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Electron-Electron Spin-Spin Interaction in Spin-Labeled
Low-Spin Methemoglobin

Vladimir Budker, Jing-Long Du, Michael Seiter, Gareth R. Eaton, and Sandra S. Eaton
Department of Chemistry, University of Denver, Denver, Colorado 80208 USA

ABSTRACT Nitroxyl free radical electron spin relaxation times for spin-labeled low-spin methemoglobins were measured
between 6 and 120 K by two-pulse electron spin echo spectroscopy and by saturation recovery electron paramagnetic resonance
(EPR). Spin-lattice relaxation times for cyano-methemoglobin and imidazole-methemoglobin were measured between 8 and 25
K by saturation recovery and between 4.2 and 20 K by electron spin echo. At low temperature the iron electron spin relaxation
rates are slow relative to the iron-nitroxyl electron-electron spin-spin splitting. As temperature is increased, the relaxation rates
for the Fe(lll) become comparable to and then greater than the spin-spin splitting, which collapses the splitting in the continuous
wave EPR spectra and causes an increase and then a decrease in the nitroxy! electron spin echo decay rate. Throughout the
temperature range examined, interaction with the Fe(lll) increases the spin lattice relaxation rate (1/T,) for the nitroxyl. The
measured relaxation times for the Fe(lll) were used to analyze the temperature-dependent changes in the spin echo decays
and in the saturation recovery (T,) data for the interacting nitroxyl and to determine the interspin distance, r. The values of r
for three spin-labeled methemoglobins were between 15 and 15.5 A, with good agreement between values obtained by electron
spin echo and saturation recovery. Analysis of the nitroxyl spin echo and saturation recovery data also provides values of the
iron relaxation rates at temperatures where the iron relaxation rates are too fast to measure directly by saturation recovery or
electron spin echo spectroscopy. These results demonstrate the power of using time-domain EPR measurements to probe the

distance between a slowly relaxing spin and a relatively rapidly relaxing metal in a protein.

INTRODUCTION

The first published suggestion that interaction of paramag-
netic metals with nitroxyl spin labels might affect the spin
label EPR spectrum was a question by Symons after a pre-
sentation by McConnell (McConnell and Boeyens, 1967).
No effect was observed (McConnell and Boeyens, 1967; Mc-
Connell and Hamilton, 1968), but it was predicted that “there
is a reasonable chance that a spin-spin interaction could be
detected at low temperatures in methemoglobin” (McCon-
nell and Boeyens, 1967). This predicted effect has been ob-
served (Asakura and Drott, 1971; Asakura and Lau, 1978),
but with one exception has not been quantitatively charac-
terized for hemoglobin spin labeled at the -93 cysteine, the
position most commonly labeled. The spin label continuous
wave (CW) EPR changes upon deoxygenation of 893-spin-
labeled hemoglobin were interpreted with the Leigh (1970)
model as showing a distance of 12.5 A between the label and
the iron (Asakura and Lau, 1978). However, there has been
a quarter century of spin label studies of hemoglobin and
myoglobin from various mammals, emphasizing oxygen
binding, conformational changes, etc., in which iron-nitroxyl
magnetic interaction was not part of the interpretation (Mc-
Connell and Boeyens, 1967; McConnell et al., 1969; Ho et
al., 1970; McConnell, 1971; Ogata and McConnell, 1971;
Chien et al., 1980; Steinhoff, 1990). It has been noted, for
example, that changing the spin state of the iron in spin-
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labeled horse hemoglobin affects the CW EPR spectrum of
the nitroxyl spin label in a way that was interpreted as re-
flecting protein structural changes (McConnell et al., 1969).
In related experiments, iron-nitroxyl interaction was ob-
served in a hemoglobin reconstituted with a heme spin la-
beled at the propionic acid side chain (Asakura et al., 1972).

X-ray crystallography of spin-labeled horse carboxyhe-
moglobin, consistent with earlier EPR results, found two
conformational states of the spin label relative to the protein
when B93-cys was labeled with iodoacetamide spin label
(Moffat, 1971). In one conformation the spin label points into
the protein and displaces tyrosine 8145, and in the other
conformation it points out from the protein. These confor-
mations correspond, respectively, to the more immobilized
and less immobilized labels observed in EPR studies (Mc-
Connell and Hamilton, 1968; McConnell et al., 1969). The
conformation of the spin label depends on the iron ligation,
pH, and other environmental conditions. EPR crystallogra-
phy (oriented single crystal EPR) has revealed the orienta-
tions of two types of spin label and heme in spin-labeled
horse oxyhemoglobin (diamagnetic iron), methemoglobin
fluoride (high spin) and methemoglobin azide (low spin)
(Chien, 1979). More than one spin label orientation relative
to the crystal axes was found in some cases. No spin-spin
interaction was observed and no distance information was
obtained. Orientation dependence of CW EPR parameters
has been measured for single crystals of metmyoglobin
(Scholes et al., 1982).

Interaction between 93 spin label and Cu(Il) at various
binding sites or replacing iron in hemoglobin has been in-
terpreted in terms of the Leigh (1970) model (Antholine et
al., 1985; Manoharan et al., 1990). As discussed below,
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information about relaxation times requires reanalysis of
these results. The current question of whether there is a re-
lation between quaternary structure and metal spin state
(Marden et al., 1991; Kelleher, 1993) requires sensitive and
accurate measures of distances within metalloproteins.

Prior attempts to estimate the interaction between spin
labels and the iron in hemoglobin or myoglobin have relied
upon changes in the shape and apparent intensity of the CW
EPR spectrum. To the extent that the nitroxyl EPR lineshape
is determined by interaction with a paramagnetic iron, a large
change in relaxation time is required to cause a significant
increase in linewidth beyond that caused by unresolved hy-
perfine splitting and by g- and a-anisotropy. The direct meas-
urement of nitroxyl electron spin lattice relaxation time (7))
and electron spin phase memory relaxation time (7,,) is po-
tentially both a more sensitive and more accurate measure of
distance and of the paramagnetism of the metal. In this paper
we apply to nitroxyl spin-labeled low-spin hemoglobin the
time-domain EPR techniques for measuring interspin dis-
tances recently developed and calibrated with model com-
pounds (Rakowsky et al., 1995). While there remain many
detailed questions about the reaction chemistry and structural
chemistry of hemoglobin, there is also a large enough body
of information to put sufficiently reasonable limits on de-
rived results that hemoglobin is the choice for application of
our recently proposed modified Bloembergen equations and
analysis of electron spin echoes (ESEs), which includes di-
rect measurements of the relaxation times for the fast relax-
ing metal (Rakowsky et al., 1995).

