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ABSTRACT In the preceding companion article in this issue, an optical dye and a nitroxide radical were combined in a new dual function
probe, 5-SLE. In this report, it is demonstrated that time-resolved optical anisotropy and electron paramagnetic resonance (EPR) data
can be combined in a single analysis to measure rotational dynamics. Rigid-limit and rotational diffusion models for simulating nitroxide
EPR data have been incorporated into a general non-linear least-squares procedure based on the Marquardt-Levenberg algorithm.
Simultaneous fits to simulated time-resolved fluorescence anisoptropy and linear EPR data, together with simultaneous fits to experimen-
tal time-resolved phosphorescence anisotropy decays and saturation transfer EPR (ST-EPR) spectra of 5-SLE noncovalently bound to
bovine serum albumin (BSA) have been performed. These results demonstrate that data from optical and EPR experiments can be
combined and globally fit to a single dynamic model.

INTRODUCTION
Time-resolved optical anisotropy and electron paramag-
netic resonance (EPR) have both been used extensively
to measure the rotational dynamics of biological mole-
cules. In the preceeding companion article (1), a new
dual function probe, 5-SLE, for the study of rotational
dynamics of biomolecules was introduced. We focus
here on the development of methods for the analysis of
data obtained using this new probe, or any combination
of optical and EPR probes. We have incorporated mod-
els for simulating nitroxide EPR spectra into a general
nonlinear. least-squares analysis program, based on the
Marquardt-Levenberg algorithm, which has been widely
applied to the analysis of optical experiments (2, 3).
This approach has proven useful for the analysis ofEPR
data alone. More importantly, as we focus on here, data
from both optical and EPR experiments can be simulta-
neously fit with a common set of motional parameters.

Time-resolved optical anisotropy, both fluorescence
and phosphorescence, have been widely used to measure
rotational correlation times (4). The techniques are com-
plementary in that fluorescence is sensitive to motions
whose correlation times are in the range of 10-l' < Tr <
10 -6 seconds with appropriate fluorophores, while phos-
phorescence is sensitive to motions in the range 10-6 <
Tr < 100 seconds. Transient absorption anisotropy (5)
and fluorescence recovery (6) are two additional meth-
ods that bridge the sensitivity ranges of the fluorescence
and phosphorescence emission anisotropy methods. The
use of EPR with nitroxide spin-labels to study the dy-
namics of lipids, DNA, proteins, and membrane bound
proteins has been extensively reviewed (7, 8, 9, 10). Con-
ventional linear EPR spectra of nitroxide spin-labels are
sensitive to motions whose correlation times are in the
range 10-"1 <,Tr < 10-6 seconds ( 11). The complemen-
tary saturation transfer EPR (ST-EPR) technique is sen-
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sitive to motions in the range 10-6 <Tr < I0 seconds
(12, 13). Thomas has compared the experimental and
theoretical aspects oftime-resolved phosphorescence an-
isotropy and ST-EPR (14, 15).
Few attempts have been made to simultaneously ana-

lyze optical and EPR data. Recently, Burghardt and co-
workers ( 16, 17) simultaneously analyzed, using linear
least-squares, steady-state fluorescence and linear EPR
data from a combination of different probes to find a
consistent model for the orientational distributions of
myosin cross-bridges under two physiologically relevant
conditions. This work demonstrated the advantage of
combining EPR and optical data for mapping angular
transitions of contractile proteins or other ordered sys-
tems.

Nonlinear analysis of multiple data sets, an approach
commonly called global analysis, has proven to be a very
important technique for analyzing data from various op-
tical techniques ( 18). This method is ideally suited for
the analysis ofdata from the dual probe, 5-SLE, or from
data obtained using separate spin-label and optical
probes. The only requirement is that a mathematical re-
lationship exists between the parameters used to model
the two data types. In the case of optical anisotropy and
EPR, the rotational diffusion coefficients can be directly
linked. Conveniently, time-resolved fluorescence anisot-
ropy and linear EPR are sensitive to motions on the
same time scale. The same is true oftime-resolved phos-
phorescence anisotropy and ST-EPR.
Computational methods for the simulation of the

EPR spectrum ofa nitroxide spin-label undergoing rota-
tional diffusion have been developed by McConnell and
co-workers ( 1 1, 13), Freed and co-workers ( 19) and Ro-
binson and Dalton (20). In general, however, only a
very limited number of attempts at developing rigorous
statistical methods for the analysis ofnitroxide EPR data
have been made. Fajer et al. (21 ) have developed a pro-
gram for fitting nitroxide powder patterns (rigid-limit
spectra) based on the Simplex algorithm. Shin and Freed
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(22) have used the Marquardt-Levenberg algorithm to
fit EPR spectra of spin-labels in model membranes to an
anisotropic rotational diffusion model.

