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ABSTRACT An acyl spin-label derivative of 5-aminoeosin (5-SLE) was chemically synthesized and employed in studies of rotational
dynamics of the free probe and of the probe when bound noncovalently to bovine serum albumin using the spectroscopic techniques of
fluorescence anisotropy decay and electron paramagnetic resonance (EPR) and their long-lifetime counterparts phosphorescence
anisotropy decay and saturation transfer EPR. Previous work (Beth, A. H., Cobb, C. E., and J. M. Beechem, 1992. Synthesis and
characterization of a combined fluorescence, phosphorescence, and electron paramagnetic resonance probe. Society of Photo-Optical
Instrumentation Engineers. Time-Resolved Laser Spectroscopy 1II. 504-512) has shown that the spin-label moiety only slightly altered the
fluorescence and phosphorescence lifetimes and quantum yields of 5-SLE when compared with 5-SLE whose nitroxide had been
reduced with ascorbate and with the diamagnetic homolog 5-acetyleosin. In the present work, we have utilized time-resolved fluores-
cence anisotropy decay and linear EPR spectroscopies to observe and quantitate the psec motions of 5-SLE in solution and the nsec
motions of the 5-SLE-bovine serum albumin complex. Time-resolved phosphorescence anisotropy decay and saturation transfer EPR
studies have been carried out to observe and quantitate the ,usec motions of the 5-SLE-albumin complex in glycerol/buffer solutions of
varying viscosity. These latter studies have enabled a rigorous comparison of rotational correlation times obtained from these comple-
mentary techniques to be made with a single probe. The studies described demonstrate that it is possible to employ a single molecular
probe to carry out the full range of fluorescence, phosphorescence, EPR, and saturation transfer EPR studies. It is anticipated that "dual"
molecular probes of this general type will significantly enhance capabilities for extracting dynamics and structural information from
macromolecules and their functional assemblies.

INTRODUCTION

There is an extensive scientific literature describing the
use of exogenous molecular probes in studies of the
structures, orientational properties, and/or dynamics of
biological macromolecules. Spectroscopic techniques
which have relied heavily on the use ofexogenous probes
include electron paramagnetic resonance (EPR) and flu-
orescence, as well as their long-lifetime counterparts of
saturation transfer EPR (ST-EPR) and phosphores-
cence. In the case of EPR and ST-EPR, the most com-
mon approach of experimentalists has been to introduce
a stable nitroxide spin-label (2, 3) into the system under
investigation as a unique reporter probe. Similarly, fluo-
rescent and phosphorescent dyes exhibiting widely vary-
ing absorption and emission properties have been synthe-
sized in many molecular forms which are suitable for
labeling of a specific component or selected components
of a macromolecular assembly. A representative bibliog-
raphy of spin-label and luminescent probes which have
been synthesized and studies in which they have been
employed during the past two decades has been com-
piled by Haugland (4).

Experimentalists using EPR or fluorescence spectrosco-
pies in conjunction with exogenous probes have most of-
ten chosen one of the techniques, and then proceed to
identify a suitable probe and to establish its location or
reaction site(s) on a biomolecule. Rarely have investiga-

Address correspondence to Albert H. Beth, Molecular Physiology and
Biophysics, 727 Light Hall, Vanderbilt University, Nashville, TN
37232-0615.

tors invested the time necessary to label a single system
with a spin-label probe for EPR studies and with a fluoro-
phore for fluorescence studies at a common site, even

though these two techniques would often provide comple-
mentary information, as recently discussed for ST-EPR
and transient phosphorescence emission anisotropy by
Thomas (5) and by Burghardt and co-workers for EPR
and fluorescence (6-8). Even in those instances where
spin-label and fluorescent/phosphorescent probes are
available with the same reactive group (e.g., maleimide,
iodoacetamide, or isothiocyanate), substantial differ-
ences in the physicochemical properties ofthe probe mole-
cules themselves often lead to different labeling specifici-
ties on target macromolecules. However, as more sophis-
ticated questions about the role of molecular motions
and/or changes in orientational distributions of mole-
cules in regulating functions have arisen, it has become
clear that it is desirable to observe the systems using as
many complementary approaches as possible.
The problem of having to label with two different

probes could be circumvented, in theory, if a single
probe could be synthesized which possessed both an un-

paired electron for EPR/ST-EPR detection and a suit-
able chromophore for fluorescence/phosphorescence
detection. One approach which has recently been em-
ployed by Ajtai and Burghardt (7) is to generate a tran-
sient ir-radical by photochemical reduction of eosin,
erythrosin, or fluorescein and to carry out EPR studies
on this radical during its transient lifetime while carrying
out complementary optical studies on samples contain-
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ing the nonreduced chromophore. This is a potentially
powerful approach for those systems in which the radical
persists for sufficient time to permit collection of EPR
spectra with adequate signal-to-noise.
A second approach would be to employ a stable ni-

