Energy Transfer to
Multiple Acceptors

in One, Two, or

Three Dimensions

In the previous two chapters on energy transfer we consid-
ered primarily covalently linked donor—acceptor pairs, or
situations in which there was a single acceptor near each
donor. However, there are numerous situations in which
there exist multiple acceptors, such as donors and acceptors
dissolved in homogeneous solutions. More interesting
examples of the multiple-acceptor case occur in membranes
and nucleic acids. Suppose one has a lipid bilayer that con-
tains both donors and acceptors (Figure 15.1). Each donor
will be surrounded by acceptors in two dimensions. Since
the acceptor distribution is random, each donor sees a dif-
ferent acceptor population. Hence, the intensity decay is an
ensemble average and is typically non-exponential. A simi-
lar situation exists for donors and acceptors that are interca-
lated into double-helical DNA (Figure 15.1), except that in
this case the acceptors are distributed in one-dimension
along the DNA helix.

The theory for these multiple-acceptor cases is com-
plex, even for random distributions in three dimensions. For
a completely homogeneous and random solution, with no
excluded volume, the form of the donor intensity decay and
donor quantum yield is known, and was described by
Forster.!:2 However, consider a protein with a buried fluo-
rophore that serves as the donor. The exact form of the
intensity decay will depend on the acceptor concentration,
and on the distance of closest approach (r.) between the
donor and acceptor, which could be approximated by the
radius of the protein (Figure 15.1, left). The concept of a
minimum D-A distance becomes particularly important for
membrane-bound proteins, where r may reflect the size of
a membrane-bound protein, the presence of boundary lipid
which excludes the acceptor, or the distance of the donor
above the membrane surface. The theory for resonance
energy transfer (RET) under these conditions is complex.

The theory becomes still more complex if we consider D—A
diffusion. Hence, we cannot present a complete description
of energy transfer for these diverse conditions. Instead we
will present several examples. Additional references are
presented in the section entitled "Additional References on
RET between Unlinked Donor and Acceptor," after the
main reference section.

I15.1. RET IN THREE DIMENSIONS

The simplest example of RET to multiple acceptors is a
homogeneous solution of donors and acceptors, without D—
A diffusion. If the concentration of donor is adequately low
so that there is no homotransfer between donors, the inten-
sity decay is well known!-3 and is given by

hoa() = Bexp[ = 2( =) 7] sy

D D

where 1y, is the donor decay in the absence of acceptors.
The term with the V¢ time dependence is given by

_T3R) C
2 G

(15.2)

In this expression T'(1/2) = Vr = 1.7724539 ... is the com-
plete gamma function, C is the acceptor concentration, and
C, is a characteristic acceptor concentration in molecules/
cm?. This concentration is related to the Forster distance by

C, = (%RS) - (15.3)
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A

Figure 15.1. FRET between unlinked donors and acceptors in a protein (left), a lipid bilayer (middle), and in double-helical DNA (right).

The ratio C/C,, is thus seen to be the number of acceptor
molecules in a sphere of volume 4/3nR 3.

For randomly distributed acceptors in three dimensions
the steady-state intensity of the donor is given by

F .
P2 — A exp(P)|1 — erf(y)]
Fp

(15.4)
where the error function erf(y) was defined in eq. 13.32. In
contrast to a distance distribution between linked D-A
pairs, we have an analytical expression like eqs. 15.1 and
15.4 for energy transfer between donors and acceptors dis-
solved in solution. An important consequence of unlinking
the donors and acceptors is that the extent of transfer
depends on acceptor concentration, and that the acceptor
concentrations must be quite high for significant energy
transfer. The acceptor concentration is often described in
terms of C,,, which is the acceptor concentration needed for
72% transfer. The values of C,, can be calculated from R,
and are typically in the range 2—50 mM. This is the concen-
tration of acceptors needed to statistically place an acceptor
within a distance R, of the donor. The definition of C; is
slightly related to A, in eq. 13.30 by C, = 0.5\VnA, . Both
C, and A, are in common use.

The orientation factor k2 is not shown explicitly in egs.
15.1-15.4, as a value of 2/3 is usually assumed during cal-
culation of Forster distance R,. In general, fluorophores
rotate faster than they undergo translational diffusion. As
aresult it is often possible to find conditions where rota-
tional motions result in dynamic averaging of k2 to 2/3.
However, if the solution is completely frozen so that rota-
tional motions are slower than the donor decay,>- then

for a random three-dimensional solution k> = 0.476. Hence
energy transfer is somewhat slower in rotationally frozen
solutions compared to fluorophores that can rotate during
the excited-state lifetime. To obtain the same energy trans-
fer as with k2 = 2/3, the acceptor concentration needs to be
1.18-fold larger.>

15.1.1. Effect of Diffusion on FRET with
Unlinked Donors and Acceptors

In Chapter 14 we described how D-to-A diffusion increas-
es the efficiency of energy transfer between covalently
linked D-A pairs. A similar effect occurs for unlinked D-A
pairs in homogeneous solution. However, the theory for
energy transfer for unlinked donors and acceptors becomes
more complex in the presence of diffusion.67 In fact, the
theory has not been solved to yield exact analytical expres-
sions to describe the intensity decay. Numerical solutions
have been described,’”-® but for purposes of least-squares
data analysis it is usually more convenient to use approxi-
mate expressions that are available in a closed form. Sever-
al approximations are available. For unlinked donors and
acceptors in homogeneous solution the donor decay can be
described by?

t t 172
Tp Tp
The parameter B is given by
1 + 10.87x + 15.5x*\**
= ( ) (15.6)

1 + 8.743x



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

o
I

INDOLE  Methanol, 20°C

DANSYLAMIDE

FLUORESCENCE INTENSITY
2

0 1 ] 1
300 360 420 480 540 600
WAVELENGTH (nm)

Figure 15.2. Emission spectra of an unlinked indole donor and 5 mM
dansylamide acceptor in methanol at 20°C. Reprinted with permission
from [13]. Copyright © 1990, American Chemical Society.

where

x =Da "B, o =Ry, (15.7)

A second comparable expression is also available!? where

B = ( 1+ 547x + 4.00x2)3/4

1 + 3.34x (15.8)
It is claimed that this latter approximation is better for
longer times.!-11 If D = 0 these expressions become equiv-
alent to eq. 15.1. These expressions are thought to be valid
for a wide range of diffusion coefficients and acceptor con-
centrations.!2 The important point is that it is complex to
exactly calculate the intensity decay in the presence of D-A
diffusion, but the intensity decay can be predicted with
good accuracy using the approximate expressions.