In the following section a brief review of EPR theory
as applied to nitroxide spin-labels is presented. Both
rigid-limit and rotational diffusion models are consid-
ered. The theory of time-resolved optical anisotropy is
also briefly presented. The incorporation ofthese models
into the global analysis fitting procedure is described. In
the Results section, we demonstrate the utility of this
approach by fitting simulated data and experimental
data obtained from the 5-SLE probe.

combination of spin variables which are treated quantum mechani-
cally and orientation variables, Q, which are treated classically. These
two sets of variables are coupled through the orientation-dependent
spin Hamiltonian. The stochastic fluctuations in H(Q(t)) produce
characteristic changes in the EPR spectrum. The simulation program
used, developed by Robinson and Dalton (20), solves Eq. 3 for aniso-
tropic Brownian rotational motion and allows for the possibility of
calculating ST-EPR spectra including the effects ofthe time-dependent
Zeeman field modulation and saturating microwave power. The rota-
tional diffusion operator is given by:

r = -V-D.V. (4)

The diffusion tensor, D, is diagonal in the molecular frame. For axial
rotational diffusion, D has two unique elements.

METHODS

EPR: rigid limit model
In order to fit an EPR spectrum to a dynamic model, accurate values of
the rigid-limit A- and g-tensors must first be determined. These can be
obtained from a powder pattern fit to a linear EPR spectrum obtained
under conditions such that all nitroxide rotational motions have been
slowed, as much as possible, to the point where their correlation times
are 500 nanoseconds or greater. The orientation dependent spin Ha-
miltonian for a nitroxide spin-label in a magnetic field is given by

H(, 4) = (6e/hh)H g* S-SyeI- A*. (1)
The electron spin, S, is coupled to the magnetic field, H, by the g-ten-
sor and to the nitroxide nitrogen spin, I, by the A-tensor. These cou-
plings depend on the polar angles ( and X which give the orientation of
the (coincident) A- and g-tensors relative to the magnetic field (the lab
frame). The total EPR spectrum consists of a sum of Lorentzian line-
shapes of finite width, r, whose center positions are a function of the
nitrogen spin state ml and the angles 0 and 0. The appropriate equa-
tions are given in detail by Fajer et al. (21 ). To fully account for various
linewidth effects, r is taken to be both manifold and orientation depen-
dent.

r(m; o, O) = r(m) + r.(1 - 3 cos2O)
+ r1 sin2 O(COS2 4) - sin2 4). (2)

The simulated powder pattern can be convolved, if necessary, with a
Gaussian of width a to account for inhomogeneous broadening due to
weakly coupled protons (or deuterons) not included in the spin Hamil-
tonian of Eq. 1. The full set ofparameters to be found by the nonlinear
least-squares powder pattern fit to a spectrum includes the three princi-
pal components of the A-tensor, the three principal components ofthe
g-tensor, the rF(m), rF, Fr, and a. The A- and g-tensors thus obtained
can be used in fitting linear or ST-EPR data to a rotational diffusion
model.

EPR: rotational diffusion model
The spin response of a nitroxide undergoing random motion is given
by the quantum mechanical stochastic Liouville equation (9, 23, 24)
for the reduced density matrix, x = a - ae,,, where a,,, is the equilibrium
density matrix.