troxide coupled to a luminescent probe as the EPR re-
porter group. Unfortunately, paramagnetic centers are
known to be effective collisional quenchers of fluores-
cence and phosphorescence, suggesting that the desired
optical properties of such a stable "dual probe" might be
compromised. Indeed, there is a sizable literature de-
scribing the effects ofspin-label centers on optical proper-
ties of a variety of probes (e.g., 9, 10). However, Stryer
and Griffith (11) synthesized a dansylated spin-label
probe which served as an EPR reporter and also main-
tained a reasonable fluorescence quantum yield. In pre-
vious work ( 1), we reported the synthesis and character-
ization of a spin-labeled derivative of 5-aminoeosin
which exhibited the desired dual (EPR and optical) re-
porter characteristics. We have now synthesized a
[ 5N,2H ]-spin-labeled analogue of 5-aminoeosin and
have employed it in a series ofstudies aimed at observing
and quantitating the rotational diffusion of this probe in
solution and when noncovalently complexed with bo-
vine serum albumin in solutions of varying viscosity.
The results obtained indicate that it is possible to carry
out the full range of fluorescence, EPR, phosphores-
cence, and ST-EPR studies using this dual molecular
probe and that an internally consistent description ofthe
rotational dynamics ofalbumin is provided by indepen-
dent analyses of the resulting data sets. Additionally, we
have developed a computational approach for global
nonlinear analysis of EPR and optical data from these
dual probes as described in the accompanying manu-
script ( 12).

METHODS

Synthesis and purification of 5-SLE
5-Aminoeosin (hydrochloride) was obtained from Molecular Probes
(Eugene, OR) and converted to the free amine disodium salt form by
neutralization in water with NaOH, followed by lyophilization and
removal of the NaCl by silica gel column chromatography using
HPLC-grade methanol as the eluent. 2,2,5,5-Tetramethyl-3-pyrroline-
dl3,1-15N-l-oxyl-3-carboxylic acid was obtained from MSD Isotopes
(Montreal, Canada) and was converted to the anhydride using pub-
lished procedures ( 13). Dimethyl formamide (DMF; Fisher Scientific)
was dried over 3 A pore size molecular sieves prior to use. Other re-
agents and solvents were obtained from standard commercial sources
in reagent grade and used without further purification.
The disodium salt of5-aminoeosin was dried in vacuo at 185°C for 1

h followed by addition ofthe spin-label anhydride ( 1.2 mol anhydride/
mol 5-aminoeosin). The reactants were dissolved in dry DMF, the
flask purged with argon, and sealed with a CaC12 drying tube. The
sample was slowly heated to 60°C with gentle stirring, kept at this
temperature for one hour, and then cooled to room temperature. The
DMF was removed via rotary evaporation.
The 5-SLE product (Fig. 1) was purified by preparative thin layer

chromatography (TLC). The sample was dissolved in HPLC-grade
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FIGURE 1 Chemical structure of [ N'5N,H13]--SE

methanol, applied to a silica gel TLC plate ( 1,000 gm thick; Whatman,
Maidstone, England), and the plate developed using methanol:chloro-
form:ammonium hydroxide (48:48:4 vol:vol:vol) as the mobile phase.
Unreacted 5-aminoeosin ran close to the origin (Rf - 0.2), and the
5-SLE product ran further up the plate (R f - 0.7 ), well separated from
the unreacted spin-label (R f - 0.9). The 5-SLE band was scraped from
the plate and the product solubilized out of the silica with methanol,
vacuum filtered through a 0.2 ltm nylon filter, and the methanol re-
moved under reduced pressure. The residue was redissolved in a mini-
mal volume of deionized water, converted to the Na+ form (Bio Rad
AG50W-X8 cation exchange column, Na+ form; Richmond, CA),
and lyophilized to yield a fluffy red solid. Analytical TLC of the puri-
fied 5-SLE gave a single spot of Rf - 0.7 (same mobile phase as
above). The molecular weight of the purified product was determined
by mass spectrometry (FB+ mode, 20% glycerol in DMSO matrix).
The spin density (moles of free radical/mole ofcompound) was calcu-
lated by quantitating the number of nitroxides in a 5-SLE sample by
double integration of its first derivative EPR spectrum (using 2,2,5,5-
tetramethylpyrrolin-l-oxyl-3-carboxylic acid as a spin-label standard)
and the dry weight of the product.

