amide-38-ol.
NCAd.

Dimyristoylphosphatidylcholine, DMPC
(Sigma), was purified on a Waters Model System
500 preparative high-pressure liquid chromatogra-
phy system equipped with a refractive index detec-
tor on a silica column developed isocratically with
CHCl;,/CH;OH/H,O (60 :30:4, v/v).
N-Dansyldimyristoylphosphatidylethanolamine
(dansyl-DMPE) [13] was the gracious gift of Dr.
T.C. Chen and was pure by silica gcl thin-layer
chrom-atograrhv in CHCl;/CH,;OH/H,O
(80:20:1, v/v).

2.2. Lipid vesicle prepcrations

Lipids were stored in CHCIl; (Burdick and
Jackson, glass distilled) at —20°C. Aliquots were
evaporated in test tubes under a stream of dry N,
and dried under high vacuum for 1-2h, then
dissolved in absolute ethanol at 5 mg ml~ .

Vesicles were prepared by injection of an
ethanolic solution of phospholipid into buffer with
vortex mixing at 37°C [14]. NCAd and
dansyl-DMPE, when present, were added to the
ethanolic solution in the correct proportions prior
to vesicle preparation. Final ethanol concentra-
tions were 2% (v/Vv).

2.3. Spectroscopic measurements

Fluorescence spectra were collected on an SLM
Model 8000 single-photon-counting fluorimeter
equipped with a Houston Instruments X-Y re-
corder and a GCA /McPherson dual-grating exci-
tation monochromator. Corrections were made for
photomultiplier tube wavelength response in the
calculation of R,. Temperature was controlled with
a Lauda water bath; all solutions were equilibrated
with the instrument temperature for 10 min prior
to measurement of spectra.

For the calculation of R, absorption spectra of
dansyl-DMPE were recorded on a Cary Model 15
dual-beam . pectrophotometer. A solution of iden-
tically prepared but unlabelled vesicles was used as
a blank. The absorption spectrum obtained was
the same as that published by Vaz et al. [15] for
dansylamide in H,O. R, was calculated from the
relationship

Ry =[(161.93xQ) /(=°n*N)]"" )

where x? is the orientation parameter. assumed to
be 2/3; Q the measured quantum yield; n the
refractive index, taken as that of hexane, 1.37; N
Avogadro's number and J the spectral overlap
integral. The effect of the orientation factor (k) is
not considered in the following cases for purposes
of simplicity. Thus. R, is assumed to te identical
for transfer to all acceptor domains. Dale et al.
[16] have critically evaluated the importance of the
orientation factor and have described a methodol-
ogy to obtain estimates of the intrinsic uncertainty
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in the average value of «2 and hence R, without
restrictive assumptions about the orientations of
donors and acceptors in an intramolecular systeni.
J was calculated from the experimental spectra
through the relationship

J=j:°c()\)F(J\)X‘dA )

where €(A) is the molar extinction coefficient of
the energy acceptor and F(A) the relative fluores-
cence intensity of the donor at wavelength A com-
pared to the total integrated emission spectrum.

2.4. Calculations

All repetitive calculations for each of the mod-
els were performed by a Hewlitt-Packard Model
10 programmable desk-top calculator, fitted with
Math-pac, printer, and extended RAM memory
accessories.

3. Theory

When fluorescent molecules are rigidly and
identically coupled in space with chromophore-
bearing sites that can accept excited-state energy
via dipole-dipole resonance transfer, the resulting
donor-acceptor pairs have a characteristic transfer
efficiency, 7. The relative fluorescence yield. Qg,
of the donor population is equal to (1 — 7), where
1 is the fluorescence yield of a population in the
absence of the quencher. When only a fraction F
of the donor population is coupled to an acceptor
molecule in its site, the average relative fluores-
cence yield of the donor population (Qsgr) is
greater than that of the completely coupled popu-
lation. The apparent energy transfer rate constant
for transfer to that acceptor site is diminished
accordingly. The relative fluorescence yield of the
population is an average value, obtained from the
equation
O={1-F)YDH+FU-T) 4)

=1—-FT (5)
where F is the fractional occupancy of the accep-
tor site.

If some individual donors are effectively paired
to only one acceptor in one of n possible acceptor

Qr=1—2_FT,. (6)
i

where F; is defined as the fractional occupancy of
the /th site and 7; the transfer efficiency associated
with that site. In actual energy-transfer systems
with donors to acceptors randomly distributed
within an acceptor domain, the conditicn that the
members of the donor population be effectively
linked to either one or no acceptor is met at low
acceptor concentration. The acceptor domain is
artibrarily divided into ‘sites’ with different 7,
parameters and low acceptor concentrations which
yield small F, values.