X = -i[H(Q(t)) + e(t), XI
-rRx - rTx - i[H(Q), feq], (3)

e(t) is the term of the Hamiltonian describing the interaction of the
electron spin with the time-dependent microwave field, rR is the phe-
nomenological spin relaxation operator, and rF is the operator describ-
ing the stochastic motion of the nitroxide. This equation contains a

-Di O O -

Dd= ° Di .

o

(5)

The diffusion tensor in the frame of the A- and g-tensors is given by an
Euler angle rotation

DR( Otilt O)tilt O (tilt )

=-, R( {til, Otil, Otilt ) * Dd * R- ( tilt, Otilt, Otilt ), (6 )

where the rotation operator, R, is defined in Edmonds (25). For isotro-
pic rotational diffusion, there is only one unique element D, the
Stokes-Einstein rotational diffusion coefficient, and the rotation in Eq.
6 is irrelevant.
As in the rigid-limit case, the simulated spectra can be convolved

with a Gaussian of width a, if needed, to match the experimental line-
shape. The set ofparameters varied to fit the data are D1, D1, a, and the
relevant tilt angles for axial diffusion, orD and a for isotropic diffusion.

Time-resolved optical anisotropy
Time-resolved fluorescence and phosphorescence spectroscopies both
utilize the following definition of the anisotropy function (26):

t=

- GI_
II) + 2GI(

where I, and IL are, respectively, the measured emission intensities
parallel and perpendicular to the vertically polarized excitation and G
compensates for the polarization bias ofthe detection instrumentation.
The anisotropy function can be directly related to the rotational diffu-
sion coefficients by

r(t) = z ,ie- (8)

The (,B are trigonometric functions of the angles relating the absorp-
tion and emmision dipoles to the rotational diffusion tensor and the
/ i are linear combinations of the rotational diffusion coefficients.

For the case of axial rotational diffusion,

#I = 0.1 ( 1 - 3 cos' a)( I - 3 cos Oe)

(2 = 0.3 sinf2 0a sin2Oe cos 24ae
33 = 1.2 sin 0a cos 0a sin Oe Cos 0e COS 41ae, (9)

where Oa and Oe are the angles made by the absorption and emission
dipoles with respect to the symmetry axis of the diffusion tensor, 4', is
the angle between the projections of the two dipoles onto the plane
perpendicular to the symmetry axis, and
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=6D1 = 4D1 + 2D1 =5D1 +Di (10)

For isotropic rotation diffusion, r( t) decays as a single exponential with
X equal to the isotropic rotational correlation time Tr = 1/6D. The
orientation of the absorption and emission dipoles within the molecu-
lar frame is irrelevant, but the amplitude ofthe anisotropy does depend
on their relative orientation.

For time-resolved phosphorescence, the anisotropy function is
usually fit directly to Eq. 8, as the measured rotational correlation
times are much greater than the excitation pulsewidth. In time-resolved
fluorescence spectroscopy, one can not directly fit the anisotropy func-
tion due to convolution effects and instead one simultaneously fits the
observed polarized intensities, I, and I, (27-29).

Marquardt-Levenberg
The nonlinear least-squares analysis has been performed using the
Marquardt-Levenberg algorithm (2, 3, 30). Derivatives of the model
functions with respect to the fitting parameters are calculated numeri-
cally using the forward difference method in order to minimize the
number of EPR lineshape simulations. Fitting for N parameters re-

quires N + 1 simulations per iteration.
Because ofthe fact that simulations ofEPR spectra are computation-

ally slow (particularly when dynamic models are used), special atten-
tion has been paid to reducing the number ofparameters to be fit by the
Marquardt-Levenberg algorithm and to increasing the speed of each
individual simulation. When fitting to a rigid-limit model, it has been
found convenient to form a common linear combination of the ele-
ments of the g-tensor.

g = (V/3)(gxx + gyy + g,_)

g'= ('/2)(g- gz)

g" = ('1/2)(gxx -gyy)- (11)