MATERIALS AND METHODS
Preparation of spin-labeled hemoglobins

Oxy-hemoglobin (oxy-Hb) was isolated from freshly drawn human blood
following the procedure of Caughey et al. (1985) (V. Sampath, M. R.
Gunther, and W. S. Caughey, submitted for publication). Immediately upon
completion of the isolation procedure the protein (5-6 mM in heme) was
frozen with liquid nitrogen in 0.3-1.0-ml aliquots in plastic microfuge tubes
and stored at ~60°C. In the following paragraphs values of € are given in
M cm™! where molarity is the heme concentration.

Spin labeling with 4-(2-iodoacetamido)-TEMPO (Sigma Chemical Co.,
St. Louis, MO) to prepare oxy-Hb-ISL or with 4-maleimido-TEMPO
(Sigma Chemical Co.) to prepare oxy-Hb-MSL followed the procedure of
Manoharan et al. (1990). The concentration of the oxyhemoglobin was de-
termined from the absorbance of the Soret band (415 nm, € = 1.25 X 10°
M~ cm™) (Antonini and Brunori, 1971). The concentration of spin label in
oxy-Hb-ISL or oxy-Hb-MSL was determined by double integration of the
room temperature CW EPR spectrum of the nitroxyl signal and comparison
with the double integral of a spectrum for a known concentration of 2,2,6,6-
tetramethylpiperidin-1-oxyl (TEMPO). The comparisons showed 0.45-0.5
spin labels per hemoglobin monomer, which corresponds to 90-100% la-
beling of the 8 subunits. Unreacted sulfhydryl groups were assayed with
2,2'-dithiopyridine (Brocklehurst and Little, 1973; Grassetti and Murray,
1967).

MetHb, metHb-ISL and metHb-MSL were prepared from oxy-Hb, oxy-
Hb-ISL or oxy-Hb-MSL, respectively, by treatment with K,Fe(CN), (Di-
Iorio, 1981). Conversion to the met form was monitored by the absorbance
at 500 nm (e = 1.0 X 10* M~ cm™ (Scheler et al., 1957). CN-metHb,
CN-metHb-ISL and CN-metHb-MSL were prepared by addition of KCN
solution to produce a 2:1 ratio of CN~ to met-heme. Im-metHb and Im-
metHb-ISL were prepared by addition of a 1 M solution of imidazole in
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water at pH 8 to the methemoglobin sample in 10 mM potassium phosphate
buffer at pH 6.8, with a final imidazole concentration of 100 mM. Coor-
dination was monitored by following the absorbance at 534 nm (e = 1.47
X 10* M~ cm™) (Dilorio, 1981). K, is ~16 mM.

Samples for EPR spectroscopy were prepared in 10 mM phosphate
buffer, pH 6.8, diluted 1:1 with glycerol, with a final concentration of spin
label between 0.5 and 1.0 mM. In the presence of glycerol and CN™ the spin
labels rapidly undergo a redox reaction that destroys the paramagnetic cen-
ter, so these samples were frozen immediately after preparation. Although
other samples appear to be stable, samples were prepared shortly before the
EPR spectroscopy and stored in liquid nitrogen. With the exception of the
oxyhemoglobin samples, solutions were degassed by several freeze-pump-
thaw cycles. Samples for liquid helium measurements in the Oxford ESR900
cryostat were back-filled with 1-2 torr of nitrogen or helium to improve heat
transfer and sealed. Sample tubes for measurements on the ESP380E with
the Oxford 935 cryostat were back-filled with helium, and the open tubes
were placed in the cryostat to facilitate thermal equilibration with the cold
helium atmosphere.

CW EPR spectra

CW EPR spectra at room temperature or liquid nitrogen temperatures were
obtained on a Bruker ER200 with a TE,, rectangular resonator and 100 kHz
magnetic field modulation. Microslides (0.4 mm path length) (Eaton and
Eaton, 1977) or 1.0 mm melting point capillaries were used for room tem-
perature spectra. Quartz tubes (4.0 mm outside diameter (OD)) were used
for liquid nitrogen and liquid helium spectroscopy. Spectra at liquid helium
temperatures were obtained on a Bruker ESP380E spectrometer operating
at 9.71 GHz with a dielectric resonator and an Oxford CF935 cryostat. CW
spectra of the nitroxyl portions of the spectra at 8 to 50 K were recorded
with 1.56 kHz magnetic field modulation and 2.6 X 10~ mW microwave
power to minimize power saturation and passage effects. The spectra at 8
K were recorded with both increasing and decreasing magnetic field to check
for passage effects. CW spectra of the iron signals were obtained with 100
kHz magnetic field modulation and microwave powers that did not cause
power saturation.

Saturation recovery (SR) measurements

A locally constructed spectrometer (Quine et al., 1992) was used for the SR
measurements. Temperatures between 5 and 70 K were obtained with liquid
helium and an Oxford ESR900 flow cryostat. Temperatures between 80 and
120 K were obtained with liquid nitrogen and a Varian dewar flow assembly.
To test for spectral diffusion the pump time was increased until further
increase gave no detectable change in the recovery time constant. Pump
times used for data collection were >T,. Typically 5000-10,000 recovery
curves were signal averaged in a LeCroy digital oscilloscope and transferred
to a PC for data analysis. Data were fit to a single exponential with locally
written software.

ESE measurements

ESE decays were recorded on a locally constructed spectrometer operating
at ~9.2 GHz with an over-coupled Varian V4531 TE,, resonator (Quine
et al., 1987) or on a Bruker ESP380E with a dielectric resonator operating
at9.71 GHz. A 90-7-180-7-echo sequence was used. The time for a 90° pulse
was 20 ns on the locally constructed spectrometer and ~13 ns on the
ESP380E. Echo decays of 256, 512, or 1024 data points were recorded
starting at 80-120 ns and extending for 2-15 us. On the locally constructed
spectrometer the boxcar aperture was set to encompass the full width of the
echo. On the ESP380E an integrator was used to digitize the full echo. On
the locally constructed system temperatures between 5 and 70 K were ob-
tained with an Oxford ESR900 flow cryostat. For both the SR and ESE
systems, temperatures in the ESR900 were calibrated by replacing the
sample-containing tube with a tube containing a thermocouple immersed in
1:1 water:glycerol. On the ESP380E an Oxford 935 cryostat was used to
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obtain temperatures between 4 and 70 K. Sample temperatures were cali-
brated with a Lakeshore 820 readout and a TG-120PL GaAlAs diode im-
mersed in silicone oil in a 4 mm OD quartz EPR tube that replaced the
sample tube. The diode and readout had been calibrated recently. The un-
certainty in temperature is estimated to be *1 K.

