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ABSTRACT We have used saturation-recovery electron paramagnetic resonance (SR-EPR), a time-resolved saturation
transfer EPR technique, to measure directly the microsecond rotational diffusion of spin-labeled proteins. SR-EPR uses
an intense microwave pulse to saturate a spin population having narrow distribution of orientations with respect to the
magnetic field. The time evolution of the signal is then observed. The signal increases in time as saturation is relieved by
spin-lattice relaxation (T1) as well as by saturation transfer due to spectral diffusion (rd), which is a function of
rotational diffusion (Tr) and spectral position. In the presence of both events, the recovery is biphasic, with the initial
phase related to both T, and T,, and the second phase determined only by TI. We have measured the saturation
recoveries of spin-labeled hemoglobin tumbling in media of known viscosities as a function of rotational correlation time
(Ir) and pulse duration (tp). The T, values estimated from the initial phase of recovery were in good agreement with
theory. Variation of the pulse time can also be used to determine Tr. For tp < rd, the recoveries were observed to be
biphasic, for tp > r,w a single-exponential. T, values were determined from the recoveries after pulses quenching spectral
diffusion or from the second phase of recovery after shorter pulses. These results demonstrate that SR-EPR is applicable
to the study of motion of spin-labeled proteins. Its time resolution should provide a significant advantage over steady
state techniques, particularly in the case of motional anisotropy or system heterogeneity.

INTRODUCTION

Measurement of microsecond molecular dynamics is of
biophysical importance, since large-scale motions of pro-
teins in membranes and other assemblies occur on this time
scale, as do many enzymatic reactions (Robinson et al.,
1985; Thomas, 1985). The most important techniques used
in such studies are spectroscopic methods, including both
optical and magnetic resonance. The principal magnetic
resonance technique used is saturation transfer electron
paramagnetic resonance (ST-EPR). While the optical
methods are usually time-resolved, ST-EPR is a steady
state technique that relies on competition between various
relaxation mechanisms and the modulation frequency.
Although the spectral lineshapes for isotropic motion have
been shown to be a function of the rate of rotational
diffusion, in the case of anisotropic motion they are
sensitive to both the rate and the amplitude (Robinson and
Dalton, 1980; Thomas et al., 1985). However, in recent
years, there has been an ongoing effort to develop time-
domain EPR techniques capable of studying molecular
dynamics. Time-domain EPR should, in principle, have all
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the advantages of optical methods while retaining the
orientational resolution of magnetic resonance. One
approach is spin-echo EPR, in which the time evolution of
the echo is sensitive to dynamic processes, such as rota-
tional motion (Madden et al., 1980; Schwartz et al., 1982),
and lateral diffusion (Stillman and Schwartz, 1979). Even
more promising are time-resolved saturation transfer
experiments. In this type of experiment, one orientational
population is saturated by an intense microwave pulse,
while some other population is observed. This can be
achieved by using two microwave sources of different
frequency, pulsed ELDOR (Nechtschein and Hyde, 1970;
Hyde et al., 1984), or changing the magnetic field after a
saturating pulse, (Rengan et al., 1979; Dzuba et al., 1984;
Millhauser and Freed, 1984). The magnetization can be
monitored by measuring absorption with a low intensity
c.w. microwave, or by detecting the electron spin echo.
Finally, the third class of experiments is pulse-induced
EPR, where the magnetization at a given time after the
saturating pulse is displayed as a function of magnetic field
(Percival and Hyde, 1975; Brown, 1979). The spectra
taken at different times will reflect the effects of spectral
diffusion. Very comprehensive reviews of time-domain
EPR were recently published (Thomann et al., 1984;
Kevan and Schwartz, 1979).
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We report here the detection of microsecond rotational
motions of spin-labeled hemoglobin (Hb) tumbling isotro-
pically in media of known viscosity, using saturation-
recovery EPR (SR-EPR). This is a simplified saturation
transfer technique in which the saturated population is also
the observed one. SR-EPR was previously used in mea-
surements of spin-lattice relaxation times, its potential to
measure rotational dynamics was previously noted (Smigel
et al., 1974; Hyde, 1979).

THEORY

The response of magnetization M0 to a saturating pulse
in the absence of spectral diffusion was given by Percival
and Hyde (Percival and Hyde, 1975)

m,(t)/mz,_ = my(O) exp (-t/T2)

+ yH T2(m,((0) - 1)/(1 + y2H2TIT2)
x exp (-t/T,- _Y2H2T2t)