The value of g can only be determined to the same precision that the
microwave frequency, wo, and the magnetic field axis are known. The
EPR spectrometer used (Bruker ESP-300) only gives wo to three signifi-
cant figures, while all known values of g fall roughly within the range
2.0055-2.0065. Given this small range of possible values and the rela-
tively small anisotropy of nitroxide g-tensors, a small change in g is

essentially equivalent to a change in wo. It has proven computationally
efficient to choose a fixed g and account for any error in this value (or
the fixed values of wo and the magnetic field axis) by applying a small
post-simulation shift, 6H, to the field values of the simulation. The
g-tensor parameters fit are g' and g", thus the effective number of fitting
parameters is reduced by one. The optimal (minimum x2) 5H is deter-
mined for each simulation by a simple, computationally fast binomial
search algorithm. In order to compare the simulation to the data at the
same field values, a cubic spline interpolation is used ( 31 ). This also
allows for the simulation to be calculated at far fewer points than the
total number of experimental data points collected. With broad line-
widths, a 70-80 Gauss wide spectrum can be efficiently and reliably fit
by calculating as few as 200 simulation points. Finally, the minimum
x2 scale factor and baseline correction to the simulation are obtained
by linear least-squares. To summarize the procedure used for any given
set of parameters, the EPR powder pattern is calculated, a Gaussian
convolution is applied if necessary, and then the optimal value of6H is
determined using a simple search routine. For each value ofAH tried, a
cubic spline interpolation of the simulation is used to match the field
values of the simulation to those of the data, then the optimal scale
factor and baseline shift are calculated using linear least-squares.
The simulations for the rotational diffusion model are overlaid on

the data in the same way, using a small adjustable field axis shift and a

scale factor and baseline correction obtained by linear least-squares.
Using a cubic spline interpolation to overlay a reduced number of

simulation points on a 1024 or 512 point data set is critical to achieving
a fit in a reasonable period of time.

Global analysis
The term global analysis refers to the simultaneous analysis ofdata sets
from multiple experiments with an emphasis on fitting directly to a
particular physical model. The practical aspects ofglobal analysis have
been reviewed elsewhere (2, 3). Both time-resolved optical anisotropy
decays and EPR lineshapes have a well-defined dependence on the
rotational diffusion coefficients. In addition, it should be noted that the
tilt angles in Eq. 6 are directly analogous to the angles Oa, Oe, and iae in
Eq. 9. The tilt angles define the angular relation between the principal
axis frame of the A- and g-tensors to that of the diffusion tensor, while
Oa, OJe and 4,, define the orientation of the absorption and emission
dipoles within the frame of the diffusion tensor. However, in the ab-
sence ofa known orientational relation between the A- and g-tensors of
the nitroxide and the absorption and emission dipoles of the fluoro-
phores these parameters cannot currently be linked, i.e., related to each
other by some mathematical relationship. All of the fits shown in this
report were for an isotropic rotational diffusion model. In this case, the
orientation parameters are not a factor. However, we note that the
method presented here is a potentially powerful tool for fitting data to
anisotropic rotational diffusion models.
The uncertainty in the polarization anisotropy data was calculated

by assuming Poisson noise for the vertical and horizontal emission
intensities and using propagation of errors. The uncertainty in EPR
data was estimated from the noise level in the baseline regions of the
spectrum assuming uniform noise. These weighting factors are used in
the minimization of the global x2 defined by

NopticaI (optical datai optical fit, )2
2: 2

i=l a i
NEPR (EPR data. EPR fitj)2

+ 2

j=l a

(Noptical+ NEPR - M - 1)
9 (12)

where Nop,i and NEPR are the total number of optical and EPR data
points respectively,M is the total number of fitting parameters, and the
oi and aj are the estimated uncertainties in the data sets.

All computer programs were written in FORTRAN and run on a
Ardent Titan mini-supercomputer running under the Unix operating
system. For a given set ofparameters, a typical 200 point simulation of
a nitroxide powder pattern took 20 s while the ST-EPR spectrum ofa
'5N spin-label undergoing isotropic rotational diffusion took approxi-
mately 30 min. The time required to generate a simulation varies con-
siderably depending on the nitrogen isotope ( 5N versus '4N), the rota-
tional model (isotropic versus axial diffusion), and the experiment
(linear versus ST-EPR). For the most computationally intensive case
considered (the fit to the combined data for 5-SLE/BSA in 86% glyc-
erol, Fig. 7) a complete analysis could be accomplished in 12-16 h.