The time constant for the ESE decay is referred to as T,, to encompass
all processes that result in echo dephasing (see discussion below). The val-
ues obtained directly from experiment are typically cited as decay time
constants. In the ensuing discussion it is often more direct to refer to re-
laxation rates, which are the reciprocals of the time constants.

For 1 mM frozen solutions at the temperatures and pulse lengths ex-
amined in these studies, nitroxyl T, is weakly dependent upon B (the mi-
crowave magnetic field), which indicates that instantaneous diffusion
(Salikhov and Tsvetkov, 1979) due to spin flips of a neighboring radical
during the second microwave pulse makes a minor contribution to 7. To
the extent that this process contributes to 7, it will be about the same for
spin label in the presence of diamagnetic or paramagnetic heme and does
not contribute to differences between oxy-Hb-SL and low-spin metHb-SL.
(The low-spin Fe(IlI) EPR signal extends over ~2000 G so the probability
that a neighboring Fe(Ill) is flipped by the second microwave pulse and
thereby changes the resonance of the interacting nitroxyl is negligibly
small.) For Im-metHb and CN-metHb the value of T, was independent of
microwave B,, which indicates that instantaneous diffusion makes a neg-
ligible contribution to the dephasing process (Salikhov and Tsvetkov, 1979).
For the iron signals there was no indication of dynamic processes contrib-
uting to T, so T,, is a reasonable estimate of the low-spin Fe(Ill) T,.

ANALYSIS OF EXPERIMENTAL DATA
Analysis of CW spectra

CW spectra of Oxy-Hb-ISL at 100 K, CN-metHb and Im-
MetHb at 10 K were analyzed with the locally written pro-
gram MONMER, which uses perturbation calculations, as-
sumes that the principal axes of the g and A matrices are
co-linear, and treats hyperfine interactions to second order
(Toy et al., 1971). The derived nitroxyl parameters are: g, =
2.0095, g,=2.0053, g, = 2.0025,A, = 4 X 107, A, = 7 X
104, A, = 35 X 10" cm™". The relative values of the g
components are more precise than the absolute values be-
cause of uncertainties in the external field calibration. The
parameters for low-spin Fe(II) in CN-metHb are g, = 1.45,
8, = 1.65, and g, = 3.52, and for Im-metHb are 1.44, 2.22,
and 3.02.

Estimates of the approximate range of interspin distances
consistent with the overall distortion of the CW spectra of the
spin-labeled methemoglobins at low temperature were ob-
tained by simulations with the locally written program,
MENO (Eaton et al., 1983). This perturbation calculation
includes the effects of anisotropic g values and arbitrary rela-
tive orientations of the g matrices for the two centers.

The x-ray crystal structure of spin-labeled hemoglobin
was reported (Moffat, 1971), but does not appear to be avail-
able in electronically readable format. The x-ray crystal
structure of oxy-Hb (Shaanan, 1983) was downloaded from
the Brookhaven Protein Data Base (Berstain et al., 1977) and
read into HyperChem (Hyper Cube, Inc., Toronto, Canada).
One B subunit was selected for examination. The 8-93 cys
was mutated to a spin label analog in which the N—O is
replaced by a carbonyl group (Hartmann et al., 1991). With-
out energy optimization the distance between the heme iron
and the midpoint of “spin label” CO (pseudo-NO) bond was
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14.8 A. Two attempts at energy optimization starting from
different rotamers of the “spin label” side chain and without
water of hydration resulted in heme iron to “NO” distances
of 16.9 and 17.4 A. These calculations are not likely to rep-
resent exact structures, but were performed to obtain esti-
mates of heme iron to nitroxyl distances and suggest that
plausible distances are in the range of 14.5-17.5 A

Analysis of SR data for spin-labeled complexes

The relaxation of one type of spin by another type of spin was
described by Bloembergen et al. (1948, 1949, 1959), in an
NMR context and can be expressed as in Eq. 1 (Kulikov and
Likhtenshtein, 1977).

1_1 +S5S+1)
r, it
b’T,, Ty €Ty
X |14+ (= 0 T4+ 1+ 02T4+ 1+ (0 + 0)Tk
(B term) (C term) (E term)
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22| L2 1 7 O cosH)
b ‘3[ 2788 P T ]
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where “f” and “s” denote the fast and slow relaxing spins,
respectively, T is T; for the slowly relaxing spin in the
absence of spin-spin interaction, T, is T, for the slowly re-
laxing spin perturbed by the fast relaxing spin, S is the elec-
tron spin on the faster relaxing center, w; and w, are the
resonant frequencies for the fast and slow relaxing spins,
respectively, r is the interspin distance, J is the electron-
electron exchange interaction for the Hamiltonian written as
-JS; - S,, and 0 is the angle between the interspin vector and
the external magnetic field.

Two modifications of this equation were introduced to
adapt it for use in the computer program MENOSR to ana-
lyze frozen solution SR data. 1) w; - w, (Aw) is calculated
from the anisotropic g values of the unpaired electrons for
each orientation of the molecule with respect to the external
field. 2) Eq. 1 was originally derived for NMR cases where
Aw is large relative to the spin-spin interaction, which is the
first-order or AX approximation. In EPR spectra with over-
lapping signals, Aw may be quite small. In the limit where
Aw is small enough that the denominator of the B term goes
to 1, Eq. 1 predicts that the effect on 1/T, is proportional to
T, which is not reasonable. To exactly describe the con-
tribution to 1/T,; as Aw decreases would require equations
comparable to those used in calculations of AB splitting pat-
terns (Eaton et al., 1983). Based on data obtained for the
effect of Cu(Il) on T, of nitroxyl radicals (Rakowsky et al.,
1995) we propose that a reasonable approximation can be
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obtained by replacing the B term in Eq. 1 with Eq. 2.

szZf )
1+ (0 — 0,)*T% + b°T,, Ty

Bterm =

The additional term in the denominator of Eq. 2 is negligible
when AwT),, is large; however, it ensures that in the limit of
small Aw and/or strong interaction (large b), the limiting
contribution to 1/T,, is 1/T;;. The physical model is as fol-
lows. For cases of relatively weak spin-spin interaction as
examined in this paper, the interaction can only enhance the
spin lattice relaxation rate of the slower relaxing center to the
extent that it becomes equal to the spin lattice relaxation rate
of the faster relaxing center. This limiting behavior can also
be important when the metal T, is significantly shorter than
the metal 7.

