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Abstract

Electron transfer flavoprotein–ubiquinone oxidoreductase (ETF–QO) is a membrane-bound electron transfer protein that links pri-
mary flavoprotein dehydrogenases with the main respiratory chain. Human, porcine, and Rhodobacter sphaeroides ETF–QO each con-
tain a single [4Fe–4S]2+,1+ cluster and one equivalent of FAD, which are diamagnetic in the isolated enzyme and become paramagnetic
on reduction with the enzymatic electron donor or with dithionite. The anionic flavin semiquinone can be reduced further to diamagnetic
hydroquinone. The redox potentials for the three redox couples are so similar that it is not possible to poise the proteins in a state where
both the [4Fe–4S]+ cluster and the flavoquinone are fully in the paramagnetic form. Inversion recovery was used to measure the electron
spin-lattice relaxation rates for the [4Fe–4S]+ between 8 and 18 K and for semiquinone between 25 and 65 K. At higher temperatures the
spin-lattice relaxation rates for the [4Fe–4S]+ were calculated from the temperature-dependent contributions to the continuous wave line-
widths. Although mixtures of the redox states are present, it was possible to analyze the enhancement of the electron spin relaxation of
the FAD semiquinone signal due to dipolar interaction with the more rapidly relaxing [4Fe–4S]+ and obtain point-dipole interspin dis-
tances of 18.6 ± 1 Å for the three proteins. The point-dipole distances are within experimental uncertainty of the value calculated based
on the crystal structure of porcine ETF–QO when spin delocalization is taken into account. The results demonstrate that electron spin
relaxation enhancement can be used to measure distances in redox poised proteins even when several redox states are present.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Electron transfer flavoprotein–ubiquinone oxidoreduc-
tase (ETF–QO) [1–3] serves as the membrane-bound elec-
tron transport link to the main mitochondrial respiratory
chain for electrons derived from the flavoprotein dehydro-
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genases that function in the oxidation of fatty acids and
some amino acids in mammalian mitochondria. ETF–QO
has two redox-active centers, a [4Fe–4S]+,2+ cluster and
FAD, and a binding site for ubiquinone, the electron
acceptor. Ubiquinone was not present in the proteins iso-
lated for this study. Porcine and human ETF–QO have
98% sequence identity, whereas human and Rhodobacter

sphaeroides ETF–QO ETF–QO have 67% sequence identity
[4,5]. An algorithm predicts 60.7 root mean square devia-
tion/Å in the cores of the three proteins based on the high
degree of sequence identity [6]. Consistent with the similar-
ity in sequences, EPR g-values are comparable for the
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[4Fe–4S]+ in mammalian ETF–QOs [1,3,7] as are the redox
potentials of porcine and Rhodobacter ETF–QO [5]. Thus,
it is probable that the Rhodobacter, human, and porcine
ETF–QOs have similar structures.

Titration of ETF–QO with octanoyl-CoA reduces the
protein by two electrons in the presence of catalytic con-
centrations of medium-chain acyl-CoA dehydrogenase
and ETF. The redox potentials relative to the standard
hydrogen electrode at pH 7.5 and 4 �C are Eo0

1 ¼
þ0:028 V and Eo0

2 ¼ �0:006 V for the first and second elec-
tron transfers, respectively, to the FAD and Eo0 ¼
þ0:047 V for the iron–sulfur cluster [8]. Because the two
redox potentials for the FAD and the potential for the
[4Fe–4S] are so similar, this enzymatic reduced state is a
redox equilibrium involving partial reduction of the [4Fe–
4S] and of the FAD [3,5,8,9]. A stronger reductant, such
as dithionite, is required to reduce the protein to a nomi-
nally ‘‘three-electron reduced’’ state [3,5,8,9].