-yH, T2m.(O) exp (-t/T2)
+ yH1T2/(1 + -y'H'T, T2), (1)

where my(0), and m,(0) are projections of M. on the y- and
z-axes, mz.. is the equilibrium magnetization along the
z-axis, y is gyromagnetic ratio and HI is the observing field
intensity. The bulk magnetization is the sum of all individ-
ual electron magnetic moments pe, Mo = nlle, where n is the
net difference of the electron-spin population between the
two spin states as determined by the Boltzmann distribu-
tion. The first term in Eq. 1 is free induction decay (FID),
which can be supressed by modulation of the phase of the
saturating pulse with respect to the phase in the observing
arm (Huisjen and Hyde, 1974). The next term is satura-
tion recovery. In the limit of small HI, the recovery is
characterized by the exponential constant TI, the spin-
lattice relaxation time. The third term is the response of the
residual magnetization along the z-axis. To eliminate this
term one can vary the intensity of the saturating pulse,
resulting in different values of mz(0). Finally, the time-
independent term, which does not affect the time evolution
of magnetization, is a saturation factor.
The sensitivity of SR-EPR to motionally modulated

spectral diffusion was first demonstrated theoretically and
experimentally by Dalton and co-workers (Smigel et al.,
1974; Hyde et al., 1975). The basis for this sensitivity can
be explained qualitatively: a high-intensity saturating
pulse perturbs the Boltzmann equilibrium of resonating
spins, the deviation denoted by An,. The equilibrium can be
restored either by loss of energy to the lattice or by
exchange with the nonresonant spin population An2. The
rate equations for the population deviations are

dAn, An, An1 - An2
=-- +

dt T, 2,rd
dAn2 An2 An, - An2 (2)
dt T, 2rd(

where rd is the exponential time constant for spectral
diffusion from resonant to nonresonant field positions (in
analogy with optical spectroscopy, this is the time required
for the transfer of probes from a high to a low-absorption
probability). This set of coupled differential equations can
be solved to yield (Robinson et al., 1985)

An, = a, exp (-t /T,) + a2 exp - t(r + T 1),
An2 = a, exp (-t/T,) - a2 exp - t(,r-' + T '). (3)

Thus, the approach to equilibrium in the presence of
spectral diffusion is double-exponential, with the faster
rate constant equal to the sum of T 1̀ and r 1-', and the
slower rate constant equal to T- l. Therefore, if rd T,
saturation is transferred away from resonance. The satura-
tion recovery experiments then become time-resolved satu-
ration transfer experiments. The spectral diffusion time Tsd
can be estimated from the time it takes a molecule to
diffuse away from resonance. To change the resonant field
by more than the linewidth AH the molecule has to rotate
by the angle

Ow = AH/(aHres/aO), (4)

where 0 is the angle between the principal axis of the
nitroxide and the external magnetic field. Hres is the
resonant field given by Hrt (0) = hv - mjA(6)/j3g(6),
where g(6) and A (6) are effective values of the g and
nuclear hyperfine interaction tensors of the spin label at an
angle 0. From the Debye theory of Brownian motion of a
molecule rotating with correlation time Tr the time for the
mean-square angular displacement O' is (Hyde and Dal-
ton, 1981)

Tsd/T, = (3r /8) sd (5)

aHres/a, varies significantly with spectral position; there-
fore, so do Osd and rsd. For the low- and central-field
positions investigated here, aHres/aO = 20 and 8.8 Gauss/
rad, respectively (Thomas et al., 1976), which results in a
Ts,d/Tr ratio of 0.1 and 0.8 for these spectral positions. In
transient optical anisotropy measurements, this ratio is
always 1, due to much lower orientational resolution of
optical anisotropy. (Thomas, 1986). This explains why
optical techniques are usually limited to measuring r, - the
excited-state lifetime, whereas ST-EPR methods are sensi-
tive to rotational correlation times considerably greater
than TI.
Of course, whether the spectral diffusion effects will be

observed at all depends on the relative magnitude of the
pre-exponential factors a1 and a2, which are determined by
the initial conditions, i.e., on the distribution of saturation
at the end of the pulse. This, in turn, is a function of pulse
strength and duration, and of the rates of rotational
diffusion and spin-lattice relaxation. As pointed out by
Smigel et al. (1974), the maximum sensitivity to Tsd is
exhibited when the pulse is shorter than the relaxation time
and spin-diffusion time, tp < T, ,Td. In the case of very
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slow diffusion, rd >> T,, there is no coupling between
neighboring spin packets and the saturation decays with
T,. At the other extreme, when the diffusion is fast enough
to equilibrate saturation among the spin packets during the
pulse, i.e., rd << tp = T,, the observed saturation is still
relieved by the spin-lattice relaxation alone.

METHODS

Saturation Recovery
The apparatus used here has been described previously (Huisjen and
Hyde, 1974; Percival and Hyde, 1975; Kusumi et al., 1982). Instead of
using a bimodal cavity, a loop-gap resonator (Q 500) was employed,
with the advantage of shorter ringing times (tnq, = Q/2irv) and a higher
microwave power to magnetic field conversion (H,/P = 5 Gauss/W)
(Froncisz and Hyde, 1982). Reflected microwaves were amplified with a
GAs-FET amplifier that was protected from the pumping microwaves by
an additional PIN diode synchronized with the PIN diode in the pump
arm of the bridge. The signal was recorded and averaged by a computer-
controlled receiver processor (Forrer et al., 1980), with 512 apertures 40
ns in duration (80 ns for long recoveries). All data were obtained with 50
Hz pump-phase modulation for suppression of free-induction decay and
25 Hz magnetic field modulation for improvement of baseline stability
(Huisjen and Hyde, 1974). Repetition rates were between 5 and 12.5
kHz.