A random distribution of molecular orientations with re-
spect to the external magnetic field was included in the com-
puter simulations using MENOSR. For each of those mol-
ecules there is a defined orientation of the interspin vector
relative to the axes of the iron g matrix. Orientation selection
was not included in the calculations. In the spin-labeled met-
hemoglobins the nitroxyl T, showed little variation with po-
sition in the EPR spectrum. At X-band, possibilities for ori-
entation selection based on position in the nitroxyl CW
spectrum are limited by the orientation dependence of the
nitroxyl nitrogen hyperfine splitting (~30 G). The selectivity
is decreased by unresolved proton hyperfine coupling, which
contributes ~7 G to the linewidths in frozen solution. The
interspin distances used in the calculations (~15 A) result in
maximum dipolar splittings that are of the same order of
magnitude as the nitroxyl hyperfine splitting, which largely
eliminates possibilities for orientation selection at these in-
terspin distances.

Analysis of spin echo data

Bloembergen’s work also predicts an effect of the fast re-
laxing spin on 7, for the slower relaxing spin (Bloembergen
et al., 1948, 1959; Bloembergen, 1949; Kulikov and Likht-
enshtein, 1977). Most of the terms in the expression given by
Kulikov and Likhtenshtein (1977) for the impact on T, are
spectral density functions analogous to those in the expres-
sion for the impact on T, (Eq. 1). Between 4 and 150 K
nitroxyl 7, values are orders of magnitude shorter than 7.
Thus, terms that are significant with respect to 1/T; for ni-
troxyl are negligible with respect to 1/T,. However, in the
expression for the impact of the fast relaxing spin on T, of
the slowly relaxing spin there is an additional term, Eq. 3
(Kulikov and Likhtenshtein, 1977).

2 2T
BY ;;6 (1 - 3 cos?6) 3)

where u is the magnetic moment of the fast relaxing spin, y
is the electron magnetogyric ratio, T}, is T, for the fast re-

laxing spin, 0 is the angle between the magnetic field and the
interspin vector, and r is the interspin distance.

Biophysical Journal

Volume 68 June 1995

This term reflects the effect on nitroxyl 7, due to dynamic
collapse of the dipolar splitting in the limit where the metal
relaxation rate is fast relative to the magnitude of the split-
ting, i.e., the fast exchange limit (Nakagawa et al., 1992).
This term is the dominant effect of the Fe(III) on the nitroxyl
ESE data in the temperature regime examined by this report.
It can be treated for the full range of metal relaxation rates
relative to the spin-spin splittings (both exchange and dipo-
lar) as described in the following paragraph.

Zhidomirov and Salikhov (1969) presented the following
expression for the impact on the ESE curve of a process that
they called “spectral diffusion” in a spin-coupled system.

E(27) = R™? {exp(—21/7.)[ 7% sinh*(R7) @

+ R? cosh’(R7) + Rrc! sinh(2R7) + AZsinh?(R7)]}

where E(27) is the intensity of the echo as a function of T;
7 is the time between microwave pulses in the two-pulse
experiment; 7. is the correlation time for the dynamic
process; A is 2 the angular frequency difference between
the two sites averaged by the dynamic process; and
R’ =12 - A

The original expressions (Zhidomirov and Salikhov,
1969) used T, as 7. It was subsequently recognized that this
expression could be used to analyze the effects on spin echo
decay due to rotation of a methyl group coupled to an un-
paired electron (Kispert et al., 1982). In this case 7. is the
correlation time for the rotation process.

When 7. is significantly larger or smaller than 1A, Eq.
4 can be simplified (Kispert et al., 1982). The expressions for
the rate constants in these simplified forms are the same as
those that are used to obtain approximate rate constants from
linewidths in dynamic NMR experiments (Nakagawa et al.,
1992), which makes it clear that the same fundamental prin-
ciples underlie the interpretation of dynamic NMR line-
shapes, the collapse of the spin-spin splittings in CW EPR
spectra and the impact of electron spin relaxation of the fast-
relaxing spin on the ESE data for the slowly relaxing spin in
a spin-coupled system. The limiting forms of Eq. 4 (Kispert
et al., 1982) and the regimes in which they were used to
improve numerical stability in the program TMDYNAM are
given in Egs. 5 and 6.

for the slow averaging limit (1/7; < 0.081A1) )
E(21) = exp(—21/1c)

for the fast averaging limit (1/7. > 51A1)

©)

EQ27) = exp[ —27<A;TC> ]

Zhidomirov and Salikhov (1969) proposed the use of T, as
7¢ for the spin-coupled pair. In analyzing the spin echo data
in this study it was found that 7, = \/(T;T,) gives better
agreement with the experimental data than 7, = T,;. In ana-
lyzing a different problem Wolf (1966) has shown that for
inhomogeneously broadened lines, the statistics can give 7,
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= V/(T;T,,). For the spin-coupled pair A is the orientation-
dependent spin-spin splitting, which includes the dipole and
exchange contributions. In TMDYNAM A is calculated from
the expressions that have been used to analyze the spin-spin
splitting in CW EPR spectra (Eaton et al., 1983). The value
of A was calculated for each orientation of the molecule in
the magnetic field. Depending upon the relative values of
1/7cand A, Eq. 4, 5,0r 6 was used to calculate the echo decay
curve for that orientation. The calculated echo decay curve
was multiplied by a single exponential with decay constant
T, to account for other nitroxyl relaxation processes. The
powder average decay curve for the frozen solution samples
was obtained by summing the contributions from a spherical
average of orientations.

The impact of orientation selection was tested in the cal-
culations. Only those orientations of the molecule having
resonance fields within a specified window around the ob-
serving fields were included in the calculated summation.
Most of the experimental ESE data were recorded at a mag-
netic field in the center of the nitroxyl spectrum with a mi-
crowave B, of ~5 Gauss. In addition, the unresolved proton
hyperfine splitting spreads the signal from a particular ori-
entation of the molecule over ~7 G (the inhomogeneously
broadened linewidth required to simulate the CW spectra at
100 K). Because of the magnitude of B, the proton hyperfine
interaction, and the overlapping contributions from g,, g,
and g,, decay curves calculated with orientation selection at
the center of the spectrum (a window of 5-7 Gauss) agreed
within experimental noise levels with curves calculated with-
out orientation selection. At a few temperatures ESE data
were recorded as a function of position in the spectrum and
indicated some orientation selection at the extremes of the
spectra.