ETF–QO presents additional challenges relative to prior
studies of methods to determine distances between para-
magnetic centers in proteins [10]. Previously, the possibility
of dipolar interaction between the anionic semiquinone and
[4Fe–4S]+ in ETF–QO was suggested [7] and it was noted
that a small broadening along one principal axis of the
[4Fe–4S]+ signal at low temperature could be due to dipo-
lar interaction with paramagnetic semiquinone [7]; how-
ever, the changes were too small to be conclusive. The
crystal structure of porcine ETF–QO to 2.7-Å resolution
shows that the distances of closest approach between the
[4Fe–4S]+ and the methyl group(8a) of the FAD isoallox-
azine ring and between the [4Fe–4S]+ and the bound
benzoquinone ring of ubiquinone are 11.5 and 18.8 Å,
respectively [11]. The point-dipole distance between the
unpaired electrons is substantially larger than the distance
of closest approach since the semiquinone unpaired spin
density is distributed over the FAD molecule [12,13]. The
effect of a rapidly relaxing paramagnetic metal center on
the electron spin relaxation rate of a more slowly relaxing
center can be used to determine interspin distances [14–
16]. Enhancement of spin-lattice relaxation has been used
to determine distances between sites in photosystems [17],
spin-labeled iron porphyrins and heme proteins [18–22],
and proteins containing iron–sulfur clusters [23–26]. Relax-
ation enhancement methods were preferred for these pro-
teins, relative to CW lineshape studies, because the
dipolar interaction is small compared to linewidths. Deter-
mination of distances using double electron–electron reso-
nance (DEER) [27,28] or double quantum coherence [29]
would be very difficult in this system because it is not pos-
sible to generate a pulse microwave field (B1) that is large
enough to excite a significant fraction of the signal from
the [4Fe–4S]+. Application of DEER also is limited by
the requirement that the frequencies for the pump and
probe pulses are within the bandwidth of the resonator.

This report evaluates spin-lattice relaxation enhance-
ment measured by inversion recovery to determine inter-
spin distances for a system in which the redox potentials
do not permit preparation of a sample with both interact-
ing centers exclusively in the paramagnetic state. CW EPR
measurements were performed to characterize and quanti-
tate the paramagnetic forms of the redox-active centers.
The point-dipole distance between [4Fe–4S]+ and the anio-
nic semiquinone was determined for Rhodobacter, human,
and porcine ETF–QO. A sample of the related protein,
electron transfer flavoprotein (ETF), which contains an
anionic flavosemiquinone but no iron–sulfur cluster, was
studied to determine the relaxation rates for the semiqui-
none signal in the absence of interaction with the iron–sul-
fur cluster. For the porcine enzyme the relative locations of
the redox cofactors obtained by relaxation enhancement
can be compared with the crystal structure data, which pro-
vides a validation of the method. Structural information
also was obtained for the human and Rhodobacter

enzymes, for which crystal structures are not available.

2. Experimental

2.1. Purification of ETF–QO proteins

Porcine liver ETF–QO was purified as described by
Watmough and co-workers [30]. Human ETF–QO was
expressed from a baculovirus vector, expressed in sf9 cells,
and purified by the method of Simkovic et al. [3]. The
ETF–QO from R. sphaeroides was expressed in Escherichia

coli C43 [31] and purified by the method reported in Ussel-
man et al. [32]. The concentrations of the three proteins
were determined spectrophotometrically using e430 nm =
2.4 · 104 M�1 cm�1 [3,5,9]. The purified proteins do not
contain ubiquinone so throughout this manuscript quinone
and semiquinone refer to the FAD moiety.

