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ABSTRACT Fluorescence energy trans-
fer is widely used for determination of
intramolecular distances in macromole-
cules. The time dependence of the rate
of energy transfer is a function of the
donor/acceptor distance distribution
and fluctuations between the various
conformations which may occur during
the lifetime of the excited state. Previ-
ous attempts to recover both distance

distributions and segmental diffusion
from time-resolved experiments have
been unsuccessful due to the extreme
correlation between fitting parameters.
A method has been developed, based
on global analysis of both donor and
acceptor fluorescence decay curves,
which overcomes this extreme cross-
correlation and allows the parameters
of the equilibrium distance distributions

and intramolecular diffusion constants
to be recovered with high statistical
significance and accuracy. Simulation
studies of typical intramolecular energy
transfer experiments reveal that both
static and dynamic conformational dis-
tribution information can thus be
obtained at a single temperature and
viscosity.

INTRODUCTION

The determination of the equilibrium distribution of
conformational states of macromolecules and the time
dependence of interconversion is of central interest in
understanding how structure and dynamics contribute to
biological activity (1-4). Fast interconversions of equilib-
rium conformers may provide the basis for the local and
global conformational transitions important for many

biochemical reactions. Such fast motions have been the
focus of many theoretical studies and molecular dynamics
simulations. Conformational distributions and dynamic
motions can be examined by studying "local" dynamics,
involving a small number of bond angles and rates of
rotations, or by studying the segmental or global motions
of entire domains of macromolecules. A relatively limited
number of experimental results which characterize global
conformational changes in terms of structural fluctua-
tions are available. This is primarily due to the technical
difficulties involved in measurement of rates and extents
of continuous random conformational fluctuations occur-

ring within a population of macromolecules at equilib-
rium (5). Examination of conformational distributions
using nonradiative energy transfer measurements is
attractive because the effect of both distance (and angu-
lar) fluctuations on the rate of transfer can be accurately
calculated (6, 7).

It has been shown that the time dependence of the rates
of nonradiative energy transfer between probes attached
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to well defined sites on peptides and proteins is a function
of both the distribution of distances between the labeled
sites and the rates of conformational interconversions
(8-10). The probability, nD-A, of energy transfer from
donor D to acceptor A is given by (6)

=
9000(ln 1 O)K X0 rXf()e(i) dv
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= I 1,(RO1r)6,
where % is the quantum yield of the donor in the absence
of an acceptor, n is the refractive index of the medium, N
is Avogadro's number, r is the excited-state lifetime of the
donor, r is the distance between the donor and acceptor,
F(i)di is the normalized fluorescence intensity of the
donor in the wavenumber range vP to v + di, e(v) is the
absorption coefficient of the acceptor at the wavenumber
v, Ro (as defined by Eq. 1) is the distance between D and
A when transfer efficiency is 50%, and K2 is a factor that
expresses the orientational dependence of the probability
of energy transfer.
The efficiency of energy transfer measured by steady-

state methods represents an average quantity from which
NO(r), the equilibrium interprobe distance distribution,
cannot be obtained. Examination of the kinetics of the
fluorescence decay of the donor or the acceptor, FD(t) or

FA(t), however, does inherently contain enough informa-
tion for the determination of NO(r). The impulse response

of the donor's fluorescence (in the absence of diffusion)
can be written as

FD(t) ENO(r) exp[(- (1 + (Ro/r)6)] dr, (2)
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where there are n donor lifetimes in the absence of
acceptor. Analysis methodologies using this equation
have been presented for analyzing the donor fluorescence
decay in terms of the equilibrium distance distribution
NO(r) (8, 9, 11-13). Eq. 2, however, does not apply to
cases in which the interprobe distances change during the
lifetime of the excited state (i.e., typical solution studies
of proteins and polypeptides at room temperature). The
model equations utilized in this study will directly fit the
parameters of a partial differential equation which mod-
els the distance distribution(s) and diffusion process
simultaneously (Eq. 3).

In a time-resolved fluorescence experiment, one ini-
tially observes the decay of energy transfer with distance-
dependent rates characterized completely by the ground-
state equilibrium distribution (N0(r]). However, due to
the steep distance dependence of the energy transfer rate,
the population of molecules with a small r decay very
quickly. Although the equilibrium distance distribution is
not changing, the distribution of distances (as observed by
the fluorescence experiment) evolves, so that at longer
times, one is selectively observing the population of mole-
cules with large donor/acceptor separations. If the
observed molecules experience Brownian motion, one can
observe in the decay of the donor fluorescence an
enhancement of the donor decay (not predicted by Eq. 2)
which reflects the "diffusion" of the large separation
donor/acceptor molecules to shorter distances. It is this
enhancement of the donor decay, which contains the very
important information concerning the Brownian motion
of the labeled segments relative to one another. If the
effects of Brownian motion are neglected, and Eq. 2 is
directly used in the analysis of energy transfer studies on
flexible molecules, the recovered NO(r) will be artificially
"biased" to shorter distances to compensate for the
increased efficiency of transfer brought about by diffu-
sion of the donor/acceptor pair.
The range of conformational transition rates which can