Analysis
The curves were digitized using a digital plotter (model HP-7475A;
Hewlett-Packard Co., Palo Alto, CA) interfaced to an HP-85 computer.
The recoveries were subsequently analysed on a personal computer
(model 150; Zenith Data Systems Corporation, St. Joseph, MI) using a
nonlinear least-squares procedure capable of fitting to a sum of up to
three exponential functions of the form Ai exp (-tlT;) (Fig. 1). The
number of exponential functions was increased until no further improve-
ment could be obtained in the X values and residuals. In all cases this was
achieved with one or two exponential terms. Care was taken to ascertain
that the fitted parameters were independent of the initial values.

In view of the very fast switching of PIN diodes (10 ns) no attempt was
made to correct for the finite rise and decay times of the pumping pulse.

Sample Preparation
Human Hb was prepared from outdated blood (Squier and Thomas,
1986). Rotational correlation times for hemoglobin tumbling in glycerol-
water mixtures at different temperatures were taken from Fajer and
Marsh (1982). Samples were deoxygenated in their gas-permeable
sample cells (TPX capillaries, l10-l volume) for 30 min before the
experiment (Popp and Hyde, 1981).

RESULTS

Typical magnetization recoveries for spin-labeled Hb tum-
bling in media of different viscosities are shown in Fig. 2.
The two traces at each correlation time are the recoveries
after short (0.5 ,us) and long (>20,us) saturating pulses.
The initial recovery after the short saturating pulse is
faster than in the case of the long pulse for the microsecond
correlation times. After the first phase, the magnetization
recovers with the same rate for both pulses, as confirmed
by multiexponential data analysis. The short-pulse recov-
ery can be described in terms of two exponentials, while the
response to the long pulse is best simulated by a single-
exponential function.
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FIGURE 1 Exponential deconvolution of magnetization recoveries.
(Top) Single-exponential fit with three variable parameters; r, pre-
exponential factor, and the baseline. (Bottom) Double-exponential fit
with five variable parameters; rl, T2, pre-exponential factors, and the
baseline. The bottom of each figure shows expanded (x 5) residuals for
each fit. The experimental recoveries (dotted line) in response to a 0.5-js
saturating pulse were obtained for the low-field spectral position of Hb
diffusing with ;r of 20 ys. The residuals indicate that the two-exponential
fit is better.

Observing Power

The saturation-recovery signal decays as exp-
(T- ' + y2H 2T2) t in the absence of spectral diffusion. As
the observing power approaches saturation, y2H1 T, T2 1,
the recovery time becomes shorter than T,. The true T1 can
be observed only in the limit of zero power (Atkins et al.,
1973; Percival and Hyde, 1975). Fig. 3 displays observed
recovery times (in response to long pulses) at two correla-
tion times and at two resonant fields for Tr = 20 ,.s. Only in
the case of recoveries at the central field for rr = 20 jus was
there a dependence on the observing power. All of the
following experiments were performed at an observing
field amplitude of 0.025 Gauss, where saturation is 13%
(assuming T2 = 0.02.us).

FAJER ET AL. Measurement ofRotational Molecular Motion 1197



-2.5 -2.0 -1.5
log ( H1) [Gauss]

- 1.0 -0.5

tr = 20Oi'

10 20
Time CE8i3

10 20.:!,.
Time .1138]

30

... tr , S E to0 0 A'
.' ','.' ';

,:

4 -1 .; . s0 . t "; S
-, * _ r

FIGURE 2 Magnetization recovery of spin-labeled haemoglobin in
media of varying viscosity after short and long saturating pulses. (Top)
Rotational correlation time Tr = 5 Ats; pulses 0.1 and 40 s. (Middle) Tr =
20 us, pulses 0.5 and 40 As. (Bottom) Tr = 2,000 gs, pulses were 0.5 and 20
,us. The probed region was 8.4 Gauss upfield from the low-field peak of
the first derivative absorption spectrum. The y-axis is in arbitrary
absorbance units.

Pumping Power

Initial fast decays could, in principle, be due to residual
magnetization along the z-axis remaining after the saturat-
ing pulse, which, in response to the observing field, yields
the term mz(0) exp (-t/lT2) (Percival and Hyde, 1975). If
mz(0) = 0 this term must be considered. To ascertain that
the first phase of recovery is not a T2 mechanism, experi-
ments at various pumping powers were performed. The
following observations argue against this possibility: (a)

FIGURE 3 Recovery times after long saturating pulses as a function of
observing field intensity. C, T; = 20 us, central-field; O, Tr = 20 us,
low-field; +, -rr= 0.02 jss, central-field. Note that pulse fields smaller
than 0.05 Gauss do not affect the recovery times.