Collection and analyses of EPR
spectra
EPR and ST-EPR spectra were collected using a Bruker ESP-300 spec-
trometer system operating at X-band as described previously ( 15).
Samples were contained in a quartz EPR flat cell (Wilmad WG-813;
Buena, NJ) for recording all spectra. Sample temperature was set and
maintained via a Bruker ER 41 1 1VT temperature controller by blow-
ing precooled nitrogen gas through the front optical port of the micro-
wave cavity. The modulation amplitude and the effective microwave
observer power at the sample were measured using peroxylamine disul-
fonate as described previously ( 16 ). Bovine serum albumin (BSA, frac-
tion V; Sigma Chemical Co., St. Louis, MO) was used without further
purification. Experimental data were analyzed by computer modeling
ofEPR line shapes as described in previous work ( 17, 18). The best-fit
was determined by maximization of the r2-statistic for a given model.
All calculations of EPR and ST-EPR spectra were carried out on an
Ardent Titan computer running under the UNIX operating system.
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Collection and analysis of
fluorescence and phosphorescence
data
All samples (3 ml) for phosphorescence measurements were purged of
molecular oxygen by blowing a stream ofargon onto the surface ofthe
solution in the cuvette for 15 min. In addition, they contained an enzy-
matic oxygen removal system consisting of 100,ug/ml glucose oxidase,
15 ug/ml catalase, and 5 mg/ml glucose (19). Glucose oxidase and
catalase were obtained from Sigma Chemical Co. (St. Louis, MO). The
concentration of 5-SLE used in the optical measurements (1.5 M4M)
was such that the absorption at the excitation wavelength used did not
exceed 0.1 AU (either free or bound to BSA).
The fluorescence emission spectrum of 5-SLE was recorded using a

75 W xenon-arc light source (Oriel, Stratford, CT) and monochrome-
ter set to 520 nm excitation wavelength (4 nm bandwidth), with the
fluorescence emission detected via a 512 channel optical multi-channel
analyzer (Princeton Instruments, Trenton, NJ). The fluorescence de-
cay data were collected using the 292.5 nm output from a Coherent
model 702 dye laser (the dye used was Rhodamine 6G, frequency dou-
bled, model 7220 cavity dumper) synchronously pumped by a Coher-
ent Antares 76-S Nd:YAG laser (Palo Alto, CA) as the excitation
source, with detection of the fluorescence decay by time-correlated
photon counting using a 6 ,m Hamamatsu microchannel plate detec-
tor. The instrument response function was 60-120 psec FWHM. A 520
nm interference filter (#54351; Oriel Corp., Stratford, CT) in the emis-
sion path was employed to reduce background and scattered light. A
zero-order one half wave plate in a rotation stage (Newport Corp.,
Fountain Valley, CA) was employed to rotate the excitation polariza-
tion for accurate determination of the G-factor for correction of the
anisotropy decay curves due to polarization bias ofthe detection instru-
mentation.

Phosphorescence spectra were recorded using a Coherent Antares
76-S CW Nd-YAG laser in Q-switch mode (frequency doubled to 532
nm) as the excitation source. The excitation beam was routed to the
sample compartment and the peak power of the excitation beam was

attenuated by neutral density filters (Oriel Corp.) inserted in the excita-
tion path to prevent photobleaching of the sample (no decrease in the
phosphorescence emission intensity was observed over the course of
data collection). The repetition rate ofthe laser pulses was kept at a low
level (80 to 120 Hz) to allow decay ofthe eosin phosphorescence before
another excitation pulse impinged on the sample. Collection of the
phosphorescence emission spectrum was accomplished by positioning
a 580 nm cut-on glass filter (Hoya Optics) in the sample chamber
emission arm between the sample cuvette and an American Holo-
graphic DB 10 double monochrometer. For collection of phosphores-
cence decay and anisotropy data, a 640 nm cut-on glass filter (Hoya
Optics) was employed, and the monochrometer was eliminated. The
emission photons were detected via a Hamamatsu R928 photomulti-
plier tube in single photon counting mode housed in a Hamamatsu
C1392-08 gated photomultiplier tube base (gate voltage used was 250
V). The gate width and delay were controlled by a Tennelec (Oak
Ridge, TN) gate and delay generator using the external sync output
from the laser Q-switch as a trigger and set to the minimal level re-

quired to gate the PMT during the laser pulse. The PMT output signal
was amplified by a Stanford Research Systems SR445 300 mHz ampli-
fier and passed to a Stanford Research Systems SR430 multichannel
scalar. Phosphorescence decay data were collected in 40 nsec wide bins
(15,360 bins; total decay time recorded was 614 Ms), and collection
time was approximately 6 min per spectrum. The G-factors, deter-
mined either by tail matching or by 900 excitation rotation, ranged
from 0.99 to 1.02. Sample temperature was set and maintained by
running water from a refrigerating/heating water bath through the
water jacket of the cuvette holder.
The fluorescence and phosphorescence anisotropies (r) were calcu-

lated from the fluorescence or phosphorescence emission intensity de-
cay curves measured parallel and perpendicular to the vertically polar-
ized excitation source (II and I_, respectively) and their G-factors by
the equation:

(1)

The resulting fluorescence and phosphorescence anisotropy data were

fit to a sum ofexponential terms (see accompanying manuscript ( 12)):

r(t) = E aie(-'/6i) (2)

using a nonlinear least-squares routine (Marquardt-Levenberg algo-
rithm) (20, 21 ), running on an IBM 80486 compatible computer. For
the case of isotropic rotational diffusion and in the absence of compli-
cating factors, X = xr, where Tr is the rotational correlation time. In the
case when the anisotropy did not go to zero in the accessible experimen-
tal time frame (e.g., the fluorescence anisotropy of the 5-SLE-BSA
complex), a constant term (r<,,) was added to Eq. 2 to adequately fit the
data.

RESULTS

Synthesis and optical properties
of 5-SLE
The 5-aminoeosin starting material was nearly quantita-
tively converted to the spin-labeled product during the
reaction, and was easily purified by TLC. We also at-
tempted to purify the 5-SLE using reverse phase HPLC;
however, we were unable to find suitable conditions
which resulted in acceptable recovery ofthe material in-
jected onto the HPLC column. The spin density of 5-
SLE was -0.95 nitroxide spins per eosin molecule (de-
termined as described in the Methods section above).
The mass spectroscopy analysis indicated molecular ions
of 874 and 896 mass units, consistent with the calculated
molecular weights of the disodium salt of 5-SLE
(['4N,'H] spin label derivative) plus a proton or a so-
dium ion, respectively.
The absorption, fluorescence emission, and phospho-

rescence emission spectra of 5-SLE are shown in Fig. 2.
These optical properties (as well as the absorption ex-
tinction coefficient and the fluorescence and phosphores-
cence lifetimes and quantum yields) of 5-SLE were es-
sentially the same as those ofthe acetylated eosin deriva-
tive and those of 5-SLE whose nitroxide had been
reduced by ascorbate (1), indicating that the nitroxide
radical had a minimal effect on the optical spectroscopic
properties of the eosin. The absorption maximum of 5-
SLE shifts from 518 to 530 nm upon binding to BSA,
and the extinction coefficient increases by less than 10%,
which is consistent with the findings ofCherry et al. (22)
for eosin-5-isothiocyanate binding to BSA.

EPR and fluorescence emission
anisotropy of 5-SLE in solution and
bound to BSA
The linear EPR spectrum of 5-SLE in buffer is shown in
Fig. 3 (top spectrum). The sharp two-line spectrum ob-
served was consistent with a '5N nitroxide spin label
tumbling in the motional narrowing time window for
linear EPR. Superimposed on this spectrum is a calcu-
lated line-shape generated using an isotropic rotational

Cobe l 0

r(t) = (II GI_L) / (II + 2 (GI_L)).
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FIGURE 2 Absorption, fluorescence emission, and phosphorescence
emission of 5-SLE. The sample composition was 1.5 juM 5-SLE in 5
mM sodium phosphate pH 8.0 (sample was deoxygenated for the phos-
phorescence measurement as described in Methods). The absorption
spectrum was recorded on a Beckman DU-7 spectrophotometer. The
fluorescence and phosphorescence emission spectra are not to scale.

correlation time (r,) of 150 ps. Upon binding to BSA at
20°C, the spectrum changed markedly (Fig. 3, bottom)
into a composite line shape which was dominated by the
slow motion of the 5-SLE/BSA complex. The spectrum
was resolved into two motional components whose simu-
lated fits are superimposed on the original composite
spectrum. The major component (dotted line) was fit by
a calculated spectrum with Tr set to 30 ns, which agreed
well with the rr of BSA in aqueous solution at 20°C
based upon the hydrated radius calculated below from
ST-EPR and transient phosphorescence anisotropy, and
from the hydrodynamically determined hydrated radius
(23). The minor component (dot-dashed line) was rea-

sonably fit by a calculated spectrum having a 'r of 3 ns.
The almost complete disappearance ofthe sharp two line
spectrum of free 5-SLE indicated that virtually all ofthe
5-SLE was bound to BSA under the experimental condi-
tions employed.
The fluorescence anisotropy decay curve of 5-SLE in