These straightforward relationships can be ex-
tended by repetitive mechanical calculation to
simulate energy transfer in systems of restricted
geometry at low acceptor concentration. In the
simplest cases, it is possible to construct an accep-
tor array for each system, which in effect, couples
each member of a donor population to multiple
acceptor regions with known 7 and F, so that all
points within the effective radius of energy trans-
fer are encompassad.

Since each of the multiple acceptor regions must
be given a finite volume or area, transfer efficiency
cannot be strictly equal at all points within each.
With progressive decreases in the size of the accep-
tor-containing regions, it can be shown that the
function converges. In this study, all calculations,
except where noted, are performed with radial
increments 1-2 orders of magnitude smaller than
strictly necessary. It is also necessary in all calcula-
tions to assume a reference concentration of
acceptor (C°) that is sufficiently small so that
none of the donors interact simultaneously with
two or more acceptors. A rigorous solution is
obtained at this reference concentration. The
dependence of relative fluorescence yield effi-
ciency on acceptor concentration C can be ap-
proximated adequately as an exponential function
with the following four assumptions. as described
by Forster [1]. Energy transfer occurs only from
donor to acceptor molecules and the inverse sixth-
power dependence holds. Translational motion is
slow enough so that each transfer process may be
considered at constant distance; whereas molecu-
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lar rotation is considered to be much faster than
transfer, so that x>=2/3 may be used. Forster
notes that these conditions are realized approxi-
mately in solutions of moderate viscosity.

Values for @y at higher experimental con-
centrations are obtained from the relationship
Qr =Qr(C/C) @)

& Is the relative donor fluorescence yvield at the
reference acceptor concentration. It is important
to bear in mind that neither experimental accuracy
nor this exponential relationship holds well when
Qg decreases below 0.2 to 0.3. Energy-transfer
experiments should the. cfore be designed to give
more modest reductions in: fluorescence yield in
order to yield the maximum amount of informa-
tion.

In some systems every member of the donor
population may not be coupled to an identical
acceptor matrix. In these cases, i¢ is necessary to
divide the donors into subsets in which the dis-
tances and orientations of the donor are averaged
dynamically. w’th respect to the acceptor array.
The average relative fluorescence yields for each of
the subsets can then be calculated. A weighted
average relative fluorescence yield for the entire
donor population is calculated as follows:

Q= (F,@r, )+ ( F1.Qr, )+ (Fy,QR.)--- +(F1.Qr_)- (8)

The F; values represent the fraction of the total
Jonor population in each of the n donor regions.
The Qg values are the average relative fluores-
cence yields of the donors in ez:h region calcu-
lated with eqgs. 6 and 7. Conveirgence of the func-
tion can also be demonstrated when the sizes of
the donor regions are progressively decreased The
averaging procedure greatly extends the applicabil-
ity of this techinique, and may represent the only
feasible means of simulating energy-transfer be-
havinr in some systems.

4. Case I — Energy transfer in solution

To test the validity of the method., we have
analyzed the case of donors and acceptors in solu-
tion. a case previously considered by Forster [1].

The donor is considered to be a single point
which is at the center of a sphere which is divided

radially into identically incremented shells extend-
ing outward a distance of 4R, units. Since energy
transfer efficiency decreases with the sixth power
of the distance. there is essentially no transfer at
greater distances.

To solve the general case, R, is set to equal to
1; the acceptor-containing shells are arranged in
equally spaced increments, r,, where r, is some
fraction of R,; and the acceptor concentration is
defined by the number of acceptors/R3.

For the ith shell, the outer radius is equal to
r,(i) and the inner radius is r,(i — 1). The internal
volume cf the shell is

V, = (4/3) 7 [{rn ()Y —(ni —1Y] (9

At low concentrations of acceptor, the fraction of
a given shell population that contains one acceptor
and therefore the fraction of the donor population
with an acceptor in that shell (F)) is the product of
V, and the acceptor concentration, expressed as the
number of acceptors per unijt volume. Transfer
efficiency is calculated by eq. 1, from the distance
from the donor to the midpoint of the shell (an
approximation validated by convergence) such that

7= [(Ro/(r()=05,)) | /[ 1+ {Ro/(n(i)~0.5r))°]

(10)
Qr is then calculated from the F, and T, values for
each shell in the array with egs. 6 and 7.