be detected by time-resolved fluorescence spectroscopy
depends on the lifetime of the excited state of the donor
and can range from as little as 5 ps to as much as 500 ns or
more. It has been shown that fluorescence techniques can
be extended to measurements of even slower processes by
autocorrelation analysis of the fluctuations of the inten-
sity of light emitted by a small sample of labeled mole-
cules observed under constant excitation intensity (10).
The emphasis of this paper will be to provide a methodol-
ogy whereby one can simultaneously determine both the
equilibrium distribution of distances and the diffusion
coefficient(s) in synthetic and biological macromolecules
from time-resolved fluorescence decay curves of donor/
acceptor pairs.
A major difficulty in the analysis of the fluorescence

experiments (especially those complicated by distribu-

tions of fitting parameters) is the ill-defined nature of
resolving complex multi- (and distributed) exponential
decay functions (14, 15). This severely limits the number
of parameters that can be determined from a single decay
curve measurement. It has been found that there exists a
strong correlation between the parameters that charac-
terize the equilibrium distance distribution(s) and the
parameters describing the intramolecular Brownian
motion. For this reason, the simultaneous determination
of both the equilibrium interprobe distances distribution
functions and the rate of conformational transitions has
not been possible by examining only the decay kinetics of
the donor.

Nonlinear analysis of multiple experiments in terms of
internally consistent models has been utilized by many
other disciplines (see references 4, 16, 17 for typical
examples) but only recently has been widely accepted as
beneficial for the analysis of fluorescence decay kinetics.
The simultaneous analysis of multiple fluorescence decay
experiments is known as "global analysis" and has been
shown to increase the accuracy in the recovery of complex
decay kinetics (18-24). The original global analysis pro-
grams were limited to fitting sums of linked exponential
decays (18, 19), but have recently been extended to fit
both discrete and distributed physical models (integrated
or differential form) (15, 20, 23). The emphasis of these
later global analysis programs has been to perform physi-
cal model fitting rather than empirical fitting of discrete
or distributed exponential components. Analysis of
energy transfer between donor-acceptor pairs in proteins
and polypeptides is an area where distributed fitting
parameters are clearly justified. The solution behavior of
these molecules involves fluctuations in distances between
donor-acceptor pairs and therefore creates a complex
pattern of fluorescence decay in both the donor and
acceptor regions.

Historically, the decay kinetics of intramolecular
energy transfer systems were examined using a long
multistep process. Experiments are first performed exam-
ining the lifetime of the donor in the absence of the
acceptor, to estimate the value of the donor lifetime(s)
and amplitude(s). This result becomes a known quantity
in the subsequent examination of the decay kinetics of the
donor in the presence of the acceptor. Experiments are
then performed in the high viscosity limit (low tempera-
tures), where one can uncouple the dynamic diffusion
effects from the energy transfer process (25-27). Analy-
sis of these experiments then allowed for the recovery of
the distance distribution(s) in the absence of diffusion.
This distance distribution, is used as a known quantity in
the analysis of the low viscosity solution behavior of the
system in terms of energy transfer and diffusion.
The problems and difficulties involved in this type of

multistep analysis involve both error propagation terms
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and temperature/viscosity extrapolation assumptions
(26) on the invariance of the distance distributions. This
sequential approach has also been shown to be inadequate
for the resolution of closely spaced or complex exponen-

tial decay patterns (24). Although there is additional
information content concerning diffusion and distance
distributions in the decay kinetics of the acceptor, these
analyses were not implemented due to the extremely
complex nature of the acceptor decay.

In the present study we developed a new method which
eliminates the multistep process and overcomes the
extreme correlation between the distance distribution and
diffusion parameters. It is shown that by global analysis
of four experiments, in which the fluorescence decay of
the donor and acceptor are measured both in the presence

of energy transfer (doubly labeled molecules) and in its
absence (singly labeled molecules), all of the physical
parameters which characterize the energy transfer sys-

tem can be obtained. In addition, the parameters are

determined from the analysis of decay curves measured at
a single temperature/viscosity.

THEORY

The present analysis of fluorescence decay curves for
determination of intramolecular distances distributions
and rates of intramolecular segmental diffusion are based
on theory published elsewhere (9, 25). Consider a popula-
tion of conformationally distributed molecules, where
each molecule is labeled by a single donor and a single
acceptor at well-defined unique sites. At equilibrium, the
distance between the probes (r), is represented by the
radial probability distribution function NO(r). If the dis-
tance distribution is a delta function, then the donor and
acceptor decay kinetics observed are simple: single expo-
nential donor decay and double exponential acceptor
decay. However, in almost all biophysical systems of
interest, the decay kinetics are more complex and must be
analyzed using more sophisticated fitting functions. The
decay kinetics of donor-acceptor pairs are primarily com-
plicated by two processes: conformational distributions of
distances between donor/acceptor pairs and interconver-
sions between the conformational distributions occurring
during the lifetime of the excited state.