RESULTS
Fig. 1 shows a powder pattern fit to the linear EPR spec-
trum of 5-SLE noncovalently bound to bovine serum
albumin (BSA) in 86% glycerol at 2°C using the Mar-
quardt-Levenberg algorithm. The linear EPR spectra of
5-SLE noncovalently bound to BSA in 70, 75, 80, and
86% glycerol were all essentially equivalent, demonstrat-
ing that the effective rigid limit, on the linear EPR time
scale, has been achieved under these conditions. As may
be the case in non-linear least-squares analysis, it was
found for the rigid-limit model that the final fit de-
pended on the initial starting values chosen for the A-
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FIGURE 1 Fit to the linear EPR spectrum of 5-SLE/BSA in 86% (wt/
wt) glycerol at 2°C. The sample was described in the preceeding article
(1). The best-fit parameters obtained were g,, = 2.008431, g,,, =

2.005956,g&_ = 2.002114, A,:, = 8.057 Gauss, A,,, = 8.620 Gauss, Azz =
47.768 Gauss, F(-'/2) = F(+'/2) = 2.051 Gauss, r,1 = -0.091 Gauss.
The values of F, and a were fixed to zero. The value ofg was fixed to
2.005500. The spectral width displayed is 100 Gauss.

and g-tensors. However, the overall computational
speed and efficiency of the method described here al-
lowed for a number of initial parameter sets to be tried
and a true minimum X2 to be found. It should be noted
that a small orientation dependent linewidth, re, proved
critical to obtaining accurate tensor values. Without an
anisotropic linewidth, the high field z-turning point
could not be fit properly. The A- and g-tensors obtained
from this fit are used below to fit the ST-EPR data.

Fig. 2 shows the simultaneous fits to simulated fluores-
cence anisotropy and linear EPR data. The simulated
data were generated assuming an isotropic rotational
correlation time (T, = 1 /6D, D = D = D1) of 20 nano-
seconds. Poisson noise was added to the optical data
( 18,000 peak counts in I,) and uniform noise added to
the EPR data. The value recovered from the global analy-
sis was Tr = 20.06 nanoseconds. Fig. 3 shows the x2 sur-
face for the simultaneous fit to the combined data sets
compared to the x2 surface for the fit to the EPR data
alone. It is clear that, in this idealized case, the uncer-
tainty in Tr obtained from the fit to the EPR data de-
creased when the global analysis of the combined EPR
and optical data sets is performed.

Fig. 4 shows the simultaneous fit to the time-resolved
phosphorescence anisotropy and ST-EPR data from 5-
SLE/BSA at 20C in 70% (wt/wt) glycerol. The ST-EPR
spectrum was fit to an isotropic rotational diffusion
model varying Tr and a. The phosphorescence anisot-

FIGURE 2 Simultaneous fits to simulated time-resolved fluorescence
and linear EPR (upper right) data. The simulated data were generated
using an isotropic rotational correlation time of 20.00 nanoseconds.
The value recovered from the global analysis is r, = 20.06 nanosec-
onds.

ropy decay was fit to the sum of two exponentials, the
longer ofthe two time constants is taken to be the isotro-
pic rotational correlation time ( 1 ). The values OfTr used
to fit the two data sets were linked (required to be equal).
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.04 F

20.00 20.25 20.50 20.75 21.00
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FIGURE 3 Comparison of the x2 error surfaces as a function of r, for
the simultaneous fit (solid circles) and the fit to the EPR data alone
(open circles). The arrows show the 66.6% confidence interval (as esti-
mated using the F-statistic) for the values of Tr obtained from the two
fits.
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FIGURE 4 Simultaneous fit to the phosphorescence anisotropy and
ST-EPR (upper right) data from 5-SLE/BSA at 2°C in 70% (wt/wt)
glycerol. The data is taken from Figs. 5 and 7 of the preceeding article
(1). The value of Tr obtained from the global analysis is 5.62 tsec (a =

1.40 Gauss). Additional (fixed) input parameters were as follows: A-
and g-tensors from the fit to the linear EPR spectrum in Fig. 1; TIe =
27. x 10-6 s; T2e = 40. X 10-9 seconds; microwave power hI = 0.180
Gauss.