5. Case II — Energy fransfer in planar arrays:
Membrane and large lipoprotein surfaces

Iniuial consideration of these systems (fig. 1) is
analogous to energy transfer in solution. A single
representative donor point is employed, as before.
The acceptor matrix. however, is divided into iden-
tically incremented concentric circles in a plane,
rather than into spherical shells, to a radial dis-
tance of 4R,. To solve for the general case, R, is
again assigned a value of 1 and the annuli are
incremented as r,, a fraction of R;, with acceptor
concentration now defined in two-dimensional
terms. acceptors/ R} (Fig. 2).

For the specific case of the ith annulus, the
outer radius is equal to 7,{(i), and the inner radius
is equal to {r,(i)—r,] or r,(i —1). The internal
area, A4,. of the shell is 7[{r,(i))?> — r,(i — D?]. F,



M.C. Doody et al. / Models for energy trans;er 143

—rali)
fa
Al PTI
LT ] e Cer s ey rr ey
fact
o
DONOR —/
REGION

Fig. 1. Energy transfer in planar arrays. D is the average
separation of planar donor and acceptor regions; r, the width
of each concentric ring: r,(i) the outer radius of the ith
acceptor region; and r,., the distance between each donor and
the midpoint of its ith acceptor region.

the fractional occupancy of the concentric region
by acceptor chromophores, is equivalent to the
product of 4, and the acceptor concentration, now
expressed as the number of acceptors per unit
area. Transfer efficiency is calculated from the
distance from the donor to the midpoint of the
shell from eq. 1. As before, the approximation
converges to the actual value as 7, is made smaller.
The reference donor Qpy is calculated over the

Fig. 2. Energy transfer from the periphery of a planar disc. r, is
the disk radius and r, (i) the outer radius of the ith acceptor
region. Area of inilersection of annulus (/) and the disc is
obtained from the sum of the integrals of the r, circle area
function between donor and x,, and the r,(i) circle area
function between x, and r,(i). This value, minus the area of
intersection annulus 7,(i — 1), gives the area of the ith shell
intersecting the discoidal particle.

acceptor matrix from eq. 6, and the actual donor
population QO at a given concentration of accep-
tor is calculated from the relative Qp by eq. 7.

A special situation occurs when the plane of
distribution of the donor array is spatially sep-
arated from the plane of distribution of the accep-
tor array (fig. 1). The method for calculation of F
values need not be changed, but the calculation of
7 values must reflect the increased distance be-
tween the donor point and the midpoint of each
annulus in the acceptor matrix. The concentric
circles in the acceptor matrix are incremented
around a reference point in the acceptor plane
corresponding perpendicularly to the position of
the donor point in the donor matrix. r,., is the
actual distance in R, units between donor and the
midpoint of the ith concentric circle and is ob-
tained from the trigonometric equation

re= [ D2 +(n(-057)*]"" an
where D is the spatial separation of the donor and
acceptor planes in R, units.

Calculation of transfer efficiencies for this case
requires that the actual distance r,_, be substituted
for Rin eq. 1.

T=(Ro/Ract)’/[1+(Ro/R )] (12)

Calculation of the donor O, proceeds as before.
Donors can also transfer energy simultaneously
to the two different spatially separated planar
acceptor arrays, when, for example, the donor and
acceptor chromophores are situated at fixed depths
on different sides of a lipid bilayer. In this case,

Qr=(1—- AaTia— FigTip— FaTon— FpThg---
— FoaToa— FopT,8) (13)

where F, and T, values are calculated for transfer
to the annuli of acceptor plane A, and Fy and Ty
values are calculated for transfer to acceptor plane
B. Transfer from a single donor plane to multiple
acceptor planes can be treated analogously.

It is necessary to recognize that in most real
systems the average distance between acceptor
chromophores and the donor is restricted steri-
cally. For example, factors such as the presence of
a protein around the donor chromophore, the
volume of the donor itself and possible electro-
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static interactions may have to be considered.
These effects may cz:clude transfer to sites adja-
cent to the donor in the model. The acceptor
matrix may thus be tailored when specific infor-
mation i1s assumed or known about the shape or
size of the donor. Bilayer curvature is easily taken
into account, as necessary. with the methods de-
scribed in the following sections.

6. Case III — Transfer from donors at the periphery
of a disc to acceptors distributed within the disc:
Energy transfer in discoidal lipoproteins

This model (fig. 2) is similar to the model for
energy transfer in infinite planar arrays, except
that a portion of each concentric annulus around
the donor point does not intersect the disc and
therefore cannot contain acceptors. Geometrical
manipulations are thereforz needed to account for
this fact in the calculation of the F value. All other
calculations are performed exactly as for the previ-
ous case.