15.1.2. Experimental Studies of RET in
Three Dimensions

There have been numerous studies of energy transfer in
three-dimensional solution. It is generally accepted that egs.
15.1-15.8 provide an accurate description for randomly dis-
tributed donors and acceptors.® To illustrate energy transfer
in homogeneous solution we have chosen data for indole as
the donor and dansylamide as the acceptor.!? The donor and
acceptor were dissolved in methanol, which is highly fluid,
so that diffusion can be expected to increase the extent of
energy transfer. In order to obtain significant energy trans-
fer the dansyl amide concentration was 5 mM. The high
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acceptor concentrations needed for RET in solution
between unlinked D-A pairs makes it difficult to measure
the donor emission. This is seen from Figure 15.2, where
the acceptor emission is much more intense than the donor
emission. Of course the acceptor is excited both by energy
transfer and by direct absorption. Careful optical filtering is
needed to eliminate the acceptor emission, which is essen-
tial for measurement of the donor decay kinetics. Addition-
ally, it is often necessary to use higher than usual concen-
trations of donor to obtain detectable donor emission in the
presence of high acceptor concentrations and high optical
densities. For these reasons, energy-transfer measurements
in homogeneous solution are frequently performed using
front-face observation. Even with front-face observation it
is difficult and error prone to correct the donor intensities
for the large inner filter effect. For this reason it is usually
more convenient to use time-resolved measurements of the
donor (Figure 15.3, solid curve), since the intensity decay is
independent of the total intensity.

Examination of eq. 15.1 predicts that the donor inten-
sity decay becomes non-exponential in the presence of dis-
solved acceptors. At the moment of excitation the solution
contains donors that on average are surrounded by a con-
stant concentration of acceptors at all distances. Some
of the donors are located closer to acceptors than other
donors. Following pulsed excitation these more closely
spaced D—-A pairs transfer rapidly, leading to a rapid com-
ponent in the intensity decay, which is the V¢ term in eq.
15.1. At longer times the decay becomes dominated by the

~y.., Propylene Glycol, 20°c

D: Indole
75} A: Dansylamide

Model X ;‘;_
50 Gosele 0.9
~--Forster 4.1

"""" lexp. 928 /
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Figure 15.3. Frequency-domain intensity decays of indole with 12
mM dansylamide in propylene glycol at 20°C. Reprinted with permis-
sion from [13]. Copyright © 1990, American Chemical Society.
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Table 15.1. Indole Decay Times and D-to-A Diftusion Coefficients in Propylene Glycol
and Methanol at 20°C2

10°D
Solvent [A] eq. no. T (ns) R, A) (cm?/s) AR>
Propylene 0 b 4.23 1.4
glycol 12 mM b 2.57 92.8
15.1 <4.23> 24.9 4.1
15.1 <4.23> <24.3>¢ 10.6
15.8 <4.23> 23.9 1.03 0.9
15.8 <4.23> <24.3> 0.62 1.3
Methanol 0 b 4.09 2.4
5 mM b 2.03 30.7
15.1 <4.09> 37.1 95.8
15.1 <4.09> <26.1> 1152.1
15.8 <4.09> 27.8 26.4 1.8
15.8 <4.09> <26.1> 34.0 3.1

aFrom [7]. The acceptor (A) was dansylamide.
bThe data were fit to a single-exponential decay law.

¢The angular brackets < > indicate that the parameter was held fixed during the analysis.

longer-lived donors, which are on average more distant
from the acceptors.

In a fluid solvent like methanol the intensity decay of
indole is influenced by translational diffusion that increases
the extent of energy transfer. To understand the effects of
diffusion it is useful to first consider the indole decay in the
relatively viscous solvent propylene glycol, where little dif-
fusion is expected during the 4.23-ns excited-state lifetime
of indole. The donor decay from indole was examined using
frequency-domain measurements (Figure 15.3). In the
absence of acceptor the indole decay was a single exponen-
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Figure 15.4. Frequency-domain donor decays of indole with 5 mM
dansylamide in methanol at 20°C. Reprinted with permission from
[13]. Copyright © 1990, American Chemical Society.

tial (Table 15.1). Because diffusion does not increase the
transfer efficiency in this solvent, it was necessary to
increase the acceptor concentration to 12 mM. In the pres-
ence of acceptor (12 mM dansylamide) the decay of indole
can no longer be fit to a single decay time (dotted, x> =
92.8). The donor intensity decay can better fit using eq.
15.1, resulting in a much improved value of x g2 = 4.1. The
variable parameter in this fit is C, or R, In fact, such meas-
urements are a reliable means to experimentally determine
R, assuming the acceptor concentration is known. In Fig-
ure 15.3 a still better fit was obtained using a model that
accounts for D—A diffusion, because a small amount of D-
to-A diffusion occurs in this solvent.

Figure 15.4 shows FD data for the indole—dansylamide
DA pairs in methanol, which is less viscous than propylene
glycol and allows significant diffusion during the donor's
excited-state lifetime. In this case eq. 15.1 does not fit the
data (Figure 15.4, dashed) because diffusion changes the
shape of the intensity decay. The approximate expression
for Ip,(#) can be used to predict the donor intensity at any
time, and thus used for analysis of FD and TD data. Diffu-
sion results in a donor decay which is more like a single
exponential, as can be seen by the deviations of the data
(dot-dashed) from the Forster equation (dashed) toward the
single-exponential model (dotted). The data were well fit by
the approximate intensity decay described by eq. 15.8. The
value of 2 = 95.8 obtained using the Forster model is arti-
ficially low because the fitting procedure increases R, to
account for diffusion enhanced energy transfer. If the
Forster distance is held constant at its known value at the
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known value of 26.1 A, then %> = 1152 (Table 15.1). This
highly elevated y 2 value indicates the significant influence
of diffusion in this system. When the correct model is used
(eq. 15.8) the variable parameters in the analysis are R, and
the mutual diffusion coefficient D. Least-squares analysis
yielded R, =27.8 A and D = 2.64 x 10-5 cm?/s (Table 15.1),
which are reasonably close to the expected values in this
solvent.

If the acceptor concentration is known the time-re-
solved data can be used to determine the Forster distance.
In propylene glycol the recovered value of 24.9 A is in good
agreement with the calculated value of 24.3 A. For the D-A
pair in methanol it is interesting to consider the value of R,
obtained if diffusion is neglected, which is accomplished by
setting D = 0 during the least-squares analysis. In this case
the apparent value of R,, is larger, 37 A. This result provides
a useful hint. If the time-resolved data yield a larger than
expected R, value, the cause could be diffusion during the
donor excited-state lifetime. It should be noted that we have
assumed that the distance of closest approach () is zero. If
re 1s a significant fraction of R, then eqs. 15.1-15.8 are not
appropriate.