buffer (excited into the negative polarization band at
292.5 nm) is shown in Fig. 4 (fast decaying curve). The
decay curve was well fit with a single exponential term
having a X of 0.43 ns, as indicated by the residuals from
the fit in the bottom panel. The initial anisotropy value
observed was approximately -0.13, compared to a theo-
retical rigid limit value of -0.2. Since the fluorescence
lifetime of 5-SLE in solution was approximately 0.9 ns,

this 0 was determined with high accuracy (for compari-
son, a of 0.55 ns has been reported for eosin in water)
(24). There was a marked change in the anisotropy
curve when the 5-SLE was bound to BSA, as shown in

the slow decaying curve in Fig. 4. This curve was best-fit
with a single exponential equation containing a large r",
term, as indicated by the residuals from the fit in the
bottom panel. The fast rotational time component (40 =
4.7 ns) correlated reasonably well with the minorcompo-
nent of the EPR spectrum described above, and was

fairly well defined since the fluorescence lifetime of 5-
SLE bound to BSA was 1.8 ns. However, the of the
slower component could not be defined since the fluores-
cence intensity had decayed to near background level at
times greater than 10-15 ns. Therefore, the fluorescence
anisotropy component corresponding to the EPR 30 ns

component above was represented by the large rc,, term
in the exponential fit equation.

ST-EPR and phosphorescence
anisotropy of 5-SLE bound to BSA
in glycerol
The set of ST-EPR spectra in Fig. 5 show that as the
glycerol concentration was raised (from top, 70, 75, 80;

FIGURE 3 Linear EPR spectra of5-SLE and 5-SLE bound to BSA. The
top spectrum was recorded on a sample of 20 gM 5-SLE in 5 mM
sodium acetate pH 5.0 at 20°C (EPR parameters: 40 G scan width, 0.1
G modulation amplitude (peak-to-peak), 1 mW microwave power,
1024 data points). Superimposed (dotted line) is a simulated spectrum
with a Tr of 150 ps. The bottom spectrum was recorded on a sample of
20 gM 5-SLE/20,gM BSA in 5 mM sodium acetate pH 5.0 at 20°C
(100 G scan width, 0.5 G modulation amplitude (peak-to-peak), other
parameters same as above). Superimposed are two simulated spectra
having r, values of 3 ns (dot-dashed line) and 30 ns (dotted line).

608 Biophysical Journal Volume 64 March 1993608 Biophysical Journal Volume 64 March 1993



to bottom, 86%, wt/wt) at 20C, the tr for the 5-SLE/
BSA complex increased as a result of the increase in the
solution viscosity. Superimposed on each spectrum is a
computer simulation with the Tr value given on the left.
The use of spectral simulation to analyze ST-EPR data
stems from the methods originally proposed by Thomas
and McConnell (25). However, the computational ap-
proach employed here is based upon solution ofthe sto-
chastic Liouville equation as described previously ( 17).
Tensor values (A and g) used in the simulations were
obtained by fitting the corresponding linear EPR spec-
trum from each sample (see Fig. 1 of accompanying
paper ( 12)). Fig. 6 shows the statistics-of-fit (r2) of the
simulated spectra for each ofthe experimental spectra as
a function of the ,. These data indicated that a high
degree ofconfidence can be placed in the Tr's determined
by this approach.
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FIGURE 5 ST-EPR spectra of 5-SLE bound to BSA in glycerol at 2°C.
r(t) = -0.082e(-t/4.65) _ 0.05 The ST-EPR spectra (solid lines; second-harmonic out-of-phase ab-

(t) ~ ,#^sorption) were collected on samples containing 20 MM 5-SLE/20 ,M
BSA in 5 mM sodium acetate, pH 5.0, and 70, 75, 80, or 86 weight %
glycerol (ST-EPR parameters: 100 G scan width, 5 G modulation am-

. , ,, , , , . plitude (peak-to-peak), 100 mW microwave power, 1024 data points).
Superimposed (dotted lines) on each experimental spectrum is a best-36 9 1 2 1 5 fit calculated spectrum (200 points) using the Tx values given to the left.
The ST-EPR lineshape from the minor 3 ns component (linear EPR

_ component shown in Fig. 3, dot-dashed line) was digitally subtracted
from each display prior to fitting ofthe data. Additional input parame-
ters for the simulations included: A and g tensors from fit ofthe linear

_ EPR spectrum (Fig. 1 ofaccompanying paper ( 12)); h, = 0.18 G, 0.18
. , , . , , . ,. . G, 0.20 G and 0.22 G for the 70, 75, 80, and 86 weight % glycerol