A line is drawn between a donor point at the
=dge and a point at the center of a disc of radius
ro. This is defined as the x-axis of an x-y coordi-
nate system centered on the donor point and
coplanar with the disc. For a given annulus (7)
around the donor point (fig. 2). the outer radius
r. (i) intersects the perimeter of the disc at two
points corresponding to x, on the x-axis. At this
point, the y values of the circle functions for the
outer radius of the annulus and the disc are identi-
cal. or

2

v={n () —xt=rd = (x, = 1) (14)
after transformation of the disc coordinates to the
center of the x-y coordinate system. This trans-
forms to x, = {»,({))?/2r,, which permits the calcu-
lation of x, for any given annulus.

The total area 4,,, defined by the intersection
of circle r (/) with the lipoprotein disc is the sum
of the integrais of the disc circle function between
the origin and x, with the integral of the r (i)
circle function between x, and r,{i). or

A= [ {2 ‘(-"-":))2"’[""“)[(’..(")):"-Y:]I/: (15)

Evaluating between the limits. and summing,.
A= (sinT' = D{r, ()Y = (sin~' = 1){(r})

= [sin~"(n()/2m)(n (DY

+[sin= " ([(n(D¥-2r2]/272) ] ()

(1= [t rar]) () (16)

.The area of the ith annulus that is included in
the particle is

A,=A,(,,—A,(,_” (17)

From this calculated value and the acceptor con-
centration as the number of acceptors pe- unit, the
F value is calculated as before. The 7,(i) value is
incremented to its outer limit of 2r,, the diameter
of the lipoprotein particle. Calculation of Qy then
proceeds as before. The effects of planar donor-
acceptor separaticn, excluded rzdius, the ratio of
disc diameter to R, and presence of a bilayer disc
can be considered by the same methods as in the
previous model.

7. Case IV — Energy transfer irom the surface oi a
spherical particle to acceptors within its interior
and /or in the surrounding medium: Energy trans-
fer in spherical plasma lipoproteins

A three-dimensional coordinate system is de-
fined with the center on a donor point at the
surface of a sphere of radius r,. The x-axis is
constructed to intersect the center of the sphere
and its surface (fig. 3). The outer radius of the ith
spherical shell surrounding the donor point, with a
shell radius of r,(/), intersects the surrace of the
particle at all points corresponding to x, on the
x-axis. These points define a circle on the surface
of the particle. x; is calculated as before. The sum
of the integrals of the volume functions for the
lipoprotein particle between the limits of 0 and x,
and the r, (/) sphere between x; and r,{(i) gives the
included volume of the intersection of the two
spheres. The volume of the segment produced by
the division of a sphere by a plane is equal to

h’

{H

and », the sphere radius. This relationship is used
to caiculate the desired integrals. After trans-

(3r, — h)), where h is the range of integration
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Fig. 3. Energy transfer from donors at the periphery of a
lipoprotein to acceptors in the lipoprotein interior. The z-axis is
perpendicular to the plane of the drawing. r, is the lipoprotein
radius. r, (i) is the outer radius of the ith acceptor region. The
volume of intersection of the two spheres is obtained from the
sum of the volume integrals for sphere r, between the origin
and x, plus that for sphere r, (i) between x, and r,(i). The
volume of the intersection of the ith acceptor shell with the
lipoprotein is obtained by subtracting the volume of the inter-
section of shell (i —1) frem this sum. Total volume of shell
r,(i) minus its volume intersecting the lipoprotein is the volume
of the shell in the exterior medium.

formation of the particle coordinates, the total
volume included in the intersection of the two
spheres (¥V,;,) is given as:

O{r,(i)—x)
W= [M][:‘;G(i)—(rs(i)_x:)]

"

+[¥}(3Q—x,) 18)

The particle volume included within the ith
shell (V,,),..1) 1s then calculated as in the previous
cases,

‘/(I)parl=(l,l'l)_l,l(l—l)) (]9)

In the next steps of the energy transfer calcula-
tions, r,(i) is serially incremented to its outermost
limit of 2r,, the diameter of the particie. Consider-
ation of some cases of nonrandom acceptor distri-
bution within the particle can be handled by set-
ting differsnt limits on r,(i) aad adopting slightly
different procedures for the normalization of par-
ticle coordinates.

Calculation of F, values from the ¥V

(i)part and

acceptor concentration and of 7, values from the
distances to the midpoint of the shell and then Qg
are done as in the previous case.

The volume of the exterior medium included
within the ith shell (V,,.,,) is equal to the total
volume of the ith shell minus the volame of the
shel! intersecting the particle, or

Vioyere = [(4/3) {13y = 13—, }] = Viorpare (20)

For consideration of transfer to the surrounding
medium, r,(#) is incremented to a distance of 4R .