The effect of diffusion on the donor intensity decay can
be seen in the time-domain data. The impulse response
functions for the indole—dansylamide mixtures are shown in
Figure 15.5. It is visually evident that the dansyl acceptor
results in a non-exponential indole decay in propylene gly-
col. In methanol the decay is still heterogeneous, but is
closer to a single exponential. This trend towards a single-
exponential donor decay in the presence of diffusion is well
known in the literature,'# and the donor decay becomes sin-
gle exponential in the rapid diffusion limit (Section 15.6).
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Figure 15.5. Reconstructed time-domain intensity decays of indole
without acceptor (D) with 5 mM dansylamide in methanol (dashed)
and with 12 mM dansylamide in propylene glycol (solid).
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15.2. EFFECT OF DIMENSIONALITY ON RET

In the previous section we saw that a random distribution of
an acceptor molecules around a donor resulted in a charac-
teristic donor decay. For randomly distributed acceptors the
form of the donor decay depends on the dimensionality of
the acceptor distribution. Different donor decays are
expected for acceptor distributions in a volume, in a plane,
or along a line. Planar distributions are expected for donors
and acceptors in membranes, and linear distribution are
expected for dyes intercalated into double helical DNA
(Figure 15.1). Assuming no diffusion, no excluded volume,
and a random distribution of donors and acceptors in two
dimensions or one dimension, the intensity decays are
known in analytical form. For a random two-dimensional
distribution,!5-16

t t 173
Ity = yexp[ ~— —28( )] as9)
Tp Tp
where
r/3) c
= —, ['(2/3) = 1.354177 ... (15.10)
2 G
and
C, = (ﬂR(z))_l (15.11)

Hence C/C, is the number of acceptor molecules in an area
equal to mR?, that of a circle with diameter R,

For a random one-dimensional distribution of accep-
tors the donor intensity decay is given by

t t 1/6
Ina(t) = 1Y) exp[ — =20 (*) ] (15.12)
Tp o
where
r(s/6) C
=————, TI(5/6) = 1.128787 ... (15.13)
2 G,
and
C, = L 15.14
" 2R, (15.19)
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In this particular case the ratio C/C; is the number of
acceptor molecules within a linear distance R, of the
donor. For one-, two-, and three-dimensional distributions
of acceptors there exist components that decay as ¢/, f1/3,
and 7172, respectively. Values of the gamma function can be
found from standard mathematical tables using I'(at + 1) =
al'(o). One may be interested in obtaining the relative
quantum yields of the donor. While such expressions are
available in one and two dimensions, these are infinite
series and not closed-form expressions. With presently
available computers and software it is equally easy to use
numerical integration of eqs. 15.1, 15.9, and 15.12 to obtain
the transfer donor efficiency. For C = C,, where y = =0 =
1.0, the energy transfer efficiencies are 72, 66, and 63%,
respectively, in three, two, and one dimensions. A graph of
the relative donor yields is given in Problem 15.3.

Prior to examining experimental data it is of interest to
examine the forms of the donor decays. The effects of
dimensionality on RET are shown using simulated data in
Figure 15.6. For these simulations the acceptor concentra-
tions were taken as equal to the values of C,, which allowed
the forms of intensity decays to be compared. As the dimen-
sionality is reduced the time-domain intensity decays show
an increased contribution of the short-time components,
which are faster in one than in three dimensions. The differ-
ence in the intensity decay can also be seen in the frequen-
cy-domain simulations. These simulations suggest that the
time-resolved decays can be used to determine the dimen-
sionality of the system. In fact, analysis of the simulated
frequency-domain data showed that the decay for one-
dimensional RET could not be analyzed in terms of RET in
two or three dimensions, and vice versa.!’”-18 That is, the
form of the intensity decays are unique in each dimension.
In such studies the geometry of the system is often
described as a combination of one, two, or three dimen-
sions. Several groups have described the use of RET to
determine the fractal dimensions of molecular surfaces.!°-2!

15.2.1. Experimental FRET in Two Dimensions

In spite of the considerable interest in membrane organiza-
tion, there have been relatively few time-resolved studies
of RET in two dimensions. We will now describe two
reports, one that confirmed the expected decay in two
dimensions?? (eq. 15.9) and one report that found more
complex behavior.2?

Energy transfer in two dimensions was examined using
octadecyl rhodamine B (ORB) as the donor to a membrane-
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Figure 15.6. Effect of FRET in one-, two-, or three-dimension on the
donor intensity decays. From [17].

bound cyanine dye, DilC,(7), which served as the acceptor
(Figure 15.7). These dyes were dispersed in large unilamel-
lar vesicles of dipalmitoylphosphatidylcholine (DPPC).
The intensity decays of ORB became more rapid in vesicles
containing increasing concentrations of the acceptor (Fig-
ure 15.7). When the temperature was above the lipid transi-
tion temperature the data were adequately fit to the two-
dimensional intensity decay law. The data for temperatures
above and below the phase-transition temperature were fit
to a general expression:

Ipa(t) = exp[ _ri - C(L)dlé] (15.15)

D Tp

where time-independent c is a constant?! and d depends on
dimensionality. The constant c is related to the surface den-
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Figure 15.7. Time-domain intensity decay of ORB in DPPC at 50°C
with DiIC,(7)-to-DPPC ratios of 0 and 1 to 900, 450, 245, and 160,
for numbers 1 to 5, respectively. Insert: ORB emission spectra and
DilC,(7) absorption spectrum. Revised from [22].

sity of the acceptors and the dimensionality of the sys-
tems.2+2

The time-resolved ORB donor decays (Figure 15.7)
were used to recover the value of d in eq. 15.15. This was
accomplished by least-squares analysis and examination of
the yz? surfaces. For DPPC vesicles at 50°C, which is
above the phase-transition temperature near 37°C, the value
of d was near 2 and the donor decays were consistent with
energy transfer in two dimensions (73 dependence). At
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25°C, below the phase transition of the lipids, the time-
resolved data were no longer consistent with 2D RET. In
this case the value of d was found to be between 0.83 to 1.0,
which is expected for energy transfer in one dimension
(#10). This effect was explained as co-localization of the
donor and acceptor along defect lines in the bilayers. While
one may argue with the exact interpretation of the results, it
is clear that RET depends on the spatial distribution of
donors and acceptors in the lipids. One can use the time-
resolved decays to determine d in eq. 15.15, and thus the
fractal dimension of the system. This has been accom-
plished for lipid bilayers,2¢ and for dyes adsorbed to silica
surfaces?’-? and latex spheres.30

An important aspect of the analysis was measurements
of both the steady-state donor intensities and the time-
resolved decays. For the fluid-phase vesicles the intensities
were well fit by theoretical data based on Monte Carlo sim-
ulations (Section 15.4). In contrast, for the gel-phase vesi-
cles at 25°C the extent of donor quenching was greater than
predicted for a random two-dimensional distribution (Fig-
ure 15.8). The direction of the deviations was toward the
prediction for a one-dimensional system. This is what led
the authors?2 to conclude that the donors and acceptors were
co-localized around defect lines for the gel phase lipid. The
important point of this comparison is that one can gain
important insight by comparison of both the steady-state
and time-resolved data. Such a comparison is a form of
global analysis, in that multiple types of data are compared
with a given molecular model.