Consider as a special case, experiments performed
where the rate of conformational interconversions are
inhibited or nonexistent. At time t = 0, a sample of the
donor probes is excited by an infinitely short pulse of
light. The interprobe distance distribution of the ensem-
ble of molecules with an excited donor probe, N*(r, t), is
initially identical to the population equilibrium interprobe
distances distribution, NO(r), simply due to the random
sampling by the excitation transition. Within a very short

time after excitation, however, a rapid decay of the donor
excited states occurs for the fraction of molecules with
short interprobe distances due to the 1 /r6 enhanced
transfer probabilities. This causes rapid depletion of the
short end of the excited molecules distance distribution
and time-dependent deviation of N*(r, t) from the equi-
librium distribution NO(r). In essence, the combination of
fast optical excitation and distance-dependent transfer
rates generates a perturbation of the interprobe distances
distribution from the ensemble of molecules excited at
time t = 0. An example of the time dependence of
N*(r, t) simulated for a molecule in which the interprobe
distances are Gaussian distributed is shown in Fig. 1. This
figure shows the fast depletion of the short distance
fractions within the first few time intervals and the
resulting perturbation of the shape of the distribution and
the induced shift (toward longer distances) of both its
maximum and average. It is important to note that no

conformational perturbation is involved in this process;

the conformation of the population of the labeled mole-
cules is maintained at equilibrium. As time proceeds, the
increase in the relative population of the molecules with
large interprobe distances in the excited ensemble results
in slower fluorescence decay rates at later times (i.e., a

time-dependent rate constant). The observed result is a

deviation from monoexponential decay of the donor fluo-
rescence.

Let us now consider the effect of intramolecular
Brownian motion on the time dependence of the intramo-
lecular distance distribution function N*(r, t) (i.e., inter-
conversions due to diffusion). Random conformational
fluctuations result in an exchange of molecules between
distance fractions. The higher concentrations of excited
conformers with an extended interprobe distance, relative
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FIGURE 1 Decrease in the concentration of the excited-state donor
population N*(r, t) starting at t = 0 with subsequent time slices every
0.4 ns. RP = 27 A, TD = 6.0 ns, TA = 4.0 ns, and diffusion coefficient =
0.0. (Distance in angstroms.)
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to the short distance conformers, results in a net flow of
excited molecules from the longer distance fractions to
the shorter ones. Those molecules are "exchanged" for
nonfluorescent quenched molecules diffusing to longer
distance conformations (experimentally unobserved).
The perturbation of N*(r, t) is maintained by the
enhanced rate of excitation transfer at the short distance
conformations. The net result is that experimentally one
observes a net flow of molecules from the long distance
fractions to the short ones. The overall result is an

enhanced decay rate of the donor. The total change with
time in the concentration of excited labeled molecules of
interprobe distance r, can be represented by a second
order partial differential equation which takes into
account both energy transfer sink term and diffusion
between multiple conformations (25).

aO N(r, t) Oil i )6

at_ I + r_Nt

+ N rd [NO(r)D(r) dr ] (3)

where NO(r) is equilibrium distribution of distances
between the donor and acceptor, N(r, t) = N*(r, t)/
NO(r), and D(r) is the diffusion coefficient of the two
probes (relative to one another).
The first term on the right side of Eq. 3 represents both

the spontaneous decay of the donor and the decrease of
excited donor concentration by nonradiative energy trans-
fer. The second term represents the replenishment of the
depleted fractions by the Brownian motion of the labeled
segments. The reduced distance distribution, N(r, t),
obtained by solving Eq. 3 represents the time-dependent
reduction of the excited donor population (normalized to
N. [r]) at each distance fraction taking into account both
distance distributions and interconversions. A relatively
simple (and fast) implicit finite difference scheme for
solving Eq. 3 is presented in Appendix A.

It should be emphasized that the orientation depen-
dence of the transfer probability (K2 term in Eq. 1) can

further complicate the analysis of time-resolved measure-
ments. It has been shown, however, that analysis based on
an average orientation factor (K2 = 2/3) is correct for
systems in which there is fast rotational averaging of the
probes orientation. In addition, the orientational depen-
dence of the transfer probability can be made weak or

insignificant using fluorescence probes which exhibit low
limiting polarization properties for the electronic transi-
tions involved in the transfer process (28, 29). See refer-
ence 28 for a table of donor/acceptor probes which fulfill
this criterion and for possible error ranges in the calcu-
lated distance distribution parameters resulting from
improper K2 values. The following analysis is limited to the
use of probes with either fast rotational averaging or

mixed polarization. A more expanded version of Eq. 3,
which incorporates both the Brownian diffusion term and
a rotational diffusion term is currently being developed
and will be presented elsewhere. See also Berger and
Vanderkooi for work in this area (30).
Two examples of the solution of Eq. 3 (without and