8. Case V — Energy transfer from donors within a
spherical particle to acceptors on the particle
surface: Energy transfer in plasma lipoproteins

This analysis differs from the preceding cases i
one major respect: donors are not all assumed to
occupy identical positions with respect to their
view of the acceptor matrix. The F, and 7, values
are therefore not the same for the ith shell around
every donor. In order to apply tne method, it is
necessary to analyze separately transfer from
unique donor subdomains. These subdomains must
be sufficiently small that the view of the acceptor
matyix for the donors within each donor region is
virtually identical.

Reflection will convince one that the ‘ap-
pearance’ of a featureless sphere is identical from
all points within a very thin shell centered upun
the same point as the sphere. For this reason the
geometry of the donor regions within the sphere
will be defined as thin shells. Aiter calculation of
Qg for the donors in each shell, a population
average can be calculated as a weighted sum of the
average quantum efficiencies from all of its con-
stituent shells (eq. 8).

A donor point is considered in a donor shell of
outer radius s(j). A three-dimensional coordinate
system is centered on the donor point. This donor
shell is within and centered on the same point as
the spherical particle or radius r, (fig. 4). A con-
centric acceptor shell, with radius r,({), surrounds,
and is centered on, the donor point. r,, r, and s are
all expressed as small fractions of R,. In this
system, the y value is identical for sphere r,(i) and
sphere r, at a point corresponding to x; on the
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Fig. 4. Energy transfer from donors in the interior of a lipopro-
tein to acceptors on the lipoprotein surface. r; is the lipoprotein
reedius: s( ) the outer radius of donor shell; 7,(i) the outer
radius of the ith acceptor shell; and 4 the distance from the
pole of the lipoprotein to x,. Point x, on the x-axis corresponds
to the intersection of sphere 7,(f) and the lipoprotein particle.
A,,, is the surface area of the lipoprotein from x, to the pole.
A.,,— A, -, is the area of intersection of acceptor shell i with
the lipoprotein surface. The F value is calculated from this
value and the two-dimensional acceptor density. After the
relative quantum yields of donors in each donor shell are
cilculated, a weighted average quantum yield for the total
donor population is obtained.

x-axis and 0 on the z-axis. Since the coordinates of
the sphere r, are displaced in the x-axis by a
distance s( ). and for all circles

v= =)= [ = (- s (Y]
= [tny =217 (21
This relationship simplifies to

2

RGO RO
Ny = 25(7) } (22)

The nearest pole of the acceptor sphere. when
normalized to the coordinates of sphere r,({). is at
point {s(j)—r,(i)} on the x-axis. The distance &
from the pole x, is therefore calculated as

h=x—{s{J)—n}=x,+n-s(j) (23)

The surface area of the r, sphere segment from
the pole to the circle of intersection with the r, ()
sphere is the integral of the surface area function
of a sphere between —r, and A, or

surface area,, = 2IIrh (29)

The area of the segment on the surface of the
spherical particle defined by its intersection with
shell r, (i} is

A, = surface area,, —surface area, _,, (25)

From this area, and the acceptor concentration
as the number of acceptors per unit area at the
surface of sphere r,, the F, and 7, values are
calculated as before. Qg for the donors in donor
shell s(j) is calculated from these F and T values
for acceptor shells having an r,(/) betweeen {r, —
s(Jj)} and {r, + s(j)). The total volume of the jth
donor shell is

V,= /) {(s,)’ = (5,-1)"} (26)

For donors randomly distributed within the
sphere, the fraction (Fp) of donors within a shell
with outer radius s( ) is

Fp, =V, /{(4/3) 013}, 27

Fy,,, of course, must be assigned by different
means if donor distribution is assumed not 1o be
random. The weighted relative quantum efficiency
(O r) of the entire donor population is calculated
as the sum of the normalized quantum efficiencies
of the donors in each shell.

‘.S(!‘)="2

G-y =0

(Fp,)(2x) (28)

The final Q. as a function of acceptor surface
density is not a single exponential, as in the previ-
ous cases. It is the sum of r, /s individual exponen-
tials. The function reaches convergence when the
increments of s are sufficiently small.