2.2. Reduction of ETF–QO and preparation of EPR samples

The proteins were reduced either enzymatically to gener-
ate the two-electron reduced species or with sodium dithio-
nite to generate the three-electron reduced species as
previously described [2,3,7]. The proteins, �30 to 90 lM,
were enzymatically reduced in stoppered cuvettes contain-
ing 0.1 M Tris–HCl, pH 7.8, 8 mM CHAPS, 40% glycerol,
1 lM human medium-chain acyl-CoA dehydrogenase,
1 lM human electron transfer flavoprotein, and 20 mM
b-D-glucose. The reaction mixtures were made anaerobic
by 10 cycles of alternate evacuation and purging with nitro-
gen; residual oxygen was removed by addition of glucose
oxidase (1 U/mL) and catalase (24 U/mL) [2]. Octanoyl-
CoA was added to give a fourfold molar excess over
ETF–QO. Absorption spectra were measured at 10 min
intervals until the spectrum was stable for 20–30 min.
The three-electron reduced species was generated by reduc-
tion with dithionite under similar conditions, but without
the other enzymes and acyl-CoA substrate. Dithionite
was prepared as a 5 mM solution in anaerobic 0.1 M
sodium pyrophosphate, pH 9.0. Glucose oxidase and cata-
lase were added to remove residual oxygen before addition
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of dithionite in several aliquots. The absorption spectra of
the oxidized, and two- and three-electron reduced species
of the Rhodobacter protein are shown in Fig. 1. The
reduced proteins were transferred anaerobically to 4 mm
OD quartz EPR tubes, and the tubes were flame sealed.
The solutions were rapidly frozen in liquid nitrogen and
stored in liquid nitrogen.

2.3. EPR spectroscopy

CW EPR spectra of the FAD semiquinone signal were
recorded at 9.224–9.227 GHz on a Varian E109 spectrom-
eter with a rectangular cavity, a GaAsFET amplifier and a
Varian liquid nitrogen-cooled gas flow system. The operat-
ing conditions were: 108 K, 4.0 G modulation amplitude at
100 kHz, and a microwave power of 5 lW. Spectra were
recorded using 3–12, 200 G scans. The semiquinone con-
centration was calculated by double integration of the
EPR signal and compared to a tempo1 standard
(0.80 mM). The operating conditions for the tempol stan-
dard were: 108 K, 0.5 G modulation amplitude at
100 kHz, and a microwave power of 5 lW. The tempol
standard also was used to determine the concentration
(1.4 mM) of a sample of CuEDTA [33] in 1:1 water/glyc-
erol that was used to calculate the concentrations of the
paramagnetic [4Fe–4S]+. The concentration determined
by EPR was in good agreement with the Cu2+ concentra-
tion calculated by optical spectroscopy of the CuSO4 solu-
tion (e806 nm = 11.74 M�1 cm�1) that was used to prepare
the CuEDTA. By calculating the concentrations of both
the semiquinone and [4Fe–4S]+ signals relative to the same
tempol standard, relative concentrations should be more
reliable, even if there are uncertainties in the absolute
concentrations.

CW EPR spectra of the [4Fe–4S]+ were recorded at
9.349–9.5 GHz on either a Bruker E580 spectrometer or a
locally-constructed spectrometer [34] with a Bruker split-
ring resonator and Oxford CF 935 cryostat. The operating
conditions were: 10–45 K, 5.0 G modulation amplitude at
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Fig. 1. The absorption spectra of the oxidized, and (A) two- and (B) three-ele
arrow indicates the wavelength for which the change in molar absorptivity is rep
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100 kHz, and microwave powers between 0.0016 and
2 mW. The [4Fe–4S]+ concentration was calculated by
double integration of spectra recorded at 18 and 20 K and
compared to signals for the standard sample of CuEDTA
at the same temperatures. The operating conditions for
the standard were: 5.0 G modulation amplitude at
100 kHz, and microwave powers between 5 and 20 lW.
Between 15 and 20 K it is possible to record spectra of
the standard in a linear response region and the [4Fe–
4S]+ signal is sharp enough that integration is more precise
than at higher temperature. Spectra were recorded with
sweep widths between 850 and 1000 G and averaging of
multiple scans. Resonator background spectra of a buf-
fer/glycerol (1:1) solution were recorded under identical
conditions and subtracted from spectra of the iron–sulfur
cluster. The semiquinone signal overlaps with the [4Fe–
4S]+ signal (see Fig. 2) so to permit quantitation of the sig-
nal from the iron–sulfur cluster, the semiquinone signal
was subtracted using a simulated spectrum or by zeroing
the semiquinone data pixels in the data file. Double inte-
grals obtained by the two methods agreed within experi-
mental error.