Typically, convergence was obtained after 3 to 10 itera-
tions and the final result did not depend significantly on
the initial parameter set. Figs. 5, 6, and 7 shows the simul-
taneous fits to the time-resolved phosphorescence anisot-
ropy decay and ST-EPR data for 5-SLE/BSA in 75, 80,
and 86% glycerol, respectively.
The values of-r obtained from the simultaneous analy-

ses ofthe ST-EPR and phosphorescence anisotropy data
are plotted versus the viscosity divided by absolute tem-
perature (ni1/ T) in Fig. 8. According to the Stokes-Ein-
stein equation,

4-rnrh
Tr 3kT'

the slope of this line is proportional to the cube of the
hydrodynamic radius, rh, of the 5-SLE/BSA complex.
The value of rh obtained from this plot is 31.8 A, which
agrees well with the values obtained from independent
analysis of the phosphorescence anisotropy or ST-EPR
data (1).

DISCUSSION
The natural extension of combining both a fluorophore
and a nitroxide radical within the same probe molecule
is to combine both optical and EPR data into a single
analysis. The principle reasons for performing a global

0 10 20 30 40 50 60

time (,us)

FIGURE 5 Same as Fig. 4 for the 75% (wt/wt) glycerol data. The value
of T, obtained from the global analysis is 7.15 ,us (r = 1.41 Gauss). All
other parameters were as in Fig. 4.

analysis ofthe optical and EPR data are (a) to rigorously
test particular rotational models, (b) to use the increased
information content of the combined data sets, and (c)
to increase the resolution of the fitting parameters. The
results presented by Cobb et al. ( 1) demonstrate that
both time-resolved optical anisotropy and EPR are mon-
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FIGURE 6 Same as Fig. 4 for the 80% (wt/wt) glycerol data. The value
of T, obtained from the global analysis is 13.93 us (a = 1.32 Gauss). All
other parameters were as in Fig. 4, except h, = 0.200 Gauss.
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0.12 - result in a loss of sensitivity to one component of the
| | !motion. On the other hand, EPR is governed by the

l three-dimensional A- and g-tensors. There is no orienta-
°0.10 tion of these tensors relative to the diffusion tensor for

which the EPR spectrum will not be at least somewhat

-c4 0.08 - \ 0 y ^sensitive to all components of the rotational diffusion

10 G tensor ( 15 ). The g-tensor is more non-axial in characterw \| than the A-tensor and its influence scales linearly with
gD0.06 r iE I \ the magnetic field. Performing EPR experiments at two

or more frequencies (e.g., X and Q band) allows one to

; vary the sensitivity to motion about the nitroxide z-axis
0

versus motion about the x- and y-axes in a well defined

P4 way (32). The analysis of such data would obviously
0.02 benefit from the global analysis approach.

;, | ^ As was seen in the case of5-SLE noncovalently bound
0.00 o to BSA, the presence of multiple components, with dif-

, , , ferent rotational properties, can complicate the data anal-
0 30 60 90 120 150 ysis ( ). In an optical experiment, a multiple component

time (.us) system give multi-exponential anisotropy decay

curve. There can, however, be an ambiguity as to
whether this is due to multiple components or a single

FIGURE 7 Same as Fig. 4 for the data 86% (wt/wt) glycerol data. The
value of r, obtained from the global analysis is 27.95 gs (a = 1.44 component undergoing anisotropic rotational diffusion.
Gauss). All other parameters were as in Fig. 4, except h, = 0.225 Gauss. Furthermore the amplitudes, ,li (Eq. 9 ), ofthe exponen-

tial decays depend not only on concentration but also
the orientation of the dipoles to the diffusion tensor. In

itoring the same large scale Brownian motions (although EPR, the spectra ofthe two species will overlap, but ifthe
itoing motionmay be differownian mbins analysis correlation times are sufficiently different the spectra
local ay different.the beanlysis can be separated and the concentration of each species

of the EPR and optical data presented here clearly show determined directly from the integrated intensities ofthe
that data from both optical and EPR experiments can be two spectra. Because of the Zeeman modulation detec-

siLmui-ancousy ni a singIe mouei.
The two experimental techniques considered are fun-