For the shortest of employed pulses, 0.1 IAs, a 30-fold
decrease of the pumping field strength (corresponding to a
change from m,(0) = -0.7M. to m,(0) - MO, where
m'(0) = cos(ytpHp) did not affect the amplitude of the fast
decay; (b) an increase of the pulse time to 7.5 ,us with a
concomitant decrease of pumping power resulting in a 1480
rotation, m_(0) = -0.83 MO, resulted in a single-exponen-
tial decay; and (c) the sign of the m,(0) term is opposite to
the saturation-recovery signal, so this term should manifest
itself as a decay rather than a recovery. However, all the
observed fast initial recoveries had the same sign as that of
the slow phase. These findings establish that even when
m, (0) ±± MO, the T2 decay is much too short to be
observed.

Spin-Lattice Relaxation

The spin-lattice relaxation time (TI) can be obtained from
recoveries after long pulses, tp > Trd, which suppress
spectral diffusion (Smigel et al., 1974; Freed, 1974). In the
case of long correlation times, Td >> Ti, the response to
short pulses should also be characterized by TI. The
recovery times r of single-exponential decays are shown in
Fig. 4 as a function of rotational correlation times. rr for
frozen or ammonium sulfate-precipitated Hb is taken as
infinity. (The time of the second phase of recovery is taken
for precipitated Hb.) The relaxation time increases mono-
tonically from 4 to 16 ,us with the correlation time increas-
ing from 0.02 to 2,000 us. It is a weak dependence; T, is
proportional to rO'2. Note, however, that the value of 7 ,s
obtained for both the frozen and precipitated sample are
significantly lower than that for the Hb is 88% glycerol at
-360C. There was no temperature dependence of the
recovery rate for the precipitated Hb over 240C, implying
that the difference is most likely to be due to the solvent,
not to motional differences.
The single-exponential recoveries (long pulses) were not

significantly affected by the resonant field position. Table I
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FIGURE 4 Spin-lattice relaxation time dependence on the rotational
correlational time. The water-glycerol mixtures to obtain desired rates of
diffusion were: E, 0% glycerol, 20°C; 0, 37% glycerol, -4.0°C; +, 88%
glycerol, 210C, IOOC, -40C, and -37°C; A, frozen H20, -20°C; x,

ammonium sulfate-precipitated hemoglobin, - 50C.

shows the average times of recovery at the low and central
field for molecules with correlation times spanning five
orders of magnitude. In all cases there is a good agreement
between the values obtained at the two field positions; the
same applies to ammonium sulfate precipitated Hb as

observed previously for spin-labeled Hb (Huisjen and
Hyde, 1974).

In addition to nuclear manifold invariance, we have
found no orientational dependence of TI. Spins contribut-
ing to the signal at the turning point in a powder spectrum
(i.e., a spectrum of a randomly oriented sample) are

oriented with their principal axes at angle 0 = 00 with
respect to the external field. The spins contributing to the
spectrum 8.4 Gauss upfield from the low-field peak of the
first harmonic absorption spectrum are oriented at 0 = 750.
The recoveries for these two positions were identical for
both the fast and the slow phases of magnetization recov-

ery of precipitated Hb.

TABLE I
SPECTRAL POSITION DEPENDENCE OF

RECOVERY TIMES*

Rotational Recovery time
correlation

time Low-fieldt Central-field

0.02 4.6 (0.3) 4.1 (0.1)
2.00 7.7 (0.5) 8.2 (0.1)

20.00 13.8 (0.8) 13.5 (0.5)
2,000.00 16.1 (0.2) 16.2 (1.0)

*Average of single exponential recoveries.

tLow field denotes resonant field 8.2 Gauss upfield from the low field

peak of the VI powder spectrum.
1Central field denotes baseline crossing point of the VI powder spectrum.

Spectral Diffusion

Sensitivity of saturation recoveries to the molecular rota-
tional rates is demonstrated in Fig. 2. For short correlation
times and short pulses, the magnetization recoveries have
two exponentials. As predicted by Eqs. 3 and 5, the time
constant for the initial phase of recovery increases linearly
with the rotational correlation time from 0.4 ,us at r, = 5 ,us
to 1.9 ,ts at -r = 20 ,us. For the very slow, millisecond
motions, recoveries are characterized by single exponen-

tials, irrespective of pulse duration. No initial fast decay
was observed for this case. (The time constants of these
one-exponential recoveries are, however, slightly depen-
dent on the pulse length, probably reflecting small spectral
diffusion effects.) For Tr = 0.02 ,ts and Tr = 2,000 tls the
recoveries were single exponentials, as they were for Hb
frozen in water, Table II.