with diffusion) are shown in Figs. 2 and 3. In Fig. 2, notice
the fast decrease in the population at the very short
distances caused by the Forster term and the distance-
independent overall decrease due to the spontaneous
decay. This figure represents a typical solution of Eq. 3
when only the energy transfer sink term (first term) is
considered. Fig. 3 represents the same equilibrium con-
formational distribution but with the additional contribu-
tion of a diffusion term (D[r] = 20 A2/ns). Note how the
diffusion term replenishes the short distance highly
quenched conformers. There is an accelerated reduction
in the long distance fractions and an enhancement of the
short distance populations. The actual observed popula-
tion of molecules is represented by N(r, t) * NO(r) and is
shown in Fig. 4. One can clearly see the net effect of the
Brownian motion: an increase in the short distance frac-
tions, faster disappearance of the long distance fractions,
and an apparent shift of the whole excited-state distribu-
tion (from NO[r], which is unperturbed) towards the
shorter interprobe distances (as compared with the no
diffusion case). By examining the solutions to this equa-
tion (with and without diffusion) one can realize why
there is a strong correlation between the distance distribu-
tion and diffusion parameters. Distance distributions with
diffusion cause an increase in the short distance popula-
tion and hence can be compensated by a decreased
distance in the static distance distribution parameters.
The discrimination between a real conformational distri-
bution with a shorter average distance and no diffusion,
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FIGURE 2 Solution of Eq. 3 for N(r, t) without diffusion. Simulation
parameters same as in Fig. 1. (Distance in angstroms.)
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FIGURE 3 Solution of Eq. 3 for N(r, t) with diffusion. Simulation
parameters same as in Figs. 1 and 2 except a diffusion coefficient of 20
A2/ns has been added. Note the enhanced rate of decay and the
replenishment of the short distance fractions compared to the data in
Fig. 2. (Distance in angstroms.)

from a longer average distance with Brownian motion of
the segments, is the major objective of the present work.
Although the probability distribution functions shown in
Figs. 1-4 are representative of delta function excitations,
the equations described below (Eqs. 4-10) are appropri-
ate for experimentally measured excitation functions of
finite width. All the simulations performed in this study
utilized experimentally measured excitation functions
from either flash-lamp or laser-based excitation systems.
The first step needed in performing a global analysis of

the donor-acceptor decay curves is a method to calculate
properly scaled donor and acceptor decay profiles. To
calculate the observed time dependence of the acceptor
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population, one needs to keep track of the fraction of
donor molecules escaping through the energy transfer
sink term. Denoting this sink term simply as S(r), one can
calculate the buildup of acceptor probability as

PA(r, t) = N(r, t) * S(r) * NO(r). (4)

The number of acceptor molecules at any instant of time
can therefore be represented as

NA(t) f., PA(r, t) dr.
rF.

(5)

NA(O) equals the fraction of directly excited acceptor
molecules. Note that the NA(t) which is being assembled
represents the impulse response function of the acceptor
in the absence of intrinsic acceptor decay but in the
presence of both diffusion and energy transfer. To include
the intrinsic acceptor decay terms, one must form the
convolution of NA(t) with the impulse response of the
acceptor in the absence of donor molecules. Denoting the
acceptor impulse response function as, iA(t), one can
calculate the fluorescence impulse response of the
acceptor as

fA(t) = NA(t) (D iA(t), (6)

where OD represents the convolution operator. One can
then calculate the observed fluorescence signal of the
acceptor as

FA (t) = kA(Xem)[fA(t) D I(t, Xe1, Xem)] (7)

where I(t, X,t, Xcm) represents the experimentally mea-
sured instrument response function at this particular
excitation/emission wavelength region and kA(Xem) rep-
resents the emission spectral contour of the acceptor
relative to the donor integrated over the spectral band-
width of the emission monochromator/filter. The impulse
response of the donor, iD(t), can be calculated as

iD(t) Jm N(r, t) * NO(r) dr.
nmn

The observed donor fluorescence is then

FD(t) = kD(XCm)[I(t, X,,IXm) OD iD(t)]

(8)

(9)

where kD(Xcm) represents the emission spectral contour of
the donor relative to the acceptor. iD(t) and iA(t), the
impulse responses of the donor and the acceptor in the
absence of energy transfer, are measured in independent
experiments in which the same molecule is labeled either
by the donor alone or the acceptor alone. The final
observed fluorescence decay profile is therefore

FobS(t, XA., ACm) = FA(t) + FD(t) (10)

Having calculated the predicted fluorescence decay of
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FIGURE 4 Population of excited-state molecules (N[r, t] * N. [r]) using
the simulation parameters of Fig. 3 (with diffusion). (Distance in
angstroms.)
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the donor alone, acceptor alone, and the donor-acceptor
pairs as a function of emission wavelength, a global
analysis can be performed. The mechanics of implement-
ing a global analysis of multidimensional fluorescence
data surfaces has been previously described in detail (15,
18, 19, 22-24). For energy transfer experiments, there is
a very simple linkage scheme between the various experi-
ments, in that one examines data at multiple excitation/
emission wavelengths in terms of an internally consistent
distance distribution and diffusion parameter(s) with
varying spectral parameters.

RESULTS

Three conformational distribution parameters which
strongly affect the rates of nonradiative energy transfer
between donor and acceptor pairs can be obtained by the
global analysis of the fluorescence decay curves of the
energy transfer probes: the average interprobe distance,
the width and shape of the interprobe distance distribu-
tion function(s), and the rates of changes of the inter-
probe distances either by Brownian motions (fluctuations
within the equilibrium distributions) or by vectorial con-
formational changes.