0 3 6 9 1 2 1 5 samples, respectively; T2 = 40 ns; T1 = 27 gs; and a post-computation
T Gaussian broadening of 1.4 G for each.
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FIGURE 4 Fluorescence anisotropy decay curves of 5-SLE and 5-SLE
bound to BSA. Data were collected as described in Methods, with a bin
width of6.104 ps, and summed over 20 I, and I, polarizer data sets (60
s per set). The fast decaying anisotropy curve (data out to 3.5 ns) was
recorded on a sample composed of 1.5 AM 5-SLE in 5 mM sodium
acetate, pH 5.0, at 20°C. The data were fit to a single exponential
equation as shown above (4 = 0.42 ns) with no residual anisotropy.
Residuals from the fit are shown in the bottom panel. The slow decay-
ing anisotropy curve was recorded on a sample composed of 1.5 zM
5-SLE/ 15 MM BSA in 5 mM sodium acetate, pH 5.0, at 20°C (a 10-
fold molar excess of BSA was added to insure that all the 5-SLE was
bound at this concentration). The data were also fit to a single exponen-
tial equation as shown above (k = 4.7 ns) with a residual anisotropy of
0.05. The residuals from the fit are shown in the bottom panel. Both
sets of data were G-factor corrected.

Fig. 7 shows the four phosphorescence anisotropy de-
cay curves corresponding to the four ST-EPR spectra of
Fig. 5. The fits superimposed on each ofthe decay curves
consisted of two exponential terms; one of which had a
very short time constant (2 ,us) which remained invari-
ant in all samples and was also present in a sample of
5-SLE without BSA (due to instrument gating response
necessary to eliminate the prompt fluorescence), and a

second term whose 0-value varied as a function of the
glycerol concentration (inset, top panel). The residuals
(bottom panel, Fig. 7 ) clearly indicated that two exponen-
tial terms adequately fit all four ofthe experimental data
sets. Addition of a third exponential decay term did not
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DISCUSSION
A major impetus for this work was to explore the feasibil-
ity ofconstructing a stable dual molecular probe suitable
for the full range of fluorescence, phosphorescence, and
EPR measurements in order to take maximal advantage
of the complementary information potentially available
from these spectroscopic techniques. The data presented
demonstrate that 5-SLE provides many of the requisite
properties. Even though nitroxide spin-labels are gener-
ally effective collisional quenchers of fluorescent probes,
the arrangement between the spin-label moiety of5-SLE
and the eosin molecular framework did not lead to signif-
icant alterations in the measured optical properties of
the probe when compared with the non-paramagnetic
homolog 5-acetyleosin (1).

50

FIGURE 6 Graphical display of r2-statistics versus Tr for the 70, 75, 80,
and 86 weight % glycerol samples. Spectra were calculated at each of
the Ti values given on the abcissa and expanded to 1024 points. The
r2-value was calculated as: r= 1 - [ (Y - Y)2/ (Y - )];
where Y. was the experimental amplitude, Yc was the calculated ampli-
tude, and Y. was the average experimental amplitude. For calcula-
tions of r2, the baselines of the computed spectra were superimposed
through the center of the noise of the experimental baseline and the
amplitude ofthe computed spectrum adjusted to give the maximum r2
(i.e., the best-fit of the experimental data). The fits shown in Fig. 5 all
gave r2 > 0.972.

result in an improved fit of the experimental data (data
not shown). The total phosphorescence intensity decay
of the 5-SLE-BSA adduct exhibited multi-exponential
decay, the largest component (89% ofthe total intensity)
having a lifetime of 1,600 ,s and the minor compo-
nent having a lifetime of 130 ,us. For comparison, the

major (90%) phosphorescence intensity decay compo-
nent ofunbound 5-SLE had a lifetime of -270 ,us and a
minor component having a lifetime of - 95 ,s ( 1).
The Ir values determined from the ST-EPR spectra