For membrane-bound probes it is not always clear
whether energy transfer is occurring in two or three dimen-
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N
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—
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Figure 15.8. ORB donor intensities with increasing concentrations of D;IC,(7) in DPPC vesicles at 50°C (left) and 25°C (right). Left: The line is for
a two-dimensional model*® with R, = 46.8 A. ¢ is the donor quantum yield. Right: The solid and dashed lines are the theoretical predictions for RET

in two and one dimensions with R, = 52.3 A,# respectively. From [22].
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Figure 15.9. Rhodamine 6G donor decays absorbed to dihexadecyl
phosphate vesicles. The acceptor was malachite green with concentra-
tions of 0 M (1), 3.32 x 10-° M (2), 4.40 x 10-°* M (3), and 5.27 x 10-¢
M (4). Revised and reprinted with permission from [23]. Copyright ©
1987, American Chemical Society.

sions. Energy transfer to surface-localized fluorophores on
the side of the membrane is likely to be two dimensional.
However, RET may display a different dimensionality for
donors on the surface transferring to acceptors dispersed in
the acyl side chain region. Also, acceptors on the opposite
surface from the donor may contribute a three-dimensional
component to the donor decay. While such systems can be
interpreted in terms of fractal dimensions, the concept of
fractal dimensions is rather abstract and does not always
lead to physical insights. In these cases it is useful to con-
sider a combination of energy transfer in two and three
dimensions.

Energy transfer with a mixed dimensionality was found
for the time-resolved donor decays from rhodamine 6G to
malachite green, when both were bound to vesicles of
dihexadecyl phosphate (DHP).23 The donor decays are
shown in Figure 15.9. In this case it was necessary to fit the
data to a sum of eqgs. 15.1 and 15.9. Although not shown,
neither eqs. 15.1 or 15.9 alone provided a good fit to these
data. While the authors interpreted this effect in terms of a
non-random acceptor distribution, energy transfer across
the bilayer could also have provided a component that
appeared to be three dimensional. Once again, comparison
of the steady-state data with predicted donor intensities was
essential for selecting between distinct models.?

15.2.2. Experimental FRET in One Dimension

While there have been numerous studies of the time-
resolved fluorescence of dyes bound to DNA,3! there have
been relatively few studies of RET for dyes intercalated into
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Figure 15.10. Emission spectra of dimethyldiazaperopyrenium bound
to poly d(A-T) with increasing concentrations of ethidium bromide.
The insert shows a comparison of the measured (®) and predicted (O)
transfer efficiencies. Revised from [32].

DNA 32535 In Figure 15.6 we showed simulations that indi-
cated a rapidly decaying ¢/ component for donors and
acceptors in one dimension. Such time-dependent decays
have been observed with dyes intercalated into poly d(A-
T).32 The donor was dimethyldiazaperopyrenium (DMPP)
and the acceptor ethidium bromide (EB). Upon binding of
the EB acceptor the DMPP emission was quenched, and the
EB emission was enhanced (Figure 15.10). The time-
domain data clearly show a fast component with increasing
amplitude as the acceptor concentration is increased (Figure
15.11). Due to a lack of software the time-domain data were
not analyzed in terms of eq. 15.12, but the shape of the
decays is visually similar to the simulated data for RET in
one dimension (Figure 15.6).

Useful information can also be obtained by examina-
tion of the steady-state data. For the D—A pair the observed
transfer efficiency (Figure 15.10, insert) was found to be
smaller than that predicted from Monte Carlo simulations.
This result was explained as distortion of the DNA by bind-
ing of DMPP, which excluded EB from binding to nearby
sites.

Energy transfer in one dimension was also studied
using the frequency-domain method.!® In this case the
donor was acridine orange (AO) and the acceptor was the
weakly fluorescent dye Nile blue (NB). Binding of NB at a
low dye-per-base-pair ratio results in significant quenching
of the AO emission (Figure 15.12). The FD intensity decay
data are best fit by the equation for FRET in one dimension
(Figure 15.13), indicating that energy transfer occurs in one
dimension in this system.
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Figure 15.11. Intensity decay of dimethyldiazaperopyrenium bound
to double stranded poly d (A-T) with increasing concentrations of
ethidium bromide. Revised from [32].

While the values of 32 support the 1D model, there are
only minor visual differences between the fitted function
for 1D, 2D, and 3D RET. However, analysis of the data
should also include consideration of the parameter values
and the reasonableness of these values. For egs. 15.1, 15.9,
and 15.12, once R, is known, the concentration is the only
variable parameter. The concentrations recovered for NB
from the analysis in Figure 15.13 are 0.058 acceptors/base
pairs, 9.9 x 10! molecules/cm?, and 1.32 mM for the 1D,
2D, and 3D models, respectively. Based on one's under-
standing of the sample preparation it should be readily pos-
sible to exclude the 3D concentration of 1.32 mM. This is
the concentration of acceptors in a 3D solution needed to
result in energy transfer comparable to that observed for
AO-DNA. The essential point is that one should always
examine the desired parameters for reasonableness using
one's chemical knowledge of the system. In our experience
we found that the failure of parameter values to follow
expected trends is often a sensitive indicator of the validity
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Figure 15.12. Emission spectra of acridine orange (AO) bound to
DNA with increasing concentrations of Nile blue (NB) acceptor per
DNA base pair. From [18]: Maliwal BP, Kusba J, Lakowicz JR. 1994.
Fluorescence energy transfer in one dimension: frequency-domain
fluorescence study of DNA-fluorophore complexes. Biopolymers
35:245-255. Copyright © 1994. Reprinted with permission from John
Wiley and Sons Inc.

of the model, often more sensitive than the values of >
themselves.

15.3. BIOCHEMICAL APPLICATIONS OF RET
WITH MULTIPLE ACCEPTORS

15.3.1. Aggregation of B-Amyloid Peptides

The theory for RET with multiple acceptors is complex, but
it is possible to use this type of RET without using the the-
ory. It is known that deposition of the 3-amyloid peptide in
the brain is associated with Alzheimer's disease. This pep-
tide contains about 40 amino acids and is known to under-
go self-assembly or aggregation. This process was studied
using a peptide sequence from the amyloid protein which
contained the aggregation motif KLVFF near the center.
The complete sequence was EVHHQKLVFFAEDVG.
This peptide was labeled with both a donor and acceptor.
Figure 15.14 shows the donor lifetime distribution when the
peptide is exposed to conditions that result in aggregation.
Different lifetime distributions were obtained depending on
the initial concentration of the peptide. The shortest overall
lifetime was observed for an intermediate initial B-amyloid
concentration. This result was interpreted as the effect of
formation of a micelle-like aggregate at these concentra-
tions, and an ordered [3-sheet aggregate at higher concentra-
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Figure 15.13. Frequency-domain intensity decay of AO-DNA with
0.058 NB/base pair. From [18]: Maliwal BP, Kusba J, Lakowicz JR.
1994. Fluorescence energy transfer in one dimension: frequency-
domain fluorescence study of DNA-fluorophore complexes.
Biopolymers 35:245-255. Copyright © 1994. Reprinted with permis-
sion from John Wiley and Sons Inc.

tions. In this example useful information was obtained from
the RET data without using the theory needed to account
for a distribution of multiple acceptors around the donors.