Double-exponential decays were observed for the range

of correlation times from 0.2 to 20 ,4s in response to short
(0.1 ,ts) saturating pulses. The second, longer time con-

stant, r2, agrees well with the single-exponential decay
after long (40 ,ls) pulses, confirming that the slow phase of
the short-pulse response is determined by T1.

Unexpectedly, double-exponential recoveries were ob-
served for ammonium sulfate-precipitated Hb. The time of
the fast phase of recovery was between 0.4 and 1.8 ,us,
hence similar to the times observed in the presence of
spectral diffusion due to rotational motion. However, there
was an important difference: the short recovery time was

independent of the pulse duration. The fast recovery was

observed with pulses five times longer in duration than the
recovery time. The recovery time of the first phase does not
vary with the nuclear manifold, suggesting that the effect
cannot be ascribed to nuclear spin flips.

Spectral diffusion can also be determined by the extent
of pulse quenching. As shown in Fig. 5, for Tr = 20 ,us, the
decays are double exponentials with r1 constant at 2.0 ±

0.3 ,gs and r2 constant at 12.5 ± 1.5 ,ts for pulses not longer
than 2.5 ,us. For longer pulses, single-exponential recover-

ies were observed. The recovery time was slightly if
significantly longer at 13 ± 1.6 .us. The poor signal-to-noise
ratio prevented quantitative analysis of preexponential
factors, which in principle should also be related to the
ratio of spectral diffusion and spin-lattice relaxation (Rob-
inson et al., 1985). At shorter correlation times, e.g., 0.24
,us, double exponentials were only observed with pulses no

longer than 0.5 gs.

DISCUSSION

Spectral Diffusion

The behavior of magnetization observed in this study is
consistent with the theoretical predictions for the competi-
tion between spectral diffusion and spin-lattice relaxation.
As pointed out by Dalton and co-workers (Smigel et al.,
1974), for pulses longer than the rotational correlation
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TABLE II
MAGNETIZATION RECOVERY AT DIFFERENT ROTATIONAL CORRELATION TIMES*

Low field$ Central field1

Shortpulsel Long Short pulse Long
Correlation time pulse pulse

71 72 T T1 72
7

AS MAS AS JS AS
0.02 4.6 (0.3) 4.1(0.1)
0.24 0.6 (0.2) 8.2 (0.2) 7.5 (0.1)
2.00 6.9 (0.5) 1.0 (0.5) 9.0 (0.8) 8.1 (0.2)
5.00 0.6 (0.2) 6.8 (0.8) 9.7 (0.7)

20.00 2.0 (0.5) 12.0 (0.5) 13.9 (0.9) 12.9 (0.3) 12.4 (0.2)
2,000.00 13.4 (0.2) 16.1 (0.2) 11.5 (1.4) 16.2 (1.0)
frozen 6.7 (0.5)

*Data digitized including noise.
tLow field denotes resonant field 8.2 Gauss upfield from the low field peak of the VI powder spectrum.
Central field denotes baseline crossing point of the V, powder spectrum.
1Short pulse means pulses of 0.1 0.3 ,us in duration.
'Long pulse means pulses of 20 - 40,s.
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FIGURE 5 Dependence of the recovery rates on the saturating pulse
duration. (Top) Tr = 0.24 Ms central-field. (Bottom) Tr = 20.0 /As, low-field
region. O, initial phase exponential time, (rl) of double-exponential
recoveries; +, late phase recovery time (T2); O, T of one-exponential
curves.

time (tp> Tr) spectral diffusion equilibrates the saturation
within the pulse duration, and the recovery is characterized
by a single exponential with a time constant equal to T,.
This is, however, not the case for pulses shorter than r, if
Tsd 1T. In that case, the saturation is relieved by both the
spectral diffusion and the relaxation, giving rise to double-
exponential recoveries as in the two decays of Fig. 2.
Finally, when T1 << rd, the saturated spin packet is
virtually isolated from nonresonant spins and the recovery
time is T1, as in the bottom of Fig. 2.

This immediately suggests two independent ways of
measuring rotational motion. Firstly, the fast phase recov-
ery is related to the spectral diffusion, rj' = rTs' + T17
The spectral diffusion time r,d is itself a function of spectral
position and rotational correlation time. The other method
of determining r,d is to vary the pulse length of magnetiza-
tion recovery. The pulse length at which the number of
exponentials changes from two to one should approxi-
mately define rd.

Let us focus on the direct determination of rd, from the
curve analysis (Table II). At short correlation times, the
shortest available microwave pulse tp = 0.1,Is is as much as
an order of magnitude longer than 7d. Saturation is
equilibrated during the pulse, and the recovery is solely
determined by T1. At long correlation times, the spectral
diffusion rate is too small to be resolved from the other
relaxation mechanisms, but it still has an effect on the rate
of magnetization recovery.