Selection of parameters

The parameters needed in Egs. 1, 2, and 4-6 are: r, the dis-
tance between the low-spin Fe(IIl) and the nitroxyl; J, the
electron-electron exchange coupling constant; the g values
for the two paramagnetic centers; the orientation of the in-
terspin vector relative to the g axes of the low-spin iron; the
T, and T, values for the low-spin iron; and T, and T, for
nitroxyl in the absence of the interaction with the Fe(III).
Several of these parameters were obtained directly from
samples containing only one of the paramagnetic centers.
The iron and nitroxyl g values were calculated by simulation
of spectra for CN-metHb, Im-MetHb and oxyHb-ISL. Ni-
troxyl 7, and T, in the absence of spin-spin interaction were
obtained by SR and ESE measurements of oxyHb-ISL. In the
absence of interaction with Fe(III) the nitroxyl 7, is depend-
ent upon position in the spectrum (Du et al., 1995). The
values of T, at the magnetic field at which the SR data were
obtained for the spin-coupled complex were used in the cal-
culations with MENOSR. In the absence of interaction with
Fe(I1I) the nitroxyl 7, is independent of position in the spec-
trum at the temperatures for which the impact of Fe(IIl) was
examined (4-60 K), which indicates that motional effects
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that cause orientation-dependent variation of T, for metal
complexes (Du et al., 1992) are not significant for nitroxyl
radicals in water:glycerol in this temperature regime. 7, and
T, for low-spin Fe(Ill) in CN-metHb and Im-metHb were
obtained directly by SR (between 6 and 20) or ESE (between
4.2 and 20 K). T, for the Fe(IlI) signals showed no variation
with position in the spectrum, within experimental uncer-
tainty. At 8 K T, for CN-Hb decreased monotonically with
increasing field between 2000 and 5000 G, with a total spread
of ~40%. Because this variation is small relative to the tem-
perature dependence, it was not included in the calculations.
The temperature dependence of T, for the low-spin Fe(III)
centers was measured at 3000 G. The distance between ni-
troxyl on one 3 chain and the iron of an adjacent « chain is
~35 A, which is so much longer than the iron-nitroxyl dis-
tance within a chain that these additional interactions were
neglected.

The definitions of the angles that relate orientations of the
interspin vector and the g matrices for the two paramagnetic
centers are the same as used in MENO (Fig. 1 in Eaton et al.,
1983). The angle between the interspin vector and the z axis
of the g matrix of spin 1 is € and the angle between the

A
50 K

B
15K

o
8K

! | ! | ! | ' |
3350 3400 3450 3500 3550
Magnetic Field (gauss)

FIGURE 1 CW EPR spectra of Im-metHb-ISL as a function of tempera-
ture at 9.68 GHz obtained with 1.56 kHz magnetic field modulation and 2.6
X 10~ mW microwave power. (4) 50 K, 0.10 G modulation amplitude, 168
s sweep time; (B) 15 K, 0.051 G modulation amplitude, 168 s sweep time;
(€) 8 K, 0.010 G modulation amplitude, 670 s sweep time.
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projection of the interspin vector and y axis of the g matrix
for spin 1 is n (Eaton et al., 1983). In the orientation-selected
calculations of the spin echo data the nitroxyl was defined as
spin 1 and the Fe(IIl) as spin 2. In orientation-selected cal-
culations of the ESE decays the angle between the z axis of
the nitroxyl g matrix and the z axis of the Fe(III) g matrix is
denoted A, and the angle between the projection of the ni-
troxyl z axis on the xy plane of the Fe(III) axes and the Fe(III)
x axis is denoted A, (Eaton et al., 1983). The calculated echo
decay curves for magnetic fields in the center of the spec-
trum, with the 57 Gauss orientation selection window or
without orientation selection, were weakly dependent upon
the relative orientations of the iron and nitroxyl g matrices.
In the calculations of the spin echo decays for CN-metHb-
MSL shown below the angles are € = 20°, 7 = 30°, A, =
25°, and A, = 45°. In the calculations of the SR curves the
Fe(IlI) is spin 1 and nitroxyl is spin 2. The calculated SR
curves shown below were obtained for € = 25°, n = 45°. The
calculated SR curves were weakly dependent upon these
relative orientation parameters. It was not possible to test all
combinations of €, 1, A,, and A, but checks on random com-
binations indicated that values of r that give acceptable match
with the experimental data for different combinations of the
angles differed by <1 A.

The shortest through-bond pathway between the heme and
the nitroxyl moiety attached at the 8-93 sulfhydryl is 17
bonds, so a strong electron-electron exchange interaction is
unlikely. The lineshapes of the nitroxyl signals in the CW
spectra also rule out the possibility of a strong exchange
interaction. In the low-spin Fe(IlI) complexes the unpaired
electron is in d,,, which provides a relatively inefficient path-
way for spin delocalization into the heme ring or to axial
ligands, suggesting weak exchange interaction. SR and ESE
data were analyzed first assuming J = 0. Addition of non-0
values of J were then tested to determine whether fit to the
data was improved. If J dominates the spin-spin interaction,
A (in Egs. 4-6) is approximately isotropic and the echo decay
approaches a single exponential. If dipolar interaction domi-
nates, A is highly anisotropic and the echo decay consists of
a distribution of exponential decays. In the SR data for the
low spin Fe(III) complexes examined here, the B term in Egs.
1 and 2 dominates. A distribution of SR decay constants is
observed even when J dominates the spin-spin interaction
because of the anisotropy in Aw. However, the width of the
distribution is increased by increasing dipolar contributions.

RESULTS

As demonstrated by McConnell and Hamilton (1968), he-
moglobin can be selectively spin labeled at the 8-93 cysteine.
When iodo-acetamido or maleimido spin labels were reacted
with oxy-Hb, quantitation of the EPR spectra of the oxy-
Hb-ISL or oxy-Hb-MSL confirmed the addition of two labels
per tetramer, consistent with specific labeling at 8-93 cys-
teine. Tests with 2,2'-dithiopyridine (Brocklehurst and
Little, 1973; Grassetti and Murray, 1967) confirmed that re-
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active sulfhydryl groups that were present before attachment
of the spin label are not available after labeling.