15.3.2. RET Imaging of Fibronectin

Fibronectin is a large protein that consists of globular
regions connected by flexible linkers. Fibronectin (Fn) is
secreted by cells such as fibroblasts and plays a role in
assembly of extracellular matrix during development and

>,
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Figure 15.14. Lifetime distribution and aggregation schematic for f3-
amyloid. The donor was TMR and the acceptor was DABMI. Revised
from [36].
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Figure 15.15. Emission spectra of fibronectin labeled with both
Oregon green and TMR. From top to bottom at 570 nm the GuHCl
concentrations are 0, 1.0, and 4.0 M. Revised from [37].

wound healing. Fn is thought to exist in a compact form that
is not reactive with other extracellular matrix proteins, and
in an extended form that interacts with collagen. RET was
used to image the two forms of Fn without measuring D—A
distances.

Fibronectin was labeled randomly with both Oregon
green (OG) as the donor and TMR as the acceptor. In the
compact form RET occurred between OG and TMR. Figure
15.15 shows emission spectra of the doubly labeled Fn. In
the absence of GuHCI the Fn is in the compact state and
there is obvious RET from TMR to OG. As the concentra-
tion of GuHCl is increased the acceptor emission decreases
due to less efficient RET in the extended protein. The dou-
bly labeled Fn was then incubated with 3T3 fibroblasts. In
order to avoid RET between adjacent Fn molecules, labeled
Fn was diluted tenfold with unlabeled Fn. The protein
bound diffusely to the cell and to matrix fibrils (Figure
15.16). The cell was imaged with filters that transmitted the
donor (green) or acceptor (orange) emission. These sepa-
rate images were assigned colors and then overlaid. This
image shows that the Fn that displays RET is diffusely
bound to the cell. The Fn displaying stronger donor emis-
sion is found in the fibrils. This result shows that Fn can
coexist in the compact or extended form depending upon its
interaction with extracellular molecules.

15.4. ENERGY TRANSFER IN RESTRICTED
GEOMETRIES

The theory described in Section 15.1 assumed a random
distribution of acceptors, in one-, two-, or three-dimen-
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Figure 15.16. Psuedo-color image of fibronectin labeled with Oregon
green and TMR on 3T3 fibroblasts. Scale bar is 10 pm. Revised from
[37].

sions. One can imagine other situations when the acceptor
distribution is non-random. For instance, consider a donor-
labeled protein that is bound to a membrane. Depending on
the size of the protein the acceptors may be excluded from
a region directly around the donor. In this case the acceptor
distribution would be random in two dimensions, but with a
minimum distance between the donor and the nearest
acceptor (Figure 15.17, insert). Many other non-random
distributions can be imagined, such as DNA dyes with pre-
ferred binding to particular base sequences and distribu-
tions of charged acceptors around charged donors.

There have been several attempts to provide analytical
expressions for a variety of geometric conditions. These
attempts have resulted in complex expressions, which typi-
cally are valid under a limited range of conditions. For
instance, an analytical solution for 2D RET was given, but
this solution only applies when the distance of closest
approach is (r-) much less than R,.3¥ Another approximate
solution was presented for the case where r./R, > 0.7.3°
Other solutions have been given,*>-48 but these complex for-
mulas do not include D-A diffusion. Given the complexity
of the equations and the range of possible conditions, there
is merit in directly calculating the data for the desired
geometry and D—A distribution. This can be accomplished
by Monte Carlo* simulations or by use of numerical meth-
ods with general expressions.’?

Monte Carlo simulations provide an ideal way to sim-
ulate the data for complex systems. The basic idea is to sim-
ulate data for one assumed configuration of the system,
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Figure 15.17. Relative donor yields for a random distribution of
acceptors in two dimensions. r. is the distance of closest approach of
the donor and acceptor. Calculated according to [38] (see Table 15.2).

such as for a given number of acceptor molecules at given
distances from the donor. This process is repeated many
times, for random configurations generated for the assumed
model. As stated by the authors, such simulations can be
performed for systems of arbitrary complexity, and to any
desired precision.*® Another positive feature is that one does
not need to derive an equation for the donor decay or donor
intensity, but rather simply write the differential equation
describing the donor. However, the necessary simulations
can be time consuming even with modern computers, par-
ticularly if multiple Monte Carlo simulations must be done
during the least-square fits.

Fortunately, there exists a general solution that can be
used in systems of almost any complexity, in the absence of
diffusion.’® The basic idea is to use an integral equation to
predict the intensity decay. In two dimensions these equa-
tions are

Ina(t) = I% exp(—ttp) exp|—cS()|  (15.16)

where

S(t) = [7{1 = expl—(thp) (Ryr)®]} 2nrdr (15.17)
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Figure 15.18. Schematic of a FITC-labeled peptide bound to the inte-
grin off heterodimer in a plasma membrane. The red dots are the R18
acceptors. Reprinted with permission from [54].

The term exp[-oS(#)] describes that portion of the donor
decay due to energy transfer, ¢ is the surface density of the
acceptor, and 7 is the distance of closest approach between
the donors and acceptors. The expressions appropriate to
one or three dimensions can be written by substituting the
surface element 2rtr, with 2.0 or 4nr2, for a line or sphere,
respectively. The donor intensity at time ¢ can be calculated
for any assumed probability distribution by numerical inte-
gration of the appropriate equation. The efficiency of trans-
fer can be calculated from

[ Iop(t) dt
E=1-—""— (15.18)
eIt dr

While the use of these equations will be moderately com-
plex, the approach is general and can be applied to most cir-

cumstances. For instance, the existence of an excluded vol-
ume around the donor is readily tested by changing the
lower limits on the integral over distance. Example calcula-
tions using eqs. 15.16 and 15.17 were shown in Figures
13.28 and 13.31. The transfer efficiency was predicted
using eqs. 15.16—15.18 as evidence for non-random distri-
butions of donors and acceptors in membranes.5'-33 The
basic idea is to compare the efficiency of energy transfer
(eq. 15.18) with that calculated for a random distribution.
Larger or smaller transfer efficiencies are taken to indicate
co-localization or exclusion of the probes from areas con-
taining the donor. It should be noted that the intensity
decays of membrane-bound donors do not always agree
with the model for RET in two dimensions.?3

15.4.1. Effect of Excluded Area on Energy
Transfer in Two Dimensions

Energy transfer from a donor to an acceptor in two dimen-
sions is a frequently encountered model in membrane bio-
physics. Hence it is valuable to visualize how the donor
intensities depend on the surface density of the acceptor and
the distance of closest approach (r.). These values can be
obtained from approximation to the exact theory (Table
15.2).38 The data in Table 15.2 provide a means to calculate
the relative quantum yield of the donor using simple numer-
ical equations. These data show that an excluded area
results in a significant decrease in the transfer efficiency as
soon as 7 exceeds 0.5R,,. One can use the calculated values
in Figure 15.17 for comparison with experimental data to
estimate r.