Double-exponential decays were observed for the range
of correlation times from 0.2 to 20 us in response to 0.1 -,us
saturating pulses. The second, longer time constant (T2)
agrees well with the single-exponential decay of long, 40
,As, pulses confirming that the slow phase of the short-pulse
response is determined by T1. The initial phase was
determined with less accuracy, since the data collection
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was delayed by 0.5 ,us in most cases to avoid instrumental
artifacts. Despite this problem, there is clearly a correla-
tion between rotational motion and the rate of the initial
decay. At any given spectral position, low or central field,
the initial recovery was faster at shorter rotational correla-
tion times. The observed times r,d at the central field are
expected to be longer due to smaller angular dependence,
and the failure to observe two-exponential decay at the
central field for Tr = 20 ,ts is probably a direct consequence
of the larger value of T,d/Tr at this spectral position (see Eq.
5 and Table III).

In general, there is good agreement between initial
decay time constants and the times predicted from the
spectral diffusion times (Table III). Observed Tr's were 0.6
(0.2) ,us at T, = 5 Ats, the predicted time being 0.7 ,us. At
Tr= 20 ,us Tl was 2.0 ± 0.7 ,ts, as compared to the predicted
2.5 iAs. At the central field the times were 0.6 ± 0.3 and
0.9 ± 0.5 its, comparing to 0.2 and 1.3 ms predicted from
correlation times of 0.2 and 2.0 ms.

Fig. 5 illustrates the other approach, in which the
recovery is studied as a function of pulse duration. For the
pulses shorter than rT one would predict double-exponen-
tial decays with times being independent of tp,, but with the
relative proportion of the fast recovery decreasing as the
pulse length approaches the spectral diffusion time (Rob-
inson et al., 1985). For longer pulses, the recovery is a
single exponential with the rate determined by spin-lattice
relaxation, as discussed previously. The pulse length at
which the transition between single and double-exponen-
tial recoveries takes place for Tr, = 20 As at the low-field
position is tp = 2.5 - 5.0 ,us, which compares well with the
rT value of 3 ,us (calculated from viscosity) and with the
value of 2.3 ,us obtained from the multiexponential analysis
above. A similar agreement between the two experimental
methods is observed at Tr = 0.24 ,us, although both values
were larger than that predicted from viscosity.

Spin-Lattice Relaxation
The strongest T,-dependence on diffusion was registered
for H20-glycerol solutions in which viscosity was varied by

TABLE III
EXPERIMENTAL AND PREDICTED CORRELATION TIMES

Spectral * T I Tr 7,
Position I sd (recovery)l (viscosity)

AS
Central field 0.6 (0.2) 7.5 (0.1) 0.65 (0.3) 0.7 (0.3) 0.24
Central field 1.0 (0.5) 8.1 (0.2) 1.14 (0.6) 1.2 (0.6) 2.00
Low field 0.6 (0.2) 9.7 (0.7) 0.64 (0.2) 4.3 (1.3) 5.00
Low field 2.0 (0.5) 13.9 (0.9) 2.34 (0.7) 15.6 (4.7) 20.00

*r, from initial recovery after a short pulse.
tr from total recovery after a long pulse.
1T5d calculated from (r, - T, ')
Tr, (recovery) calculated from Eqs. 4 and 5, assuming 4 Gauss for AH, 20
and 8 Gauss/rad for WH,/OB for low- and central-field, respectively.

composition and temperature. T1 for spin-labeled Hb was a
very weak function of Tr in the microsecond range in
agreement with the results for TANOL (Hyde, 1978), and
much weaker than for TANONE in sec-butyl benzene
tumbling in the submicrosecond range. The difference
reflects stronger coupling of spins to the lattice in the faster
motional region. The rotational modulation of anisotropic
g and hyperfine interactions contributes only 0.06% of the
total relaxation rate (Popp and Hyde, 1981). The above
change in T1 represents probably an upper bound, since the
frozen and precipitated samples exhibited less than twofold
increase of T1 over the value for Hb tumbling in water.

Importantly, the relaxation times were not dependent on
the nuclear manifold nor on the spectral position within a
manifold. The first observation is consistent with the data
obtained for diffusing molecules and excludes nuclear
relaxation as a possible mechanism determining the life-
time of the excited state of the nitroxide radical. The
second finding establishes the scalar character of T, in the
absence of rotational motion.

Whatever the mechanism is, the observation of a rela-
tively small variation of T, confirms the tacit assumption in
steady state saturation transfer EPR that the relaxation
remains constant over the range of motions studied and
hence, the lineshape is solely determined by Tr. Neverthe-
less, the fourfold change in T, in the commonly used Hb
model system should be taken into account when employ-
ing calibration curves for STEPR spectra analysis.