9. Experimental results

The fluorescence excitation and emission spec-
tra of NCAd and dansyl-DMPE in DMPC at
22°C are shown in fig. 5. The overlap between the
emission spectrum of NCAd and the absorption
spectrum of dansyl-DMPE is quite pronounced,
and the spectral overlap integral J calculated by
eq. 3 is 3.61 X 10~ 15, A quantum yield of NCAd
of 0.174 in acetonitrile. which has a polarity equal
to that of the bilayer interior at the position of the
NCAdJd chromophore [i2], is obtained by compari-
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Fig. 5. Spectral overlap of NCAd and dansyl-DMP®". Fluores-
cence excitation (open symbols) and emission (closec. symbols)
spectra of NCAd (O.,®) and dansyl-DMPE (s.a) in DMPC
vesicles. Probe concentration was 1 mol%; DMPC concentra-
tion was 0.29 mM. Temperature was 37°C; slit widths were 0.3
mm for the excitation monochromator and 2 mm for the
emission monochromator. The absorption spectrum of dansyl-
DMPC has been previously published [15].

son with the integrated spectrum with that of
aqueous tryptophan [17] at room temperature. The
R, for energy transfer from NCAd to dansyl-
DMPE is calculated to be 21.6 A.

- Acceptor
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Fig. 6. Determination of depth of NCAd chromophore relative
to glycerol backbone region of DMPC. Solid curves are, from
top to bottom, the theoretical depth dependence of NMCAd
quantum yield (eq. 14) at 0.09, 0.18, 0.35, 0.52 and 0.70
acceptors/R3. Bilayer width is assumed to be 45 A; Ry, 216
A. Excluded radius is assumed to be zero for calculation of
theoretical curves. The open circles are the values for relative
quantum yield measured at 37°C placed on the theoretical
curves for each of the experimental surface densities. The
position on the theoretical curve determines the experimentally
derived depth. The mean depth obtained by this method is
13.2+ 1.3 A

The measured average relative quantum yields
of an NCAd population in DMPC at 37°C con-
taining varying molar concentrations of dansyl-
DMPE are shown in fig. 6. The points are placed
on theoretical curves generated for a bilayer sys-
tem. Because the chromophore of dansyl-DMPE is
thought to reside at or near the glycerol backbone
region [13,15], a planar separaticn of the two
acceptor regions of approx. 45 A is assumed, based
on CPK (Corey-Pauling-Koltun [23]) model build-
ing. A liquid-crystalline molecuiar surface area of
55 A? for saturated phosphatidylcholine is as-
sumed, based upon monolayer force-area data [18].
No excluded radius is assumed for these calcula-
tions. Conversion from mole fraction dansyl-
DMPE in DMPC to acceptor concentrations in
terms of R} is made from the relationship
acceptor concentration

= ( R3)(mol fraction dansyl-DMPE) /55 A? (29)

Averaging of the data indicates that the naphthyl
group is 13.2+ 1.3 A from the level of dansyl-
DMPE. CPK molecular models, with placement
of the 3-hydroxy function of NCAd at the ester
carbonyl region, predict a distance of 14-17 A.
This cocmparison indicates reasonable agreement
between the data and the model.

10. Discussion

Energy transfer to acceptors randomly distrib-
uted in a three-dimensional array has been
analyzed by this algorithm in order to compare the
results with those obtained previously. Diffusion
of acceptors in the lifetime of the donor excited
state is not considered, since diffusion is not sig-
nificant on the nanosecond time scale In systems
with viscosities comparable to those in lipid do-
mains. Qg values determined by this method after
convergence and by numerical solution of Forster's
formalism [19,20] are compared in fig. 7 for ideal
solutions as a function of acceptor concentration.
The agreement clearly validates the present method
and suggests that it can be extended profitably to
other systems.

The same algorithm can be extended to energy
transfer in two-dimensional systems. Since this
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Fig. 7. Energy transfer in three-dimensional solutions. Relative
quantum yield vs. acceptor concentration determined by
numerical solution of the Forster equations (— — —) and by
concentric acceptor region algorithm (——).

system has also been considered by other workers,
it is possible to compare these results with those
that are obtainable by two analytical approaches.
Fig. 8 shows excellent agreement between the three
methods over the entire range of experimeatally
useful quantum yields. Spatial restrictions on
donor-acceptor approach can be taken into
account. The general solution for monolayers at
several acceptor densities is presented in fig. 9. It
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Fig. 8. Energy transfer in planar systems. Relative quantum

vield vs. acceptor concentration determined by analytical meth-

ods [5.8] (— — —) and by concentric acceptor region algo-

rithm ( ).
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Fig. 9. Effect of horizontal or vertical separation of donor and
acceptor on tran:fer efficiency in planar arrays. Acceptor con-
centrations (0.02--0.4) are given as the quantity (number of
acceptors)/R3. Excluded radius (horizontal separation) and
deptk (vertical separation) have identical effects on transfer
efficiency.

is of interest to note that for geometrical reasons,
when excluded radius is put in terms of R,, the
overall transfer efficiency is affected in the same
way as by changes in D, the spatial separation of
the domnor and acceptor planar arrays. A given
experimentally determined quantum yield at fixed
acceptor concentration can thus be the result of a
combination of effects due to plane separation and
excluded radius. Results of a program designed to
illustrate the nature of this relationship are shown
in fig. 10.