Integrins are cell surface receptors that are present in
all multicellular animals. Integrins provide adhesion of cells
to each other and to extracellular matrices. Figure 15.18

Table 15.2. Numerical Parameters to Calculate the Relative Donor Quantum Yields in Membranes®?

ro/R, A, k, A, k,
0.0 0.6463 4.7497 0.3537 2.0618
0.25 0.6290 4.5752 0.3710 1.9955
0.5 0.6162 4.0026 0.3838 1.4430
0.7 0.6322 3.1871 0.3678 0.7515
0.8 0.6344 2.7239 0.3656 0.4706
0.9 0.6336 2.2144 0.3664 0.2909
1.0 0.6414 1.7400 0.3586 0.1285
1.1 0.6327 1.3686 0.3673 0.04654>
1.3 0.6461 0.4899 0.3539 0.005633°

aFrom [38]. The relative quantum yields are given by F,,/F, = A, exp(—k,C) + A, exp(—k,C), where C is the concen-

tration of acceptor per R

bThese values seem to be incorrect in [38]. We decreased the published k, values by a factor of 10 and 100, for r/R,

= 1.1 and 1.3, respectively. B. Hudson and P. Wolber confirmed that k, = 0.04654 at r./R, = 1.1.
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Figure 15.19. RET efficiency from the fluorescein label on integrin to
membrane-bound R18. The lines are calculated from the theory in
[38]. High affinity, I mM Mn?*. Medium affinity, I mM Mn?* and 1
mM Ca?*. Low affinity, | mM Ca?+. Revised from [54].

shows a schematic of the integrin a3 heterodimer bound to
a plasma membrane. Integrin changes from a low-affinity
state in the presence of Ca?* to a high-affinity state in the
presence of Mn2+. It was thought that the low-affinity state
was bent against the membrane and that the high-affinity
state was extended away from the membrane. The approach
shown in Figure 15.17 was used to study the conformation
of membrane-bound integrin in each state.

Integrins are known to bind a short peptide (LDV) with
high affinity. This peptide was labeled with FITC. The pep-
tide bound to integrin and served as the donor. The accep-
tor was octadecylrhodamine (R18). The RET efficiency, as
seen from the extent of donor quenching, was examined for
a range of acceptor concentrations. The integrin was put
into a high-, medium-, or low-affinity state by changing the
concentrations of Ca?* and Mn?* (Figure 15.19). The extent
of quenching was compared with that calculated for ran-
domly distributed acceptors, but with an excluded area
around the donor.>* In the low-affinity state (O) the extent of
donor quenching is consistent with the calculated values
with no excluded area. In the high-affinity state the data are
consistent with an excluded area with a radius r near 0.8R,,
where R, is near 53 A. The results suggested that the
decrease in RET in the high-affinity state was due to both
an excluded area and elevation of the donor above the mem-
brane. These results show how the conformation of a mem-
brane-bound protein can be studied using acceptors not
directly linked to the protein.
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15.5. RET IN THE PRESENCE OF DIFFUSION

In the previous examples we did not consider the effects of
diffusion or the extent of energy transfer. For nanosecond-
decay-time donors there is little effect on diffusion on ener-
gy transfer. However, if the donor lifetime exceeds about
100 ns then diffusion can result in increased transfer effi-
ciency. One example is shown using simulated data in Fig-
ure 15.20. The figure shows simulated frequency-domain
data for donors and acceptors randomly distributed in two
dimensions.>5-57 These simulations were performed using a
single acceptor concentration and a single lateral diffusion
coefficient so that the changes are due to differences in the
assumed donor lifetime. A diffusion coefficient of 5 x 10-8
cm?/s was selected as typical for lipid diffusion in mem-
branes. When the donor lifetime is 300 ns there is a small
effect of diffusion indicated by the shaded area in Figure
15.20 (top panel). If the donor lifetime is 3 ps then diffusion
can have a large effect, as seen from the shift in the frequen-
cy response to higher frequencies. These simulations show
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Figure 15.20. Simulated frequency-domain intensity decay for a
donor and acceptor randomly distributed in two dimensions. For the
simulations Ry =25 A, r,;, =7 A, 75 A2/lipid, 5 x 10-? acceptors/lipid,
and D =5 x 108 cm? /s. The dashed lines show the expected donor
decays without lateral diffusion, and the dotted lines show the donor
decays in the absence of acceptors. Revised from [56].
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Figure 15.21. Re-PE donor decays in DOPC in the presence of a 0.02
mol fraction of Tr-PE acceptor. The solid line shows the best fit with
the diffusion coefficient and acceptor density as variable parameters.
The dashed line shows the predictive response at the known acceptor
density and the diffusion coefficient set equal to zero. The thin solid
line on the left is the donor in the absence of acceptor. Revised from
[56].

that lipid diffusion in membranes will not affect the RET
efficiency from ns-decay-time donors.

During the past 10 years a new class of probes has
become available with decay times a fraction of a microsec-
ond to several microseconds long (Chapter 20). These are
transition metal-ligand complexes. One such rhenium com-
plex synthesized as a lipid derivative is shown in Figure
15.21. The lifetime of this complex in the absence of accep-
tor can be longer than 2 ps, but is near 1 ps at 35°C in
DOPC vesicles. The presence of 2 moles of acceptor
decreases the mean decay time from 1.08 to 0.492 us, with
a recovered diffusion coefficient of 2 x 107 cm?/s. If the

diffusion coefficient is set to zero, with the acceptor con-
centration fixed at its known value, one obtains the dashed
line. The shaded area represents the contribution of diffu-
sion to decreasing the lifetime of the donor. The predicted
donor decay is given by the dashed line. These results show
that information on long-range diffusion can be obtained if
long-decay-time donors are used.

15.6. RET IN THE RAPID DIFFUSION LIMIT

The theory for energy transfer in restricted geometries is
complex, with or without diffusion. However, if the donor
decay time is very long then the rapid diffusion limit is
reached where the theory once again becomes relatively
simple.58-59

The basic idea of energy transfer in the rapid diffusion
limit is to use a donor lifetime (t,) and acceptor concentra-
tion such that the diffusion distance of the donor during T,
is greater than the mean distance(s) between the donor and
acceptor molecules. The rapid diffusion limit is reached
when Drp/s? >> 1, where D = Dy, + D, is the mutual diffu-
sion coefficient and s is the mean distance between D and
A. There are several valuable consequences of being in the
rapid diffusion limit.>8 The concentration of acceptors need-
ed for RET can be 1000-fold less than in the static limit
(Dtp/s? << 1), that is, uM rather than mM concentrations
(Section 15.1). The donor intensity decays are single expo-
nential because the acceptor distribution is averaged by dif-
fusion, so that all donors see the same distribution. And,
finally, the extent of transfer becomes limited by the dis-
tance of closest approach of the donor and acceptor, and can
thus provide structural information about the investigated
system.

What donor decay times are needed to reach the rapid
diffusion limit? This question was addressed by numerical
solution of the differential equations describing energy
transfer in three dimensions.”->8 Figure 15.22 shows the cal-
culated transfer efficiencies for donors with various life-
times when the acceptor concentration is 0.1 mM.° If the
decay time is 1 ns there is little effect of diffusion on ener-
gy transfer, even for the highest possible diffusion coeffi-
cient of 10-5 cm?/s in aqueous solution at room temperature.
This is why D-to-A diffusion is often neglected in measure-
ments of D-A distances, and why RET with ns-lifetime
donors has not been used to measure domain dynamics in
proteins.