In summary, we have demonstrated that saturation
recovery EPR can be applied as a time-resolved saturation
transfer EPR and is useful for measuring quantitatively
the rotational diffusion of spin-labeled biomolecules in the
microsecond time range. The rotational rates can be
measured in two ways, either by analysis of the fast
recovery phase or by spectral diffusion quenching with
pulses of varying duration. The method is most accurate in
the measurement of r values of the order of the spin-lattice
relaxation time (- 12,s). Correlation times much shorter
than T1, down to the instrumental dead time (0.5 - 1.0 ,us
for the present instrument), are most accurately measured
at spectral positions having minimum orientational resolu-
tion (e.g., the central region), while r values an order of
magnitude longer than T, can be measured most accu-
rately at spectral positions having high orientational reso-
lution (e.g., the low-field region). In fact, spectral diffusion
effects are present even in the single-exponential decays at
millisecond correlation times, and quantitative analysis
should extend the application range of the method to this
slow motional regime. It seems clear that this technique
can be extended to the measurement of anisotropic or
heterogenous motions in an analogy to time-resolved
optical anisotropy measurements (Thomas, 1986). Al-
though the optical methods should continue to offer
superior sensitivity for the study of small amounts of
material (Garland and Johnson, 1985), the greater orien-
tational resolution of EPR, coupled with the time resolu-
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tion as reported in the present study, promises unequaled
precision in the analysis of complex motions, particularly
in oriented systems.

We thank C. Polnaszek and W. Froncisz for many stimulating discus-
sions, E. A. Fajer and M. Taylor for technical assistance, S. Flom for the
use of his computer program for data analysis, and J. Lipscomb for the
use of his computer.

This work was supported by grants to D. Thomas from the National
Institutes of Health (GM 27906, AM 32961), the American Heart
Association, the Muscular Dystrophy Association of America, and the
Minnesota Supercomputer Institute; and to J. Hyde from the National
Institutes of Health (GM 22923 and RR 01008). P. Fajer was supported
by a Muscular Dystrophy Postdoctoral Fellowship.

Receivedfor publication S March 1986 and infinalform 3 June 1986.

REFERENCES
Atkins, P. W., K. A. McLauchlan, and P. W. Percival. 1973. Electron

spin-lattice relaxation times from the decay of ESR emission spectra.
Mol. Physics. 25:281-296.

Brown, I. M. 1979. In Domain Electron Spin Resonance. Kevan, L. and
R. N. Schwartz, editors. John Wiley & Sons, New York.

Dalton, L. R., B. H. Robinson, L. A. Dalton, and P. Coffey. 1979.
Saturation transfer spectroscopy. Adv. Magn. Reson. 8:149-259.

Dzuba, S. A., A. G. Maryasov, K. M. Salikhov, and Y. D. Tsvetkov. 1984.
Superslow rotations of nitroxide radicals studied by pulse EPR spec-
troscopy. J. Magn. Reson. 58:95-117.

Fajer, P., and D. Marsh. 1982. Microwave and modulation field inhomo-
geneities and the effect of cavity Q in Saturation transfer ESR spectra.
Dependence on samplc size. J. Magn. Reson. 49:212-224.

Forrer, J. E., R. C. Wubben, and J. S. Hyde. 1980. Signal-to-noise
enhancement in time domain ESR using a computer controller high
speed data receiver-processor. Proc. ISMAR and Ampere Int. Conf. on
Magn. Reson. Delft, The Netherlands.

Freed, J. H. 1974. Theory of saturation and double resonance in ESR
spectra VI: saturation recovery. J. Phys. Chem. 78:1155-1167.

Froncisz, W., and J. S. Hyde. 1982. The loop-gap resonator: a new
microwave lumped circuit ESR sample structure. J. Magn. Reson.
47:515-521.

Garland, P., and P. Johnson. 1985. In Spectroscopy and the Dynamics of
Molecular Biological Systems. Cherry, editor. Academic Press, Inc.,
Ltd., London.

Huisjen, M., and J. S. Hyde. 1974. A pulsed EPR spectrometer. Rev. Sci.
Instrum. 45:669-675.

Hyde, J. S. 1978. Saturation-transfer Spectroscopy. In Methods in
Enzymology. XLIX, part G. C. H. W. Hirs, and S. N. Timasheff,
editors. 480-514.

Hyde, J. S. 1979. Saturation recovery methodology. In Time Domain
Electron Spin Resonance. L. Kevan, and R. N. Shwartz, editors. John
Wiley & Sons, New York.

Hyde, J. S., and L. R. Dalton. 1972. Very slowly tumbling spin labels:
adiabatic rapid passage. Chem. Phys. Lett. 16:568-572.

Hyde, J. S., and L. R. Dalton. 1981. Saturation transfer spectroscopy. In
Spin Labelling. vol. 2. L. Berliner, editor. 3-66.

Hyde, J. S., W. Froncisz, and C. Mottley. 1984. Pulsed ELDOR
measurement of nitrogen TI in spin labels. Chem. Phys. Lett. 110:621-
625.

Hyde, J. S., M. D. Smigel, L. R. Dalton, and L. A. Dalton. 1975.
Molecular and applied modulation effects in electron electron double
resonance. IV. Stationary ELDOR of very slowly tumbling spin labels.
J. Phys. Chem. 62:1655-1667.