Vectorial conformational transitions can be detected
either when experimentally initiated, and hence synchro-
nized, by the excitation pulse, or, when caused by a fast
perturbation (i.e., heat, denaturant, pH, etc.) which
causes a reaction to persist during the time interval of
data collection (e.g., unfolding or refolding of a protein).
In the present communication we shall restrict our discus-
sion and simulations to Brownian conformational
dynamics, yet it should be emphasized that the current
global analysis framework will allow the examination of
physical perturbation studies also.

Three distinct time windows are defined by any partic-
ular donor acceptor pair in an energy transfer experiment:
(a) Static regime: contribution of the dynamic conforma-
tional changes to the rate of energy transfer are small
(very low diffusion occurring during the lifetime of the
excited state). (b) Intermediate regime: many (but not
all) distance fractions interconvert during the excited
state lifetime. (c) Fast dynamics regime: fast fluctuations
enable most conformers to sample all allowed distances
(including the shortest ones) within the lifetime of the
excited state.
An energy transfer experiment should be designed for

the intermediate time regime window if both distance
distributions and diffusion constants are of interest.
Experiments performed in the static regime, allow only an
upper limit for the value of the intramolecular diffusion
constant to be determined. It is only in this region that one
can utilize Eq. 2 to recover the correct equilibrium

interprobe distances distribution function. In the fast
dynamics regime, all states can be sampled many times
within the lifetime of the donor excited state. Analysis of
these types of experiments using Eq. 2 yields distance
parameters which are strongly shifted (to shorter dis-
tances) from the actual equilibrium distances experienced
by the sample being examined. Using global analysis
(with Eq. 3) only a lower limit for the intramolecular
diffusion constant can be determined, yet the correct
parameters of the equilibrium distance distributions are
recovered. In the intermediate regime, when the diffusion
rate is moderate, both the distance distribution parame-
ters and the diffusion term(s) can be accurately recov-
ered. It should be reemphasized that the classification of
an experiment into one of the above regimes is mainly a
function of the given diffusion rates and the lifetime of the
donor excited state. One can thus select a fluorescent
probe with suitable excited state lifetime and R. to design
the experiment for optimal sensitivity.
The strength of the new global analysis method is in

determination of both intramolecular diffusion constants
and distance distributions and was tested by the following
simulation. An experiment in the intermediate time
regime was simulated with a Gaussian equilibrium dis-
tance distribution and a distance-independent diffusion
coefficient of 20 A2/ns. Decay curves of 20,000 counts at
the peak (500 channels) were simulated at a timing
calibration of 0.05 ns/channel and photon counting noise
was added (i.e., a typical low-resolution fluorescent decay
experiment). The simulated data were analyzed using a

single experiment donor-only decay analysis, and by
performing a simultaneous analysis of the four experi-
ments: donor-only, acceptor-only, donor emission of
donor/acceptor pair, acceptor emission of donor/acceptor
pair. Individual analysis of the donor-only decay curve
required that a priori values of the donor and acceptor
lifetimes be fixed in the analysis as known quantities. This
was done, and both donor and acceptor lifetimes were

fixed at exactly their proper values. In the global analysis,
the lifetimes of the donor and acceptor were not fixed a
priori, but were actual fitting parameters in the analysis
along with both the distance distributions and the diffu-
sion coefficient.
Upon performing the single experiment donor-only

analysis, it was found that a wide variety of diffusion
coefficients and distance distributions could be recovered
(depending on the initial guess) with essentially identical
error statistic (x2) values. The global analysis procedure,
however, always converged to the proper diffusion coeffi-
cient and distance distribution. We were interested in
rigorously estimating the errors associated with the recov-

ery of the fitting parameters using the global and donor-
only analyses methods. It has become standard practice in
the fluorescence decay community (and in many other
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areas) to estimate the errors in the recovered parameters
using the square root of the diagonal elements of the
inverse of the covariance matrix (SD errori = ± CJ')
(28). This type of error analysis only applies for linear
models, and therefore will grossly underestimate the
uncertainties in the recovered parameters (31, 32). To
test the global and donor only analysis methods, it was

decided to perform a completely rigorous error analysis
by directly examining the error surfaces associated with
the two methods.
To perform an absolutely rigorous error estimate on the

ith fitting parameter, one can systematically fix this
parameter at a series of values, and perform an entire
nonlinear minimization, allowing the remaining n - 1

parameters to vary to minimize x2. One can then record
the series of minimum x2 values possible over a particular
range of the ith fitting parameter. Although this method
requires a whole series of nonlinear analyses to be
performed, it is absolutely rigorous, because it takes into
account all of the higher order correlations which may
exist between a given set of fitting parameters (i.e., all
other parameters are allowed to compensate for each
particular change imposed on the parameter of interest).
The results of these error analyses performed on the
global and donor only analyses of the diffusion coeffi-
cients and the mean/width of the distance distributions
are presented in Figs. 5-7.