If the donor lifetime is near 1 ps, the transfer efficien-
cy becomes sensitive to diffusion. As shown above, such



PRINCIPLES OF FLUORESCENCE SPECTROSCOPY

1.0f

TRANSFER EFFICIENCY

16719 1078 10°® 1074

DIFFUSION COEFFICIENT (cm¥s)

Figure 15.22. Calculated dependence of the transfer efficiency on the
diffusion coefficient in three-dimensions for donor lifetimes 1y, of 1
ns, 1 pus, 1 ms, and 1 s. D is the sum of diffusion coefficients of the
donor and acceptor. In this calculation, R, = 50 A, re=5 A, and the
acceptor concentration is 0.1 mM. Revised and reprinted with permis-
sion from [59]. Copyright © 1982, Annual Review Inc.

decay times are available using transition metal-ligand
complexes. As the donor lifetime becomes longer, 1 ms to
1 s, the transfer efficiency reaches an upper limit. This is the
rapid diffusion limit, which can be reached for diffusion
coefficients exceeding 10-7 cm?/s if the donor lifetimes are
on the ms timescale. Such decay times are found in such
lanthanides as europium or terbium, which display lifetimes
near 2 ms.

Examination of Figure 15.22 reveals that the transfer
efficiency reaches a limiting value less than 100% for high
diffusion coefficients. This rapid diffusion limit is sensitive
to the distance of closest approach of the donor to the
acceptors. The transfer efficiency is given by

ker
E=—"+ (15.19)
Ty + kg

where k; is the sum of the transfer rates to all available
acceptors. The transfer rate k; can be calculated from the
decay times measured in the absence (t,) and presence of
acceptors (Tpy):
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(15.20)

Because of diffusive averaging, it is relatively simple to cal-
culate predicted values of k;. The precise form of k;
depends on the geometric model, many of which have been
described in detail *3-62 For spherical donors and acceptors
the diffusion-limited value of k is given by>3

1 (Ro\6 4rip RS
kr =paf — (*0) dnidr = —20 30
¢ Tp r 3TD re

(15.21)

where p , is the density of acceptors (molecules/A3) and Te
is the distance of closest approach. Equation 15.21 can be
understood as the sum of all transfer rates to acceptors ran-
domly distributed in three dimensions starting at .. The
diffusion-limited transfer rate is thus dependent on -3 and
acceptor concentration. These values are shown in Figure
15.23 (top) for various acceptor concentrations. For 7 val-
ues less than 10 A the transfer efficiencies can exceed 50%
for an acceptor concentration of 10 uM, considerably lower
than in the absence of diffusion (Section 15.1). This model
can be used to measure the distance at which an acceptor is
buried in a protein, using a long-lived donor. One such
study measured transfer from terbium to the iron metal
binding sites in protein transferrin.®! From the transfer rates
the iron sites were determined to be deeply buried in the
protein, 17 A below the surface.

Suppose one had a long-lived lipid derivative that
served as the donor within a membrane also containing
acceptors. In two dimensions the diffusion-limited rate con-
stant is given by

o 4RS

k= —[7” (?)GGAandr =

Tp e

15.22)
Tp 21 (

where G, is in acceptors/A2. Hence in two dimensions the
transfer efficiency is proportional to ., whereas in three
dimensions it is proportional to 3. Given the simplicity of
calculating k, these expressions have been obtained for a
variety of geometric models.>°

15.6.1. Location of An Acceptor in Lipid Vesicles

Diffusion-limited energy transfer has also been applied to
membrane-bound fluorophores, but to a case different from
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Figure 15.23. Effect of the distance of closest approach (r.) between
the donor and acceptor on the transfer efficiency in the rapid-diffusion
limit. R, =50 A in this calculation. Top: Solution of donors and accep-
tors. The acceptor concentrations are 1.0, 0.1, and 0.01 mM. Bottom:
Solution of donors trapped in the inner aqueous space of a membrane
vesicle containing a spherical shell of acceptors at radius b = 150 A.
The surface densities of acceptor are 0.02, 0.002, and 0.0002 per phos-
pholipid (acceptors per 70 A2). Revised from [58].

lateral diffusion (eq. 15.22). One example shown in Figure
15.23 (bottom) is for donors trapped in the internal aqueous
region of a vesicle of radius b. The acceptors are at a known
surface density (o, in molecules/A2) located at a distance 7.
below the surface. The diffusion-limited transfer rate is
given by

3nbo RS

T 2tp(b — 1¢)?

1
S {2 =) 7 =)

+é{r*3—(2b—r)*3} (15.23)
3 C C .

These values are shown in Figure 15.23 (bottom) for vari-
ous surface densities of the acceptor. Energy transfer can be
50% efficient for only 1 acceptor per 5000 phospholipids, if
the distance of closest approach is 10 A.
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Figure 15.24. Diffusion-limited energy transfer from Tb(DPA),
trapped in the inner volume of egg PC vesicles labeled with eosin-
phosphatidylethanolamine as the acceptor. The solid lines were calcu-
lated using eq. 15.23 assuming R, = 45.6 Aand b =150 A, and assum-
ing an area of 70 A2 per phospholipid. Revised from [58].

This model was applied to egg phosphatidylcholine
vesicles labeled with eosin-phosphatidylethanolamine
(eosin-PE) as the acceptor. The donor was Tb(DPA),, where
DPA is dipicolinic acid. The donor was trapped in the inter-
nal aqueous volume of the vesicles. Energy transfer from
the Tb(DPA), to the eosin acceptor was about 50% efficient
at just one acceptor per 1000 phospholipid molecules (Fig-
ure 15.24). The distance of closest approach of Tb(DPA); to
eosin was determined by comparison with curves calculat-
ed using eq. 15.23. The overall diameter of the vesicles was
estimated by electron microscopy, allowing b to be fixed at
150 A. The extent of energy transfer was consistent with a
distance of closest approach of 10 A (Figure 15.24), sug-
gesting the eosin was localized just under the surface of the
membrane. It was not necessary to consider eosin in the
outer bilayer since the distance of closest approach deter-
mined the transfer efficiency.

15.6.2. Location of Retinal in Rhodopsin:
Disc Membranes

The model of a long-lived donor trapped in vesicles was
applied to rhodopsin, the photoreceptor protein in retinal
rods. This membrane-bound protein contains a retinal chro-
mophore, which serves as the acceptor (Figure 15.25).60.63 It
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Figure 15.25. Schematic diagram of rhodopsin in a membrane. The
single retinal moiety is placed midway between the membrane sur-

faces, roughly consistent with the energy transfer data. Reprinted with
permission from [60]. Copyright © 1982, Academic Press Inc.