(triangles) and the phosphorescence anisotropy curves
(circles) above are plotted versus the viscosity divided by
the absolute temperature (q / T) in Fig. 8. The solid lines
are determined by linear regression of the data points.
According to the Stokes-Einstein relationship, the slope
ofthe regression lines are proportional to the cube ofthe
hydrated radius (rh) of the 5-SLE/BSA adduct (making
the approximation of isotropic rotational diffusion for
BSA and that the rotation of the adduct is Brownian in
nature). The rh determined from the ST-EPR line was
30.5 A, versus 31.6 A determined from the phosphores-
cence anisotropy data. The error bars on the data points
were calculated from the r2-statistics for ST-EPR data
and from the corresponding x 2-statistics for the phos-
phorescence anisotropy decay fits.
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FIGURE 7 Phosphorescence anisotropy decay curves of 5-SLE bound
to BSA in glycerol at 2°C. The anisotropy decay curves were collected
on samples containing 1.5 MM 5-SLE/ 15 MM BSA in 5 mM sodium
acetate, pH 5.0, and 70, 75, 80, or 86 weight % glycerol (a 10-fold molar
excess ofBSA was added to insure that all the 5-SLE was bound at this
concentration). Samples were deoxygenated as described in Methods.
Photons were collected into 15,360 40 ns-wide bins (614 ,s total width)
with a total of 262,144 laser pulses per I, and I_ data set (the emission
polarizer was rotated after every 32,768 pulses). The anisotropy curves
were fit to double exponential equations, one term having a short (2 Ms)
time constant which was present in a sample of unbound 5-SLE (in-
strument gating response), and the other term having a which was
dependent on the glycerol concentration (shown in table inset, top
panel). The bottom panel shows the residuals from all four fits. The
anisotropy decay curves were G-factor corrected.
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FIGURE 8 Determination of the hydrated radius ofBSA from the ST-
EPR and phosphorescence anisotropy data. The T, values determined
from the ST-EPR spectra (triangles) and phosphorescence anisotropy
(circles; using the approximation of isotropic rotational diffusion, 4 =
Tr) are plotted versus the viscosity/temperature (±SD). The hydrated
radii determined from the slope of the lines are 30.5 A for the ST-EPR
data sets and 31.6 A for the phosphorescence data sets.

Though extensive structural work has not been carried
out on 5-SLE to date, it is reasonable to assume that the
amide bond formed between the spin-label and eosin
will exhibit structural features similar to previously syn-
thesized spin-label probes possessing the same chemical
linkage (26). In the case of spin-labeled 3,6-diamino-
acridine, the five-membered spin-label ring was tilted
-40° from the plane of the heterocyclic ring system.
This geometry places the carbonyl oxygen of the amide
in Van der Waals contact with one of the aromatic pro-
tons located ortho to the amide nitrogen. The potential
for double-bond conjugation over this region ofthe mole-
cule may provide an effective energy barrier for free rota-
tions about the chemical bonds between the spin-label
and eosin moieties. The extent to which these structural
properties exist and contribute to the observed spectral
properties of 5-SLE remain to be explored in greater de-
tail.

Anecdotal and published reports (e.g., 9, 10) of spin-
labeled fluorophores being synthesized and effectively
quenched by the virtue ofinteractions between the para-
magnetic center and the fluorophore suggest that this
dual molecular probe approach may have limitations for
some types ofchemical linkages and some fluorophores.
We have not explored this limitation in any systematic
fashion. However, in the course of these studies we have
chemically synthesized and isolated the analogous spin-
labeled derivative of 5-aminofluorescein (5-SLF). Like

5-SLE, 5-SLF was observed to exhibit fluorescence prop-
erties similar to the 5-acetyl derivative of fluorescein
(data not shown). By analogy, it is considered likely that
the corresponding spin-label derivative of5-aminoeryth-
rosin would also retain its optical properties and serve as
a suitable dual probe.
The spectroscopic data obtained on 5-SLE in solution

(Fig. 3, upper; and Fig. 4, lower decay curve) would
seem to suggest that there may be some motional free-
dom of the spin-label moiety relative to eosin based
solely upon the effective rotational correlation times de-
rived from fitting of the respective EPR and optical data
(compare 150 ps from the EPR fit with 430 ps from the
fluorescence anisotropy decay fit). However, it should
be emphasized that there is considerable uncertainty in
fitting of the EPR data in this correlation time range.
First, the homogeneous linewidth used in the computa-
tional modeling cannot be determined from cw-EPR
alone due to the inhomogeneous broadening of reso-
nance lines by contact coupling to nitroxide ring deuter-
ons. Next, to accurately represent the experimental line
shape (i.e., the degree of Lorentzian versus Gaussian
character), one would need to sum Lorentzian lineswith
an intensity weighting and splitting distribution consis-
tent with nearby deuterons. Finally, an isotropic Brown-
ian rotational diffusion model was employed to fit the
experimental data. This model is likely too simplified to
account for the true rotational diffusion of a relatively
small and planar molecule like 5-SLE in solution. Even
given these uncertainties, it is clear that the rotational
freedom of the spin-label moiety of 5-SLE is severely
restricted by covalent attachment to eosin since the
corresponding EPR spectrum from 2,2,5,5-tetramethyl-
3-pyrroline-d13,1-I5N- -oxyl-3-carboxylic acid recorded
under the same conditions exhibits two very sharp lines
of nearly equal amplitude (data not shown).
When 5-SLE is bound noncovalently to BSA, the EPR