In each of these figures, it is clearly evident that the
donor-only analysis has an error surface which is very ill
determined. This is the reason why the individual curve
analysis was very dependent upon the initial guess. One
can terminate analysis at a whole series of different
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FIGURE 6 Minimum possible chisquare error value as a function of the
mean of the distance distribution as described in the text. The synthe-
sized value for the mean distance is 22 A. The donor analysis method
can only set an upper limit to the mean distance whereas the global
analysis error surface is very well defined.

means, widths, and diffusion coefficients with essentially
no change in x2. The global analysis error surfaces,
however, are much better defined, show distinct minima,
and recover the input simulation values with the following
uncertainties: 20 < rm., < 22.5 A (synthesized = 22),
width of distribution = 9 < ar < 12.5 A (synthesized =

10), and diffusion coefficient = 18 < D < 25 A2/ns
(synthesized = 20). The error surfaces are all very
asymmetric, but they do not contain multiple minima.
The errors on the recovered global analysis parameters
are estimated using the F-statistic (at the 99% confidence
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FIGURE 7. Minimum possible chisquare error value as a function of the
width of the distance distribution as described in the text. The synthe-
sized value for the width (root mean squared) is 10 A. The donor
analysis method can only set a lower limit to the width whereas the
global analysis error surface is very well defined.
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FIGURE 5 Minimum possible chisquare error value as a function of
diffusion coefficient obtained as described in the text. The synthesized
value for the diffusion coefficient is 20 A2/ns. The donor analysis
method can only set a lower limit to the diffusion whereas the global
analysis error surface is very well defined.
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level). The F-statistic is simply a convenient guide in
choosing a particular region of constant x2 contour.
Although the confidence levels are approximate, the
actual error surfaces plotted in Figs. 5-7 are exact.
Determining the upper and lower error bars on the
parameters simply amounts to drawing a horizontal line
across the graphs and projecting the intersections of the
X2 curves with the abscissa. The approximation involved
in using the F-statistic is simply deciding how far up the
ordinate this line should be placed. What should be clear
from these figures is that independent of where the
confidence level is set, the global analysis method has a

well-defined error surface whereas the donor-only analy-
sis does not. In each case, the donor-only analysis of the
data could not significantly recover the diffusion coeffi-
cient, or the mean/width of the distribution in a statisti-
cally significant manner. The global analysis of the data
set, is able to recover, in a statistically significant manner,
both the distance distribution parameters and the diffu-
sion coefficient.
As an extra test concerning the the proper operation of

the computer algorithm for the calculation of the
observed fluorescence responses, donor and acceptor fluo-
rescence decay curves were simulated for the following
special energy transfer cases (where some analytical
results exist): rm.,n << Ro, rmean>> Ro, and a narrow distance
distribution with r = Ro. In all simulations D was set to 20
A2/ns, TD = 6 ns and TA = 4 ns. The ratio of donor total
fluorescence to the total fluorescence (i.e., integrated area

under the decay curves) was found to be 0.0001, or

0.99997, and 0.5, respectively. This is the expected result
which predicts: total transfer, no transfer, and 50% trans-
fer. In addition, the decay kinetics from the r = Ro narrow

distribution case, analyzed very well as a single exponen-
tial donor decay and double exponential acceptor decay
(with equal and opposite amplitudes). Hence these simu-
lations confirm that all terms in the model are well scaled
(i.e., all photons in the system can be accounted for) and
that the analytical solution from elementary kinetics can
be obtained as limiting case solution to Eq. 3. The
diffusion equation solver written for Eq. 3 (described in
the Appendix) was tested against the general purpose
partial differential equation solver DPDES (IMSL, Inc.,
Houston, TX). It was found that the numerical solutions
determined by either method were identical.

DISCUSSION

In the present study we are interested in determination of
intramolecular distances distribution functions and rates
of intramolecular Brownian motions. The experimental
approach is based on measurements of the time-depen-
dent rates of nonradiative energy transfer between probes

located at sites whose relative positions and motions are of
structural interest. The physical basis for the experimen-
tal method is the distance dependence of the nonradiative
energy transfer rates. Provided that all other spectral
parameters are conformationally invariant (which is
tested by other methods in control experiment [33]),
changes in transfer rates can be analyzed in terms of
intramolecular distances and diffusion.

Comparison of Figs. 1 and 2 with Figs. 3 and 4 clearly
demonstrate that shape of the function N*(r, t) is altered
by the segmental diffusion of the labeled sites. The
simulations and analyses reported above show that the
global analysis of energy transfer experiments can utilize
the resulting differences in the shape of N*(r, t) to
significantly distinguish the static and dynamic contribu-
tions to the rates of energy transfer. Donor-only analysis
methods were insensitive to these subtle shape changes.
The simultaneous global analysis, however, is sensitive
enough to take advantage of the fine structure differences
in the shape of the measured fluorescence decay curves
and yield fitting parameters with high statistical signifi-
cance. The error analysis method utilized to examine the
confidence intervals in the recovered parameters revealed
that the global solutions are well defined and do not have
multiple minima (error surfaces were examined much
farther from the minima than shown in graphs).