1.0

0.8} T"a*('ozcﬁ

0.6} IW
0.4} |

0 Jl I\‘ j\ -

RETINAL

w h
I

N

(em™*M™1x107%)

—

EXTINCTION COEFFICIENT FLUORESCENCE INT.

o) M | I )
400 450 500 550 600 650

WAVELENGTH (nm)

Figure 15.26. Top: Emission spectrum of the donor terbium dipicoli-
nate. Bottom: Absorption spectrum of the retinal acceptor, before
(solid) and after (dashed) photobleaching. Reprinted with permission
from [60]. Copyright © 1982, Academic Press Inc.
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was possible to prepare vesicles containing rhodopsin that
had the same sidedness as native disc membranes.

The absorption spectrum of the acceptor is shown in
Figure 15.26. Fortunately, retinal can be photobleached,
thus decreasing the acceptor concentration in the disc mem-
branes. Prior to photobleaching its absorption spectrum
overlaps with that of the Tb3*+ donor. The emission spectrum
of terbium is typical of the lanthanides. The emission is
from f orbitals of the atom, and typically consist of highly
structured line spectra. Also, it is common to use lanthanide
chelates, rather than lanthanides alone. This is because the
lanthanides are extremely weak absorbers, with extinction
coefficients near 0.1 M-! cm-!. Fortunately, lanthanides can
be chelated with aromatic absorbers such as dipicolinate
(Figure 15.26). Light absorbed by the ligand is efficiently
transferred to the Tb3+, resulting in effective absorption
coefficients orders of magnitude larger than the uncom-
plexed lanthanides.

In order to localize the retinal in membranes, terbium
was added to the inside or outside of vesicles. Intensity
decays for Tb3* trapped inside the disc vesicles are shown
in Figure 15.27. The intensity decay is a single exponential
in the absence and presence of rhodopsin as predicted for
diffusive averaging. The Tb3* decays as a single exponential
in the presence of acceptors because all of the Tb3+ donor
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Figure 15.27. Emission kinetics of terbium dipicolinate trapped inside
disc membrane vesicles. The fluorescence intensity (plotted on a log-
arithmic scale) is shown as a function of time after a 1-us exciting
light pulse. Circles (fastest decay), unbleached membranes; triangles,
partially bleached; squares, completely bleached. Revised from [60].
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experience the same diffusion-limited rate of transfer. Pho-
tobleaching of the retinal decreases its effective concentra-
tion, and the Tb3+ lifetime increases.

The decay times found for Tb3+ within the vesicles can
be used to determine the transfer efficiency. Since the inten-
sity decays are single exponentials, the efficiency can be
calculated from

Ezl_rﬂ

Tp

(15.24)

where 1, and 1, are the Tb3* decay times in the presence
and in the absence of energy transfer. The transfer efficien-
cy is then compared with that predicted using eq. 15.23 to
determine the retinal distance below the inner membrane
surface. The distance of retinal from the inner membrane
surface was estimated to be 22 A.

15.7. CONCLUSIONS

The phenomenon of Forster transfer is simultaneously sim-
ple and complex. While the theory describing the mecha-
nism of dipolar transfer is complex, the result is dependable
and robust. Forster distances can be predicted with good
accuracy from the spectral properties of the donor and
acceptor. There are no known exceptions to Forster transfer,
so that RET can be reliably assumed to occur whenever the
donors and acceptors are in close proximity. Hence, RET is
a reliable method to study the proximity and geometric dis-
tributions of donor—acceptor pairs.

The complexity of energy transfer arises from the
occurrence of distance distributions, non-random distribu-
tions, and donor-to-acceptor diffusion. These phenomena
result in complex theory, not because of Forster transfer, but
because of the need to average the distance dependence
over various geometrics and timescales.
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PROBLEMS

P15.1.  Estimation of the Distance of Closest Approach (r.)
for Donor and Acceptor Lipids in Vesicles: Egg yolk
phosphatidylethanolamine (PE) vesicles were pre-
pared containing donors and acceptors. The donor
was N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-phos-
phatidylethanolamine (NBD-PE). The acceptor was
N-(lissamine-rhodamine-a-sulfonyl)-phosphatidyl
ethanolamine (Rh-PE).%* Emission spectra are shown
in Figure 15.28.
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Figure 15.28. Emission spectra of egg yolk phosphatidylethanol-
amine vesicles containing 1 mole% NBD-PE and the indicated mole%
of Rh-PE. Excitation wavelength 455 nm. Revised from [64].

Estimate the distance of closest approach of NBD-
PE and Rh-PE. Assume a phospholipid molecule
(PE) occupies 70 A2 and that the Forster distance is
50 A. How could the measured donor quenching
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exceed the maximum predicted quenching in Fig-
ure 15.17?

P.15.2. Calculation of the Maximum Transfer Rate for Diffu-
sion-Limited Quenching: Wensel et al.®2 examined
quenching of a positively charged terbium chelate by
ethidium bromide bound to double-helical DNA. In
the presence of DNA alone the decay time was 0.844
ms, and in the presence of DNA ethidium bromide the
decay time was 0.334 ms (Figure 15.29).
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Figure 15.29. Intensity decays of TbBED2A+ in the presence of DNA,
or DNA with ethidium bromide (EB). The concentration of EB was
2.77 uM. Revised from [62].

For a donor in an infinite cylinder like DNA the dif-
fusion limited transfer rate is given by

1.672RS
ky=-——— (nM"'
Tplc

sec” ) (15.25)

Calculate the observed value of k>, and compare it
with the maximum theoretical value assuming R, =
30.2 A =3.02 nm and r, = 1.1 nm due to the combined
radii of the donor and DNA. Explain the difference
between the values of k-P.

P.15.3. Acceptor Concentrations for 50% Energy Transfer

in One, Two, and Three Dimensions: The equations
describing the intensity decays in one, two, and
three dimensions (eqs. 15.12, 15.9, and 15.1) were
numerically integrated over time to obtain the rela-
tive donor quantum yields versus normalized con-
centrations (C/C,). Using this graph (Figure 15.30)
calculate the acceptor concentration for 50% trans-
fer in a homogeneous solution (mM), for a mem-
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C/Cq

15.30. Relative donor quantum yield versus C/C, in one (1D),

two (2D), and three (3D) dimensions.

P15.4.

brane (acceptor per phospholipid), and for DNA
(acceptor per base pair). For the membranes
assume 70 A2 per phospholipid, and for DNA
assume 3.4 A per base pair. Use R, =50 A. Are
these acceptor concentrations practical for proteins,
membranes or nucleic acids?

Calculation of R, from the Extent of Donor Quench-
ing: Figure 15.31 shows calculated donor decays for
membrane-bound donors and acceptors.5® The sim-
ulations were performed using 70 A2 per lipid mol-

Acceptor /PL

RELATIVE FLUORESCENCE INTENSITY

t/rD

Figure 15.31. Calculated time-resolved decays of donor fluorescence
for membrane-bound donors and acceptors. The area per lipid (PL)
molecule was taken as 70 A2 per lipid. Revised from [50].

ecule and the acceptor densities (A/PL) shown in
Figure 15.31. Calculate the R, value for this
donor—acceptor pair.
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