Electron spin echo (ESE) experiments were performed at
10–50 K on a Bruker E580 or a locally-constructed spec-
trometer [34] with a Bruker split-ring resonator and Oxford
CF 935 cryostat. The Q of the over-coupled resonator was
�100. Two pulse spin echo decays were recorded using a
p/2–s–p–s–echo sequence with pulse lengths of 40 and
80 ns. The attenuation of the pulses was adjusted to give
the maximum echo intensity. Initial values of s ranged
from 152 to 252 ns. Three-pulse inversion recovery experi-
ments were performed using a p–Tvar–p/2–s–p–s–echo
sequence with pulse lengths of 32, 16, and 32 ns. The atten-
uation of the pulses was adjusted to give the maximum
echo. Values of s and initial Tvar ranged from 332 to
400 ns and 120 to 200 ns, respectively. Recovery curves
were recorded at temperatures between 8 and 18 K along
the three principal axes for the S ¼ 1

2
; ½4Fe–4S�þ signal

(g � 1.88, �1.94, and �2.09). The pulse repetition time
320 400 480 560 640
0

6

12

18

24

30

3-electron
reduced form

Oxidized form

ε 
(m

M
.c

m
)-1

Wavelength (nm)

B
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Fig. 2. 9.5 GHz CW spectrum of ‘‘three-electron reduced’’ Rhodobacter

ETF–QO recorded at 18 K. The sample is in 0.1 M Tris–HCl, pH 7.8,
containing 8 mM CHAPS and 40% glycerol. The semiquinone, based on
signal intensity at 106 K, is 14% of total protein. At 18 K the microwave
power selected to record the [4Fe–4S]+ signal is too high to record an
unsaturated semiquinone signal.
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was long relative to T1 and the maximum value of the spac-
ing between the first and second pulses (Tvar) was selected
to permit full recovery of equilibrium magnetization. Back-
ground curves recorded for a 1:1 buffer/glycerol sample
were subtracted from the two-pulse decay and inversion
recovery curves and the amplitude of the background sig-
nal was between 1% and 10% at the earliest-time points.
In the recovery curves for the [4Fe–4S]+ the contribution
of the background signal to the earliest-time points in the
recovery curves was as high as 20% for T1 < 1 ls. For the
samples of Rhodobacter ETF–QO the concentrations of
the samples were lower and values of T1 were shorter such
that the resonator background signal makes a more signif-
icant contribution to the inversion recovery curves for the
g � 2.09 turning point. Although background signals were
subtracted, this data manipulation causes greater uncer-
tainty for the T1 values measured along this axis. For the
semiquinone signal the inversion recovery experiments
used 20–80 shots per point, 256 data points, and multiple
scans.

2.4. Analysis of CW spectra

Spectra of [4Fe–4S]+ at 10 K were simulated using the
program MONMER, which is based on the equations in
Table 1
g-Values and linewidths (G) for [4Fe–4S]+ at 15 K

Sample gz
a Linewidthb gy

a

Rhodobacter 2.089 22 1.93
Human 2.082 22 1.93
Porcine 2.084 22 1.93

a The average uncertainty of the g-values was �±0.003.
b Peak-to-peak first-derivative linewidths were simulated using MONMER. A

and gy lines in the Rhodobacter spectrum is ±2 G.
[35], to determine the g-values and the Gaussian first-deriv-
ative peak-to-peak linewidths (Table 1). The linewidths of
the [4Fe–4S]+ signal are temperature-dependent above
about 24 K. The CW spectra from 24 to 45 K were simu-
lated using the locally written program SATMON [36] in
which the lineshape is a Gaussian distribution of Lorentz-
ian spin packets characterized by T2. It was assumed that
the distribution widths are independent of temperature.
In the temperature range where linewidths are tempera-
ture-dependent, it was assumed that T1 = T2 for [4Fe–
4S]+. The uncertainty in T1 values obtained by this method
is �20% which is caused by imperfect background
subtractions and uncertainties in simulations of the broad
lines.