It is important to bear in mind that knowledge of the
role of the key parameters in the analysis can help in
establishing a useful experimental design (e.g., determi-
nation of static, intermediate, and fast diffusion regimes).
The experimental design parameters consist of the molec-
ular distances and diffusion coefficients of interest, the
photophysical properties of the donor/acceptor probes,
and the instrumental detection system. Each of these
components has a characteristic time and distance "win-
dow," or range, of optimal sensitivities. The optimal
distance sensitivity is a function of the ratio of the average
and width of the distance distribution(s) and RJ. Eqs. 1

through 3 show that maximal change in the rate of
transfer is obtained when rmn,, z Ro. R. is in principle
(and practice) the length scale of the experiment. The
optimal time sensitivity for determination of parameters
of conformational dynamics by the present method is a

function of the donor lifetime. When the contribution of
the energy transfer and the diffusion terms of Eq. 3 are

comparable with the donor decay rate, the analysis is
most sensitive to the magnitude of the diffusion coeffi-
cient. As mentioned above, the Forster energy transfer
term generates the virtual concentration gradient in the
population of molecules carrying an excited donor probe
at any time interval, while the Fick term is responsible for
restoration of the equilibrium distribution (fluctuations
within the equilibrium conformational distribution are

equivalent to diffusion under a force field). If the balance
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between these two terms is such that the first one is
dominant, it is difficult to distinguish the dynamic experi-
ment from a static (frozen) one and the information about
the diffusion is lost in the noise. On the other hand, if the
Fick term is dominant, fast replenishment of the depleted
short-distance fractions takes place. The distribution of
donor excited molecules found at each time interval will
therefore have approximately the same shape as the
equilibrium distribution, NO(r), except for reduced area.

This is the case of the fast diffusion regime, and in such a

situation the analysis is unable to distinguish the dynamic
model from a simple static model with a shorter average

distance. The diffusion parameter obtained in that case

shows a very broad error minimum and cannot be deter-
mined with reasonable statistical significance. Hence
maximal sensitivity is obtained when the experiment is
conducted in the intermediate time regime. Therefore,
one should attempt to select for a pair of donor/acceptor
probes with characteristic Ro and donor excited state
lifetime, which match the range of distances and diffusion
rates expected for the investigated molecules.
The additional benefits of monitoring acceptor emis-

sion and its decay rate are twofold. First a technical
detail: the spectral separation between the donor excita-
tion and acceptor emission bands is by definition larger
than that of donor excitation and emission bands. This
results in an improved signal to noise when examining the
acceptor fluorescence because all scattering, Raman and
fluorescence background emissions are thus much
reduced. Secondly, in the donor emission, the fractions of
molecules with the shortest interprobe distances can

decay very fast. In most conventional time-resolved fluo-
rometers it is difficult to get an exact quantitation of the
amplitudes of contributions of the very fast decay compo-
nents which disappear within very few channels. Those
fractions are thus recovered with poor accuracy from
analysis of the donor fluorescence decay curve, even in the
static regime. The acceptor emission, however, captures
those processes with high sensitivity, due to the additional
convolution with the acceptor impulse response (Eq. 4),
which effectively "spreads" this information out over a

much larger time interval. A similar argument holds for
the weighting of the emission from the fractions with
large (relative to R.) interprobe distances. These long
distances contribute a weak signal to the acceptor emis-
sion but are well weighted in the donor emission. Thus,
combination of both donor and acceptor emission data
complement one another very well and can drastically
improve the determination of the fitting parameters. It
should be pointed out that even more accuracy and
statistical confidence in the determined parameters can

be obtained by combining a series of experiments in which
temperature/viscosity is changed in a controlled manner

by mild changes in the physical environment. A change in

temperature (or viscosity) over a limited range enhances
the dynamic diffusive contributions without changing the
equilibrium conformation (dependent upon the particular
system). Global analysis of these multiple experiments
can further reduce the uncertainty in the recovered
parameters.

Another physical parameter than can be changed to aid
in experimental design is the intrinsic lifetime of the
donor and acceptor (TD, TA). The lifetimes can be
reduced, with a concomitant reduction in RoI by addition
of quenchers to the solution. Both TD and R0 are changed
in a manner controlled by the quencher concentration and
are determined by combining the associated experiments
in which both TD and TA are measured in the absence of
energy transfer. A series of experiments can be globally
analyzed in which all four associated experiments, donor
and acceptor decay curves with and without energy
transfer (double- and single-labeled derivatives), are col-
lected for each quencher concentration. Analysis is per-
formed in terms of an internally consistent set of
Brownian motions and distance distributions and decay
rate "sink-terms" which follow an appropriate quenching
law (e.g., Stern-Volmer kinetics). Analysis of this type of
data from steady-state energy transfer experiments has
recently been described (34).