damentally different. Fluorescence anisotropy and lin-
ear EPR are sensitive to motions on the same time scales,
as are phosphorescence anisotropy and ST-EPR, but
these sensitivities are governed by different properties. In
the optical emission spectroscopies, one is limited to the
determination of rotational correlations times which are
on the order of the total intensity lifetime of the probe
(or less). The motional sensitivity of linear EPR is gov-
erned by the anisotropy ofthe A- and g-tensors and that
of ST-EPR by Tie. In the time-resolved optical anisot-
ropy experiment, a select distribution ofmolecular orien-
tations is excited by the vertically polarized excitation
pulse. The decay ofthis distribution back to equilibrium
is monitored by r(t) which can be fit directly to a set of
correlation times. In EPR, the orientation dependent res-
onance position ofan electron spin is modulated by sto-
chastic motion. The effect of this motion on the EPR
spectrum can only be determined by solution of Eq. 3.
There is no direct way to extract correlation times from
the data.
The two techniques have different sensitivities to an-

isotropic rotational diffusion. Time-resolved optical an-
isotropy is governed by the orientation ofthe absorption
and emission dipoles in the frame ofthe diffusion tensor.
Unfortunate combinations of the angles in Eq. 9 can

35

28

Q)
U,

L.

21

14

7

o r

0.00 0.01 0.02 0.03

77/T
FIGURE 8 Plot of the four values of r, (circles) determined in Figs. 4
through 7 versus tj/ T. From the slope of the linear least-squares fit
(dashed line) to these values, rh was determined to be 31.8 A. The solid
lines are the linear fits to the values of -r, obtained by independent
analysis of the phosphorescence anisotropy and EPR data (1).
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tion scheme used, EPR has a particularily high sensitiv-
ity to small populations of molecules undergoing fast
(Tr < 10- seconds) motion.

In the preceeding paragraphs, we mention several ex-
amples of the complementary nature of time-resolved
optical anisotropy and EPR. The interested reader is di-
rected to recent reviews by Thomas who has discussed
these points in more detail ( 14, 15). The differences be-
tween the two techniques become an advantage when
global analysis is used. Ifa single physical model is found
to fit data from both techniques, there is a high probabil-
ity that the model is correct.

In the current analyses of optical and EPR data only
the rotational diffusion coefficients are linked. However,
the global analysis program has been designed to allow
linkage of the angular dependent terms also. This could
be achieved if the relative orientations of the A- and g-
tensors ofthe nitroxide and the absorption and emission
dipoles ofthe fluorophores were known. Small molecule
x-ray crystallography, molecular modeling, or studies
using oriented samples may be able to provide this infor-
mation. Burghardt and co-workers (16, 17) have re-
ported an interesting example ofhow the relative orienta-
tions of different probes can be determined. In addition,
data obtained at multiple temperatures, viscosities, exci-
tation/emission wavelengths (optical), or microwave
frequencies (EPR) may be combined together within a
single global analysis.

It is important to emphasize that the present work has
provided a definition of a flexible computational frame-
work for the global nonlinear analysis ofcombined time-
resolved optical anisotropy and EPR data and for the
determination of rotational diffusion properties of bio-
molecules. The model system considered, 5-SLE/BSA,
provided an opportunity to test this approach. Clearly,
for this simple system, analysis of the EPR or optical
data alone provided a reasonable description of the
global rotational dynamics as demonstrated in the pre-
ceeding companion article (1). In the combined global
analyses shown in Figs. 4-7, the fits to the phosphores-
cence decays systematically deviate from the data at long
times. These deviations suggest that the isotropic model
may not be completely adequate to describe the system.
However, the goal of this study was not to rigorously
characterize the rotational properties ofBSA, but simply
to show the utility of this methodology.

There are many examples in both the optical and EPR
literature where capabilities for more in-depth analysis
could be of use in elucidating the dynamic properties of
more complicated systems. Detailed information re-
garding anisotropic rotational diffusion or questions of
local versus global dynamics, which can impact directly
on important conclusions regarding function, is often
difficult to obtain by one technique alone. It is our belief,
based on the data and discussion presented, that the ac-

quisition of both optical anisotropy and EPR data (ei-
ther with dual probes such as 5-SLE or with separate
optical and EPR probes), together with the global analy-
sis of these data, can significantly increase the quantity
and quality ofinformation obtainable from such studies.
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