2.5. Calculation of relaxation rates

Inversion recovery curves for [4Fe–4S]+ between 8 and
18 K were analyzed first by fitting a single exponential to
the data using a nonlinear least-squares algorithm. Proven-
cher’s MULTIFIT [37] routine was then used to fit a sum
of exponentials to the data, and distinctions between single
and multiple exponential fits were based on the statistical
tests in the program. The relative weightings for multiple
exponential components also were analyzed using Brown’s
UPEN routines [38,39]. The quality of the fits to the exper-
imental curves was judged from a sum of squares of the
residuals. To normalize the residuals, the amplitudes of
the recovery curves were scaled to a data range of 0–1.0.
Analysis of the data with UPEN found a range of T1 values
based around a most probable value. Values of T1 calcu-
lated using UPEN based on the peak of the distribution,
the mid-point of the integral of the peak(s) in the distribu-
tion and from the geometric mean of the distribution
agreed within 10%. The full widths at half height of the dis-
tributions on a logarithmic scale were 0.2–0.6. T1 values
cited in the following discussion are based on UPEN,
unless stated otherwise.

The sum of two exponentials (MULTIFIT) or a distri-
bution of exponentials (UPEN) gave better agreement with
the inversion recovery curves than was obtained with a sin-
gle exponential. The values of T1 found using MULTIFIT
fell within the distributions identified by UPEN.

To analyze the shapes of the two-pulse echo decays for
[4Fe–4S]+, a stretched exponential (Eq. (1)) was fitted to
the data using a Levenberg–Marquardt algorithm:

Y ðsÞ ¼ Y ð0Þ exp½�ð2s=T mÞx� ð1Þ
Linewidthb gx
a Linewidthb

4 15 1.875 29
8 12 1.886 24
9 12 1.886 23

verage uncertainty of the linewidth was ±1 G. The uncertainties for the gx
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where Y(s) is the intensity of the echo as a function of s, the
time between the two pulses. Y(0), echo intensity extrapo-
lated to time zero, and Y(s) are in arbitrary units that de-
pend upon the concentration of the sample, resonator Q,
and instrument settings. The parameters x and Tm describe
the shape of the echo decay and x depends upon the mech-
anism of dephasing [40,41]. The decays for the [4Fe–4S]+

showed significant echo envelope modulation. Tm was esti-
mated using an average fit through the decays with x = 1.

2.6. Analysis of the temperature dependence of T1 for

[4Fe–4S]+

Parameters in the model shown in Eq. (2) were adjusted
to fit the temperature dependence of T1 for [4Fe–4S]+ that
was obtained from a combination of inversion recovery at
low temperature and from the temperature-dependent con-
tribution to the CW linewidths at higher temperatures.

1

T 1

¼ AdirT þ ARam

T
hD

� �9

J 8

hD

T

� �
þ AOrb

D3
Orb

eDOrb=T � 1

� �
ð2Þ

where T is temperature in Kelvin, Adir, ARam, and AOrb are
the coefficients for the contributions from the direct pro-
cess, the Raman process, and the Orbach process, respec-
tively, hD is the Debye temperature, J8 is the transport
integral,

J 8
hD

T

� �
¼
Z hD=T

0

x8 ex

ðex � 1Þ2
dx;

and DOrb is the energy separation (in K) between the
ground state and the excited state for the Orbach process.