In the diffusion model, simulations have been per-
formed where the diffusion coefficient is not constant as a

function of the donor-acceptor distance. In one model, a

linear increase of the diffusion rate with distance was

introduced (D(r) = Do + a * r), thereby modeling the less
folded conformers as having less internal frictional forces
(25). In another model, a harmonic potential type depen-
dence was simulated (inverted parabola), in which the
diffusion rate is highest at the average of the intramolecu-
lar distances distribution. This type of "diffusion" may be
useful in the analysis of intramolecular fluctuations in
proteins which exhibit very fast transitions between
states. The additional flexibility of, D = D(r), provided by
the solutions given in the Appendix allows for a very

simple introduction of these types of models. The identi-
fiability of these more complicated diffusion models is
currently under investigation. The error surfaces
described in this paper have all been generated using a

distance-independent diffusion coefficient.
Simulation studies performed with multiple donor and

acceptor lifetimes reveal that the individual curve error

surfaces become even more ill-defined. The global error

surfaces (although not as steep) are still well defined and
do not show multiple minima. However, when examining
cases of multi- (or even distributed) exponential decay
from the donor or acceptor it should be kept in mind that
Eq. 3 (as written) represents a "nonassociative" sink term
(i.e., each lifetime and amplitude is independent of r). For
the associative case one simply replaces the ai term with

Beechem and Haas Global Analysis of Energy Transfer 1 233Beechem and Haas Global Analysis of Energy Transfer



a,(r). Similarily, for the acceptor term, the integral in Eq.
5 must be broken into multiple pieces to form NAj(t),
where the jth index keeps track of the impulse response
appropriate over each particular distance region. Eq. 6
then becomes a sum over the j distance-dependent
impulse response functions of the acceptor.

In this study, only parameterized unimodal Gaussian
distribution functions describing the distance distribu-
tion(s) have been utilized. Other conformational distribu-
tion shapes will have different errors associated with their
recovery. Lorentzian distributions can be determined
with less error than Gaussians, whereas, gamma distribu-
tions tend to have slightly larger confidence intervals. The
actual choice of the parameterization function describing
the distribution is not extremely critical in the analysis.
Data simulated with a particular parameterized distribu-
tion function and analyzed in terms of a different parame-
terization will generally still yield acceptable fitting
results. The analysis program will alter the fitting ele-
ments of a particular parameterization so as to obtain the
largest amount of overlap of the two different distance
distribution functions. Therefore, analysis with different
distribution parameterizations usually results in the
recovery of very similar model parameters. However, for
analysis with complicated diffusion behavior (D = D[r]),
the choice of a proper distribution type (based on theoreti-
cal analysis of the particular system being examined) will
be more critical. For instance, a distribution which is
"skewed" to shorter distances can be fit to a nonskewed
distance distribution but with an increased diffusion
function at short distances. The use of nonparameterized
distance distributions (e.g., using maximum entropy tech-
niques [35]) may be beneficial in the analysis of energy
transfer experiments when no theoretical distance distri-
bution functions are available.

It should be emphasized that all types of global analy-
ses, which involve the linking together of multiple experi-
ments in terms of an internally consistent framework,
require a model-dependent aspect. The model-dependent
aspects of the analysis provided in this paper utilize
F6rster type transfer, Fick's diffusion equation, and
parameterized distance distributions and diffusion coeffi-
cients. Of these three, perhaps only Forster type transfer
has been rigorously established as appropriate for biologi-
cal macromolecules. However, this simplistic model
framework provides an analytical tool to assist the experi-
mentalist in interpreting the observed complex decay
kinetics in terms of physical parameters (not just ampli-
tudes and relaxation times). The complete characteriza-
tion of the intramolecular dynamics and conformational
heterogeneity in a particular protein system will undoubt-
edly require an extended global analysis utilizing multiple
temperature/viscosity states, multiple donor/acceptor
dyes, multiple quenchers, etc. Given the mathematical

and physical framework presented in this paper, these
additional experimental axes can be immediately incorpo-
rated into existing global analysis minimization algo-
rithms (15). It is only with these additional experimental/
analysis approaches, that better defined limits of confor-
mation distribution shapes and interconversion rates will
be determined.

In conclusion, the present method of data analysis for
energy transfer experiments, provides a new tool for the
determination of equilibrium distance distributions and
associated fluctuations. A wide range of conformational
transitions rates and intramolecular distances distribu-
tions can be found in biological macromolecules, although
very few systems have been experimentally characterized.
It was our interest in the protein folding and dynamics
problem that motivated the developments that are

reported here. We are confident that many others fields in
polymer and biopolymer research can apply this approach
as well.

APPENDIX

The implicit finite difference form of Eq. 3 can be represented as
(36-38)

(Nt'+'N') 1
At NO(r)

a,+112N +- (a,+112 + a,-1/2)N,'l + a(r-1/2Nr-l
*L (ar~ ~ ~ ~~)2

+ ±TI (r)) ] (1 1)

where a, D, * N,.
These equations can be solved "forward" in time by isolating the N;1

terms, which results in a tridiagonal system of equations to solve.
The boundary conditions appropriate for this problem are as follows.

N(O, r) = 1.0

aN
N(t, rmin) = 0.0 or r-rw =

cN
-l J .=0O.0.

(12)

(13)

(14)

The outer boundary condition is represented as a reflecting barrier.
The inner boundary condition is either of the Schmoulokowski type
(N[t, r,,,,,] = 0.0) or a reflecting (/3 = 0) or partially reflecting ((3 0)
barrier (depending on the physical system examined). A reflecting inner
boundary condition was utilized in these simulations.
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