For this calculation, the acceptor concentration
is held at 0.5 acceptors/R3. The combination of
depth and excluded radius, which can give rise to
any given experimentally measured relative quan-
tum yield, defines a circle on an x-y plot of the
two parameters, and no information is made avail-
able on the actual importance of either factor.

Despite this limitation, it should be possible in
some cases to determine exact values for the
excluded radius and spatial separation of the donor
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Fig. 10. Effect of horizontal and vertical separation in combina-
tion on transfer efficiency in planar arrays. Depth and excluded
radius are both expressed in terms of R,. Actual acceptor
density is 0.5/R2. The calculated lines represent the possible
depth/excluded radius relationships for donors with the indi-
cated relative quantum yields, which range from 0.2 to 0.9 in
this figure.

and acceptor plane through comparison of these
transfer results with the results seen for transfer to
an other molecular species of acceptor, whose dis-
tribution is confined to another plane. This requires
prior determination of the spatial separation of the
planes of two kinds of acceptor by these or other
techniques.

It must also be remembered that the acceptors
confined to each of the two leaflets of a bilayer do
not necessarily have identical distributions. For
example, a fluorescently labeled protein on one
side of a bilayer membrane may exclude acceptors
from a significant area on its side, but none on the
other.

Although an excluded radius allows for the
representation of steric effects, the real situation
may not be represented adequately. In cases where
some information is available, it is profitable to
tailor the acceptor matrix to the nature of the
exclusion properties of the system. One example of
this would be the transfer of energy from the
tryptophan of lipid-binding proteins to chromo-

phore-containing lipids. Many proteins are thought
to bind lipid as amphipathic helices [21]. It is a
reasonable approach to construct an acceptor ma-
trix for these systems which places the tryptophan
at the center of a 10 A ribbon into which acceptor
cannot penetrate; the areas of each of the n accep-
tor regions can then be adjusted for the excluded
areas by simple geometric manipulations. More
directly, space-filling models can be built of the
appropriate peptide region and projected onto
graph paper in a theoretically acceptable orienta-
tion, with the boundary of the hydrophilic and
hydrophobic faces parallel to the plane of the
paper. This procedure is illustrated as an example
in fig. 11 for LAP-20, a synthetic lipid-associating
peptide [22] that binds phosphat.dylcholine, pre-
sumably as an a-helix. The excluded areas are then
determined by manual techniques such as square
counting. A modified program is required to han-
dle these calculations. This program reduces the F;
values in proportion to the ratio of excluded area
to total area of each radial acceptor subdomain.
Interestingly, the calculated donor quantum yield
parameters for tryptophan at the center of the
LAP-20 peptide are essentially identical when
calculated by the 1C A ribbon and graphic tech-
niques. This approach may be useful in de-
termining the depth of the tryptophan residues of
lipid-binding peptides.

Energy transfer in monolayer discs is consid-
ered in Case IIlI, and the results are easily ex-
tended to bilayer disc models. It is of inzerest to
note that in the monolayer disc model the effect of
exciuded radius and donor/acceptor planar sep-
aration are not identical, as they are in the mono-
layer plane model; the relative magnitude of this
discrepancy is a function of the ratio of the par-
ticle radius to R, (not shown). The effect of r,/R,,
ratio on transfer efficiency at a fixed acceptor
concentration is shown in fig. 12. At very low
r,/R, ratios, the size of the disc is insignificant
with respect to the effective domain of energy
transfer, and little or no transfer efficiency occurs.
On the other hand, as the r, /R ratio is increased,
the transfer efficiency ends toward a constant
value, which is the square root of the Qg seen in
an infinite planar array at the same surface den-
sity.
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This relationship is ciarified if one considers a
line passing through the donor point, dividing the
plane into A and B halves. It is clear that the