spectrum clearly shows a major slow motion component
(Fig. 3, lower). Fitting of this component yielded a
correlation time of 30 ns as shown by the superimposed
dotted line. From the Stokes-Einstein relationship, this
rotational correlation time predicts an effective hydrated
radius of 30.6 A, which is in reasonable agreement with
the hydrodynamically determined value for BSA of 33.7
A (23). This value also compares well with the correla-
tion time of -40 ns for dansylated BSA as measured
(time-resolved fluorescence anisotropy) by Weber (27),
and values of 33 and 30.5 ns determined by time-re-
solved tryptophan fluorescence anisotropy of horse
serum albumin (28) and rat serum albumin (29). BSA is
known to be an asymmetric protein and therefore,
would be predicted to exhibit different rotational corre-

lation times about its major and minor axes (see refer-
ence 18). Since the geometric arrangement between the
major axis system of the nitroxide and the inertial axis
system ofBSA is unknown, it is not possible to uniquely
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refine the fit ofthe EPR data. The important point, how-
ever, is that the nitroxide moiety of 5-SLE reports with
reasonable accuracy on the global tumbling ofBSA. Un-
fortunately, it is not possible to make a direct compari-
son of rotational correlation times for this slow compo-
nent with transient fluorescence anisotropy measure-
ments on the 5-SLE-BSA complex in buffer due to the
short fluorescence lifetime ofthe eosin. Although there is
a Tr time window from approximately o0-8 to I0-7 s
which falls between the conventional time-resolved fluo-
rescence and phosphorescence anisotropy decay meth-
ods used in this report, other methods such as fluores-
cence recovery anisotropy (30), fluorescence correlation
spectroscopy (31), or fluorescence photobleaching re-
covery (32) could be employed with dual probes of this
type which would span this time window.

In addition to the slow motion EPR component in
Fig. 3, lower, there is also a minor component with inter-
mediate mobility. Possible sources for this component
include: (a) a separate secondary binding site for the
probe, (b) a different conformation of 5-SLE within the
same binding site, or (c) a restricted, but not totally im-
mobilized, motional mode of bound 5-SLE. We have
not explored the origin of this intermediate component
in the present work. However, it is interesting to com-
pare the motional characteristics of this species deduced
from fitting the EPR and optical data. The superimposed
dot-dashed line in Fig. 3, lower, is a calculated EPR spec-
trum using a correlation time of 3 ns. This value com-
pares favorably with the 4.6 ns decay observed with tran-
sient fluorescence anisotropy in Fig. 4, upper decay
curve.
The most rigorous comparison ofEPR and optical re-

sults in the present work was provided by studies on the
5-SLE/BSA complex in glycerol/buffer solutions ofvari-
able composition. The ST-EPR data in Fig. 5 were best-
fit with isotropic rotational correlation times of 5, 7, 13,
and 25 ,ts for the 70, 75, 80, and 86 wt% glycerol sam-
ples, respectively. The r2-statistics provided in Fig. 6 de-
fine the confidence intervals for the individual fits. These
correlation times agree closely with the times of 6.5, 9.8,
15.9, and 29.2 ,us determined from fitting the transient
phosphorescence anisotropy decays in Fig. 7. Global si-
multaneous analysis ofboth data sets are described in the
accompanying manuscript ( 12). Plotting ofthese sets of
data as Tr versus q / T (Fig. 8 ) allows calculation of the
effective hydrated radius of the 5-SLE/BSA complex.
The agreement between the values determined, 30.5 and
31.6 A, from the ST-EPR and phosphorescence anisot-
ropy measurements, respectively, is encouraging and
provides confidence that the 5-SLE probe is accurately
reporting global dynamics information via both reporter
moieties.
The data presented clearly demonstrate that a single

molecular probe possessing both a stable spin-label and
an optical reporter moiety can be employed with stan-
dard instrumentation to makfe thfe full ran:ge of E^PR,

ST-EPR, fluorescence, and phosphorescence measure-
ments, techniques which many investigators rely heavily
upon when examining dynamics ofmacromolecular sys-
tems. Additional probes built around the molecular
structure of 5-SLE but with the capability for covalent
modification of proteins, nucleic acids, or other large
biomolecules, where the size of the probe does not
strongly influence dynamics of interest, should prove to
be extremely useful in a wide range of investigations uti-
lizing EPR and optical spectroscopies.
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