Kevan, L., and R. N. Schwartz. 1979. Time Domain Electron Spin
Resonance, John Wiley & Sons, New York.

Kusumi, A., W. K. Subczynski, and J. S. Hyde. 1982. Oxygen transport
parameter in membranes as deduced by saturation recovery measure-
ments of spin-lattice relaxation times of spin labels. Proc. Natl. Acad.
Sci. USA. 79:1854-1858.

Madden, K., L. Kevan, P. D. Morse, and R. N. Schwartz. 1980. Electron
spin echo studies of nitroxide spin probes in lipid bilayers. Direct
measurement of transverse relaxation-times as a sensitive probe of
molecular motion. J. Phys. Chem. 84:2691-2695.

Millhauser, G. L., and J. H. Freed. 1984. 2-Dimensional electron spin
echo spectroscopy and slow motions. J. Phys. Chem. 81:37-48.

Nechtschein, M., and J. S. Hyde. 1970. Pulsed electron-electron double
resonance in an S-1/2, 1-1/2 system. Phys. Rev. Lett. 24:672-683.

Percival, P. W., and J. S. Hyde. 1975. Pulsed EPR spectrometer, II. Rev.
Sci. Instrum. 46:1522-1529.

Popp, C. A., and J. S. Hyde. 1981. Effects of oxygen on EPR spectra of
nitroxide spin-label probes of model membranes. J. Magn. Reson.
43:249-258.

Popp, C. A., and J. S. Hyde. 1982. Electron-electron double resonance
and saturation-recovery studies of nitroxide electron and nuclear
spin-lattice relaxation time and Heisenberg exchange rates: Lateral
diffusion in dimyristoyl phosphatidylcholine. Proc. Natl. Acad. Sci.
USA. 79:2559-2563.

Rengan, S. K., V. R. Bhagat, V. S. S. Sastry, and B. Venkataraman.
1979. Magnetic field-pulsed ELDOR spectroscopy. J. Magn. Reson.
33:227-237.

Robinson, B. H., and L. R. Dalton. 1980. Anisotropic rotational diffusion
studied by passage saturation transfer electron paramagnetic reso-
nance. J. Chem. Phys. 72:1312-1321.

Robinson, B. H., H. Thomann, A. Beth, P. Fajer, and L. R. Dalton. 1985.
In EPR and Advanced EPR Studies of Biological Systems. L. R.
Dalton, editor. CRC Press Inc., Boca Raton, Florida.

Sarna, T., and J. S. Hyde. 1978. Electron spin-lattice relaxation times of
melanin. J. Phys. Chem. 69:1945-1948.

Schwartz, L. J., A. E. Stillman, and J. H. Freed. 1982. Analysis of
electron-spin echoes by spectral representation of the stochastic Liou-
ville equation. J. Chem. Phys. 77:5410-5420.

Smigel, M. D., L. R. Dalton, J. S. Hyde, and L. A. Dalton. 1974.
Investigation of very slowly tumbling spin labels by nonlinear spin
response techniques: theory and experiment for stationary electron
electron double resonance. Proc. Natl. Acad. Sci. USA. 71:1925-
1929.

Smigel, M. D., L. A. Dalton, L. R. Dalton, and A. L. Kwiram. 1974. Very
slowly tumbling spin labels: saturation recovery. Chem. Phys. 6:183-
192.

Squier, T. C., and D. D. Thomas. 1985. Methodology for increased
precision in saturation transfer electron paramagnetic resonance stud-
ies of rotational dynamics. Biophys. J. 49:921-935.

Stillman, A. E., and R. N. Schwartz. 1979. In Time Domain Electron
Spin Resonance. L. Kevan and R. N. Shwartz, editors. John Wiley &
Sons, New York.

Thomann, H., L. R. Dalton, and L. A. Dalton. 1984. Biological applica-
tions of time domain ESR. In Biological Magnetic Resonance. Vol. 6.
L. Berliner and J. Reuben, Plenum Publishing Corp., New York.

Thomas, D. D., L. R. Dalton, and J. S. Hyde. 1976. Rotational diffusion
studied by passage saturation transfer electron paramagnetic reso-
nance. J. Chem. Phys. 65:3006-3024.

Thomas, D. D., T. M. Eads, V. A. Barnett, K. M. Lindahl, D. A.
Momont, and T. C. Squier. 1985. Saturation transfer EPR and triplet
anisotropy: complementary techniques for the study of microsecond
rotational dynamics. In Spectroscopy and the Dynamics of Molecular
Biological Systems. P. M. Bayley and R. E. Dale, editors. Academic
Press, Inc., Ltd., London.

Thomas, D. D. 1986. In Techniques for the Analysis of Membrane
Proteins. I. Ragan and R. Cherry, editors. Chapman and Hall, London.
Ch. 13.

1202 BIOPHYSICAL JOURNAL VOLUME 50 1986