Fig. 11. Exclusion of acceptor from approach to the tryptophan
of lipid-associating peptide 20. CPK models of the peptide are
cnnstructed in an a-helical configuration. The boundary of the
hydrophobic and hydrophilic faces is approximately parallel to
the surface. An outline of the peptide is projected onto a matrix
of 1 A concentric acceptor regions surrounding the tryptophan
residue of the peptide. Transfer efficiencies. calculated from
regions of this size, typically are within 1-3% of their limiting
values at convergence, depending on the magnitude of R, and
the acceptor concentrations. The amino acid sequence of LAP-
20 is NH,-Val-Ser-Ser-Leu-Leu-Ser-Ser-Leu-Lys-Glu-Tyr-Trp-
Ser-Ser-Leu-Lys-Glu-Ser-Phe-Ser-COOH  [22]. The amino
terminal of the peptide is at the top of the figure.

donor Qp due to transfer to either side alone is
equal to that due to transfer to the other side, or

Ogra,= Og(p,- In addition, the overail Oy is the
product of the relative quantum efficiencies due to
transfer to both sides. Since the acceptor depen-
dence of quantum yield is assumed to be exponen-
tial. then

QR=QR(A)QR(B)=(QR(B)): (30)
and therefore
QR(B)=QR (31)

At high /R, ratios. the situation tends toward

b
o
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0.4

o] 2 1 L 1 s
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L

AVERAGE RELATIVE QUANTUM YIELD
T

Fig. 12. Effect of particle dimensions on energy transfer from
the periphery of a planar disc. Relative donor quantum yield
ranges from essentially unity at low r, /R, ratios to a constant
value at high r, /R ratios.

the case of transfer to one side of a divided plane
as the curvezture of the disc becomes small relative
to the effective domain of energy transfer. This
analysis is included because of the current interest
in the structure of small apolipoprotein complexes
and newly secreted ‘nascent” HDL. Energy-trans-
fer experiments have the potential to resolve the
spatial arrangement of the protein and lipid in
these particles.

Energy transfer from donors on the surface of a
sphere t0 acceptors within the lipoprotein interior
or on the lipoprotein exterior is examined in Case
IV. Fig. 13 gives the theoretical dependence of
donor population quantum efficiency on the ratio
of the particle radius to R, at a fixed acceptor
concentration.

For transfer to the exterior of the particle,
values of energy transfer are seen at low ratios
which tend toward the value representative of
transfer ir. solution as the size of the particle
becomes insignificant with respect to the effective
domain of energy transfer. At high ratios, the
quantum efficiency value tends toward a value
which is the square root of solution Qg, as would
be expected if all acceptors were confined to one
side of a plane containing the donor molecules.

For the case of acceptors in the interior of the
particle, little or no energy transfer is seen at low
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Fig. 13. Effect of lipoprotein dimensions on energy transfer
from dcnors at its surface. Acceptor concentration is 0.3/R}in
the lipoprotein interior (— — —) or exterior ( ). In both
casvs, the quantum yield of the donor tends toward a constant
value at high r, /R, ratios. Energy-transfer efficiency to accep-
tor in the interior tends toward zero at low r, /R, ratios, while
transfer efficiency to acceptors in the exterior tends toward the
value for unrestricted solutions.

ratios, because the size of the acceptor-containing
particle is not significant. At high ratios, the
quantum efficiency again approaches the square
root of the quantum efficiency due to energy
transfer in solution, for the same reason as before.

When donor transfers energy to some acceptor
capable of partitioning into both the interior and
exterior domains,

Qz2=1—T nierior — Texterior- (32)

The interior and exterior parameters reflect dif-
ferences in acceptor concentration and R, in the
two environments. Transfer experiinents to the
medium surrounding the particle must be made
under conditions of high exterr.al viscosity in order
to minimize the effect of diffusion during the
donor fluorescence lifetime.

The localization of the chromophore of NCAd,
a fluorescent cholesterol analogue, has beea de-
termined in relation to the dansyl-DMPE chromo-
phore in DMPC bilayer membranes by analysis of
energy-transfer data. The localization is in good
agreement with what is expected based upon the
previous determination of the dansyl-DMPE head
group position and the length of the sterol probe
as determined by CPK model building. This find-

ing reinforces the conclusion that the polarity-sen-
sitive N-(2-naphthyl)-23,24-dinor-5-cholen-22-
amine-38-o0l [12] is a probe of the bilayer interior.

It has been shown that energy transfer in sys-
ems modeled after biologically important lipid
entities is sensitive to the structural features of the
models. When valid assumptions can be made
about somc of these structural features or probe
location, energy transfer can be useful in describ-
ing other features in qualitative and /or quantita-
tive terms. These features include particle geome-
try and dimensions, location of donor and accep-
tor domains in relation to one another, probe
distribution with domains and steric restrictions
on the mutual approach of donor and acceptor
chromophores.
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