CW spectra

The CW spectra of the nitroxyl signals for Im-metHb-ISL
and CN-metHb-MSL between 8 and 50 K are shown in Figs.
1 and 2. At 50 K the spectra are typical of immobilized
nitroxyl radicals and show no evidence of distortion due to
electron-electron spin-spin interaction. As the temperature is
decreased, there is increasing distortion of the spectra, al-
though resolved splittings are not observed. At 8 K identical
spectra were obtained for upfield and downfield scans, which
indicates that the distortions in the lineshape were not due to
passage effects. Severe passage effects due to the long ni-
troxyl T, prevented collection of valid CW spectra at tem-
peratures lower than ~8 K. The temperature dependence of
the spectra is due to changes in the relaxation rate of the
Fe(III). At low temperature the iron relaxation rates (in Hz)
are slow relative to the electron-electron spin-spin splitting
(in Hz) and the nitroxyl spectra are distorted by the unre-
solved splittings (Eaton and Eaton, 1988a, 1989). As the

A
50K

B
20K

C
8K

! | ! | ' | ! ]
3350 3400 3450 3500 3550

Magnetic Field (gauss)

FIGURE 2 CW EPR spectra of CN-metHb-MSL as a function of tem-
perature at 9.70 GHz obtained with 1.56 kHz magnetic field modulation and
2.6 X 10 mW microwave power. (4) 50 K, 0.10 G modulation amplitude,
168 s sweep time; (B) 20 K, 0.10 G modulation amplitude, 168 s sweep time;
(C) 8 K, 0.012 G modulation amplitude, 168 s sweep time.
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temperature is increased, the iron relaxation rates become
sufficiently fast for the spin-spin splittings to be collapsed.
This temperature dependence is an EPR analog of dynamic
NMR (Drago, 1992) in which the temperature-dependent
process is the iron relaxation. Although the lack of resolved
features due to spin-spin splitting in the low temperature
spectra prevent a unique simulation of the CW spectra, simu-
lations can provide estimates of plausible values of r. These
values are summarized in Table 1.

ESEs

In an ESE experiment the echo intensity is recorded as a
function of the time between the two echo-forming micro-
wave pulses. The time constant for the decay is commonly
called the phase memory time, T, , and includes contributions
from all processes that lead to loss of phase coherence of the
electron spins. These processes include motion of the mol-
ecule as a whole that changes the resonance frequency of a
spin (Du et al., 1992), exchange processes such as methyl
rotation (Nakagawa et al., 1992; Dzuba et al., 1981; Tsvetkov
and Dzuba, 1990; Du et al., 1994), spin-spin relaxation be-
tween the observed spin and matrix electron and/or nuclear
spins (7,), and in the case of interest here the spin relaxation
of an electron to which the observed electron is spin coupled.

Below ~60 K, 1/T,, for oxy-Hb-ISL is approximately in-
dependent of temperature (Fig. 3), which is typical of the
behavior of nitroxyl radicals (Nakagawa et al., 1992). The
limiting relaxation rate at low temperature is due to matrix
nuclei. Above ~60 K the nitroxyl T, decreases because of
rotation of the methyl groups at rates comparable to the mag-
nitude of the electron-proton couplings (Nakagawa et al.,
1992; Dzuba et al., 1981; Tsvetkov and Dzuba, 1990). For
the spin-labeled low-spin hemoglobins 1/T, is strongly tem-
perature dependent (Fig. 3 and 4). As the temperature is in-
creased from 8 to ~20 K (Figs. 3 and 4, curves A, B, and C)
the echo decay rate increases dramatically. As the tempera-
ture is increased further, the decay rate decreases (Figs. 3 and
4, curves D and E). The temperature dependence of 1/T,
observed for these complexes is typical of systems under-
going a dynamic process (Nakagawa et al., 1992; Dzuba et
al., 1981; Tsvetkov and Dzuba, 1990). These changes in T,
occur in the same temperature interval in which the CW

TABLE 1 Iron-nitroxyl interspin distances for spin-labeled
hemoglobins (A)

Sample CW range* ESE} SR§
Im-metHb-ISL 14-17 15.5 15
CN-metHb-ISL 14-17 15 15
CN-metHb-MSL 14-17 155 15.5

*Approximate range of interspin distances for which some orientation of the
interspin vector relative to the nitroxyl axes gives qualitative agreement with
the CW spectra at low temperature.

$Value of r obtained by analysis of nitroxyl T, using Egs. 46 and the
temperature-dependent Fe(II) relaxation rates. Uncertainty +1 A.
§Value of r obtained by analysis of nitroxyl T, using Eqgs. 1 and 2 and the
temperature-dependent Fe(III) relaxation rates. Uncertainty *1 A
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lineshapes were temperature dependent (Figs. 1 and 2). The
dynamic process that impacts the ESE decay times is there-
fore assigned to the same process that affects the lineshapes,
i.e., the collapse of the iron-nitroxyl spin-spin interaction due
to increasing rates of iron electron spin relaxation.

To quantitatively interpret the changes in nitroxyl T, due
to interaction with the Fe(Ill), values are needed for the
Fe(III) relaxation rates. SR and ESE spectroscopy were used
to measure T, and T,, respectively, for the low-spin Fe(III)
in CN-metHb and Im-metHb between 6 and 25 K. These data
are shown as solid symbols in Figs. 5 and 6. The solid lines
in Figs. 5 and 6 are the least-squares fit to the T, data, log-
(1/T) = n * log(T) - C where n = 6.2, C = 2.1 for CN-
metHb, and n = 6.3, C = 2.8 for Im-metHb. At 40-60 K the
temperature-dependent contributions to the linewidth at g =
3.5 were used to estimate T, for CN-metHb. At 105 and 120
K the temperature dependent contributions to the linewidths
were used to estimate 7, for Im-metHb. The open symbols
in Figs. 5 and 6 are the values of T, and T, for Fe(III) that
were used in the calculations to simulate the effect of the
Fe(lII) on the nitroxyl T,, and T, as discussed below.

The temperature dependence of the nitroxyl ESE curves
was analyzed using Eqs. 46 with 7, = \/(T;T,,) for Fe(IlI).
The following procedure was used for each complex. For
data between 10 and 25 K the Fe(Ill) T, and T, values were
estimated by interpolation/extrapolation of the experimental
SR and ESE data shown in Figs. 5 and 6. Initially it was
assumed that J = 0 and r was adjusted to fit the experimental
data. The average of the r values from these data sets was
then used for all the data, including data between 10 and 25
K, treating iron T, and T, as adjustable parameters. Values
of iron T, above 25 K were extrapolated linearly using the
least-squares fit to the data. A smooth curve was used to
extrapolate 1/T,, intersecting the 1/T, curve at ~40 K. These
estimated values were then adjusted to fit the experimental
data. Since the most likely source of uncertainty in the re-
laxation rates is uncertainty in sample temperature, T, and T,
were both adjusted following the trends shown in Figs. 5 and
6. The adjusted values used in fitting the ESE data for CN-
metHb-MSL and Im-metHb-ISL are shown as open symbols
in Figs. 5 and 6, respectively. Although there is some scatter,
it is clear that the values of T, and T, required to fit the ESE
data are within experimental uncertainty of the measured
values for the low-spin Fe(III) center between 6 and 25 K.
The calculated decay curves are shown as dashed lines in
Fig. 4. Both the shapes and the temperature dependence
of the ESE decay curves are dependent on r. The values
of r that were used to simulate the ESE decay curves are
included in Table 1. A change in r by ~1.0 A caused a
detectable deterioration in the agreement between the ex-
perimental and calculated data. The shapes of the decay
curves also depend upon J. Spin-spin interaction domi-
nated by exchange is inconsistent with the observed decay
shapes. The possibility of J < 1-2 G cannot be ruled out.
However, addition of an exchange contribution did not
improve the fit to the data.
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FIGURE 3 Temperature dependence of 1/T,,
at the center of the nitroxyl signal in oxyHb-
ISL (@), CN-metHb-ISL (+), CN-metHb-
MSL (A), and Im-metHb-ISL (@). Although
the ESE curves were not single exponentials,
a single exponential fit was used to obtain a
qualitative estimate of the temperature depen-
dence of T,. The lines connect the data points.
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Interaction with the rapidly relaxing Fe(III) center decreases
the nitroxyl T,. Values of T, obtained by SR for two inde-
pendent preparations of oxy-Hb-ISL are shown in Fig. 7. The
solid line through the data for oxy-Hb-ISL in Fig. 7 is the
least-squares fit to: log(1/T,) = 2.24 log (T) - 0.767. This
temperature dependence is typical of nitroxyl radicals (Na-
kagawa et al., 1992; Du et al., 1995). For the spin-labeled
low-spin met-hemoglobins the SR data for the nitroxyl is a
distribution of exponentials due to anisotropy in the low-spin
Fe(IlI) g values and in the spin-spin coupling. The data are
not accurately represented by a fit to a single exponential.
However, a single-exponential fit provides a qualitative
measure of the magnitude of the effect of the Fe(IlI) on the
nitroxyl. The single exponential fits to the nitroxyl data for
three spin-labeled complexes are shown in Fig. 7, which
clearly shows the substantial impact of the Fe(IIl).
Typical SR curves for the nitroxyl signal in CN-metHb-
MSL at three temperatures are shown in Fig. 8. The SR data
were analyzed using Egs. 1 and 2, following a procedure
analogous to that used for the ESE data. The values of r used
to simulate the curves are given in Table 1. The simulated
curves are superimposed in Fig. 8. Addition of an exchange
contribution did not improve the fit to the experimental data.
The values of T, and T, used to simulate the SR curves for
CN-metHb-MSL and Im-metHb-ISL are included in Figs. 5
and 6, respectively, and are in good agreement with the di-
rectly measured values and with the values required to match
the ESE data. Since the B term in Eq. 1 and 2 dominates for
these complexes, the calculated nitroxyl SR curves are more

E=SISEEi-

! | | ! |
40 80 120
temperature (K)

sensitive to the iron T, than to T,. However, above ~40 K
it appears that 7, ~ T, (Figs. 5 and 6).

DISCUSSION

The values of r obtained by ESE and SR (Table 1) agree
within experimental uncertainty and fall within the range that
was estimated by qualitative computer modeling calculations
and simulations of the low-temperature CW spectra. There
was no evidence of an exchange interaction. The dipolar
interactions at these relatively short distances are large
enough relative to the anisotropy of the nitroxyl nitrogen
hyperfine that orientation-selected spectroscopy is difficult
in frozen solution. For longer interspin distances (and there-
fore smaller maximum dipolar splittings) it should be pos-
sible to examine orientation-selected relaxation data. Since
the exchange interaction is isotropic and the dipolar inter-
action is anisotropic, orientation-selected spectra will help to
distinguish the two contributions. There was no evidence of
multiple conformations in SR and ESE experiments. Sub-
stantial populations of conformations with interspin dis-
tances shorter than ~12 A can be ruled out on the basis of
the absence of resolved spin-spin splitting in the CW spectra
at low temperature. In addition, if larger spin-spin interaction
due to shorter interspin distances were present it would be
reflected in the temperature dependence of nitroxyl 7,,. Sub-
stantial populations with significantly longer interspin dis-
tances would have resulted in a slowly relaxing component
in the SR or ESE data. Components with similar inter-
spin distances would be difficult to distinguish without
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FIGURE 4 Temperature dependence of ESE decays at the center of the
nitroxyl signal for CN-metHb-MSL in 1:1 buffer glycerol at 9.19 GHz. (4)
8K (B) 12K, (C) 23 K, (D) 37 K, and (E) 59 K. The data at 23 K are
shown in both halves of the figure. The dashed lines were calculated using
Egs. 3-6 with » = 155 A, J = 0, and 7, = \/(T,T,)) for Fe(lll). See
discussion in text for additional parameters.

orientation-selected data. The combined data suggest
that the observed conformation is the one denoted as
B by McConnell and Hamilton (1968) and McConnell
et al. (1969), in which the EPR and molecular mod-
eling both suggest a distance of ~15 A.

Manoharan, Rifkind and co-workers (Antholine et al.,
1985; Manoharan et al., 1990) studied interaction between a
nitroxyl spin label at position 893 and Cu(II) at several lo-
cations in human and horse hemoglobin. In human hemo-
globin Cu(II) at the “high affinity” site near the amino ter-
minal residue of the B chain was concluded to be 17 A from
the nitroxyl at 77 K but 7 A at 293 K, based on the Leigh
(1970) model. In that report the temperature dependence of
the metal T, does not appear to have been taken into account.
In horse hemoglobin, which lacks this high affinity site, Cu-
(ID) was stated to bind 10-13 A from the nitroxyl (Antholine
et al., 1985). When Cu(Il) and Ni(II) replaced iron in the
heme group, the metal-nitroxyl distance was estimated as
7.4-9.9 A for various labels (Manoharan et al., 1990). How-
ever, as we have discussed previously, the Leigh model
should not be applied when the metal relaxation times are as
long as for Cu(II)porphyrins at liquid nitrogen temperatures
(Eaton and Eaton, 1988b). The effect of Cu(II) on the nitroxyl
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FIGURE 5 Temperature dependence of electron spin relaxation rates for
low-spin Fe(IIl) in CN-metHb: (@) T, measured by SR, and (A) T, measured
by ESE between 7 and 10 K and by temperature-dependent contribution to
linewidth at 40, 50, and 60 K. The solid line is the least-squares fit to the
T, data: log(1/T)) = 6.2 * log(T) — 2.1. The open symbols are values ob-
tained by analysis of the effect of the low-spin Fe(IlI) on relaxation rates
for the spin label in CN-metHb-MSL: (O) T, and (+) T, used in Eqs. 46
with r = 15.5 A and 7, = \/(T,T;,) to analyze nitroxyl 7,; (O) T, used in
Egs. 1and 2 withr = 15.5 A to analyze nitroxyl T, and for CN-metHb-ISL
(&) T, used in Egs. 1 and 2 with r = 15 A to analyze nitroxyl T,.

relaxation was observed in CW microwave power saturation
experiments, but this effect was stated not to be the cause of
the changes in the nitroxyl EPR spectrum (Antholine et al.,
1985). Time-domain EPR studies of spin-labeled Cu(Il) he-
moglobin will be reported separately.

Between 8 and 20 K the temperature dependence of 1/T;
for the low-spin Fe(Ill) fit to log(1/T,) = nlog(T) + C with
n==6.2and C = -2.1 for CN-MetHbandn = 6.3, C = -2.8
for ImMetHb (Figs. 5 and 6). Allen et al. (1982) examined
the temperature dependence of T; for low-spin Fe(III) pro-
teins. Between ~5 and 15 K a fit of the data to log(1/T,) =
n log(T) gave n = 6.22 to 6.34 for four heme proteins and
n = 5.67 for ferredoxin. The values of n were interpreted in
terms of the fractal dimensions of the protein (Allen et al.,,
1982). More recently Drews et al. (1990) concluded, based
on studies of copper as well as iron, that “the chain fractal
dimension is not simply correlated with relaxation behavior
in proteins.” For bis(N-methylimidazole) (iron tetraphenyl-
porphyrin)* a value of n = 7.0 was found (Rakowsky et al.,
1995). The similarity in »n for the small-molecule low-spin
Fe(lII) porphyrin and the low-spin Fe(III) in heme proteins
suggests that n is determined more by the local heme envi-
ronment than by the long-range structure of the protein.

The analysis of the nitroxyl SR curves provides estimates
of the iron relaxation rates at higher temperatures than are
accessible by direct measurements. Values of the Fe(III) T,
~ T, required to fit the impact of the Fe(III) on the nitroxyl
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FIGURE 6 Temperature dependence of electron spin relaxation rates for z
low-spin Fe(lII) in Im-metHb: (@) T, measured by SR, and (A) T, measured g
by ESE between 4 and 20 K and by temperature- dependent contribution to €
linewidth at 105 and 120 K. The solid line is the least-squares fit to the T, E]
data: log(1/T}) = 6.3 * log(T) — 2.8. The open symbols are values obtained 2
by analysis of the effect of the low-spin Fe(III) on relaxation rates for the 3 time (psec)
spin label in Im-metHb-ISL: (O) T, and (+) T, used in Eqs. 46 with r = 10000 20000 30000 40000 50000
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2 with r = 15 A to analyze nitroxyl T,.

T, and T, at 40-60 K for CN-metHb-ISL and CN-metHb-
MSL are consistent with estimates based on the temperature-
dependent contribution to the CW lineshape of CN-metHb.

log[1/T 4 (H2)]

1.0 T I —T— L E— —

0.8 1.2 1.6 2.0 24
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FIGURE 7 Temperature dependence of nitroxyl 7, measured at the center
of the spectrum in 1:1 buffer:glycerol solution in the absence and presence
of low-spin Fe(l1I) at 9.2 GHz: (¢, O), oxyHb-ISL, two independent prepa-
rations; (A), CN-metHb-MSL; (@), CN-metHb-ISL; (+), Im-metHb-ISL.
The solid line through the data for oxy-Hb-ISL is the least-squares fit to
log(1/T,) = 2.24 log(T) — 0.767. The other lines connect the data points.

FIGURE 8 SR curves for the nitroxyl signal in CN-metHb-MSL in 1:1
buffer:glycerol at 9.2 GHz and 15, 59, and 120 K. The dashed lines were
calculated with Eqs. 1 and 2, and r = 15.5 A. See text for other parameters.

For Im-metHb-ISL the iron relaxation rates required to fit the
effect of the Fe(IIl) on nitroxyl T, at 100-120 K are con-
sistent with estimates based on the temperature dependent
contribution to the CW linewidth for Im-MetHb. Above ~80
K the iron relaxation rates are less strongly temperature de-
pendent than at lower temperatures. This behavior was ob-
served for the three spin-labeled hemoglobin samples that
were examined. The slower change in relaxation rate at
higher temperature (Figs. 5 and 6) is consistent with ap-
proach to the high-temperature limit of a Raman process.
The maximum interspin distance for which significant ef-
fect of a fast relaxing center on T, for a slowly relaxing
partner can be observed depends upon T,° S for the fast
relaxing center, and the relaxation rates for the fast relaxing
center (Eq. 1). For low-spin Fe(Ill) (S = %2) with relaxation
rates comparable to those observed for the methemoglobins
interacting with a radical with T, .° similar to that for a ni-
troxyl, detectable effects are predicted for distances up to
~20 A. For metals with larger S and/or faster relaxation rates,
observable effects are expected for interspin distances as
long as ~35 A. Observation of effects on T, for the slowly
relaxing center that result from collapse of spin-spin splitting
to a faster relaxing center as described by Eqgs. 4-6 requires
a spin-spin splitting in Hz that is greater than the spin packet
linewidth, 1/T,,. For typical organic radical relaxation times
at low temperature this should be observable for distances as
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long as ~25 A. To define the full kinetic range from slow
to fast metal relaxation relative to the spin-spin interaction
requires observation over a temperature range that encom-
passes 7, = \/(T;T,) > spin-spin splitting to T, = /(T T5)
< spin-spin splitting. Metal ions for which this range of
relaxation times is likely to be observable between 4 and 70
K include, e.g., low-spin and high-spin Fe(III), high-spin
Co(Il), and § = % iron-sulfur clusters.

CONCLUSIONS

Values of T, and T, for low-spin Fe(III) measured by SR and
ESE permit quantitative interpretation of the impact of the
rapidly relaxing iron center on the SR and ESE curves for a
nitroxyl radical to which it is spin coupled. The two tech-
niques provide consistent values for the interspin distance.
Analysis of the nitroxyl SR and ESE data at temperatures
where the iron relaxation rates are too fast to measure directly
provide information on the Fe(Ill) relaxation rates. These
complexes demonstrate the utility of ESE and SR measure-
ments of the signal for the slower-relaxing partner to deter-
mine interspin distance and to probe the relaxation behavior
of the faster relaxing partner.
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