Mathematical expressions for the temperature depen-
dence of spin-lattice relaxation are taken from the follow-
ing references: direct process [14], Raman process [42,43],
and Orbach process [44]. The fit parameters are summa-
rized in Table 2. Based on the original derivations for ionic
solids the Orbach energy should be less than the Debye
temperature [44]. Bertrand et al. analyzed the temperature
dependence of the spin-lattice relaxation rates for [4Fe–4S]
proteins and found Orbach energies greater than the Debye
temperatures [45]. They showed that the temperature
dependence of the relaxation rates predicted for an Orbach
process involving local vibrational modes was the same as
that for phonons below the Debye limit. They also showed
that the Orbach energies determined from the temperature
dependence of spin-lattice relaxation were in good agree-
ment with values obtained by magnetic susceptibility [45].
Table 2
Contributionsa to spin-lattice relaxation of [4Fe–4S]+ in the temperature
range 8–45 K

Sample ARam (s�1) AOrb (s�1 K�3) Orbach energy (K)

Rhodobacter 5.8 · 108 2.8 · 104 175
Human 1.1 · 108 1.5 · 104 210
Porcine 0.9 · 108 1.8 · 104 225

a Debye temperature = 100 K, coefficients are defined in Eq. (2).
Thus in the analysis of the relaxation rates for the [4Fe–
4S]+ cluster the Orbach energy was not constrained to be
less than the Debye temperature.

2.7. Simulations to determine interspin distance

2.7.1. Parameters for [4Fe–4S]+ and semiquinone
Analysis of the inversion recovery curves for the semi-

quinone in the spin-coupled pairs required input of param-
eters for the [4Fe–4S]+ and semiquinone in the absence of
spin–spin interaction. The g-values for the [4Fe–4S]+ and
semiquinone were taken from the CW simulations. The
spin-lattice relation rates for [4Fe–4S]+ were taken from
the fit functions for the temperature dependence of relaxa-
tion (Eq. (2)). The distribution width for the [4Fe–4S]+

spin-lattice relaxation rates was selected on the basis of
UPEN calculations. At low temperatures electron spin
echo decay constants, Tm, for the [4Fe–4S]+ are about
1.5 ls. A variety of processes other than T2 can contribute
to echo dephasing [46]. However, T2 must be at least as
long as Tm so at low temperature T2 must be greater than
about 1.5 ls. At the temperatures where the [4Fe–4S]+ had
significant impact on the T1 for semiquinone, T1 for the
[4Fe–4S]+ is much shorter than 1.5 ls, so it was assumed
that T1 was driving T2 and that T1 = T2 for [4Fe–4S]+. Val-
ues of T1 for the semiquinone in the absence of relaxation
enhancement were based on measurements for the semiqui-
none in ETF using the same time window for data acquisi-
tion for ETF and ETF–QO at each temperature. In most of
the simulations it was assumed that the contribution of
electron–electron exchange is negligible compared to dipo-
lar interaction because of the long interspin distances and
absence of a direct through-bond interaction pathway in
these samples. Addition of a non-zero exchange interaction
did not improve the fit between experimental and calcu-
lated curves.

2.7.2. Relaxation enhancement

The difference between the inversion recovery curves at
42 K for a two-electron reduced porcine ETF–QO sample
and for ETF (Fig. 3) is typical of the substantial enhance-
ment of the semiquinone relaxation rates due to interaction
with the rapidly relaxation [4Fe–4S]+. A modified version
of the Bloembergen equation [16,21] was used to model
the relaxation enhancement and thereby determine the
point-dipole distance between the semiquinone and [4Fe–
4S]+ cluster. The approach, using the locally written pro-
gram MENOSR, is similar to that used previously to deter-
mine the distance between low-spin or high-spin Fe(III)
and nitroxyl for spin-labeled metmyoglobin variants [16].
The relaxation enhancement is calculated for many orien-
tations of the molecule in the magnetic field and contribu-
tions are summed to calculate the powder average
inversion recovery curve. The calculation assumes a ran-
dom distribution of molecules in the external magnetic
field, but only those for which the semiquinone resonance
occurred within a band of 10 G centered at the magnetic



Fig. 3. Inversion recovery curves for two-electron reduced porcine ETF–QO (upper curve) and ETF (lower curve) at 36 K. The dashed line is a simulated
curve calculated with MENOSR for an interspin distance of 19 Å. Samples are in 0.1 M Tris–HCl, pH 7.8, containing 8 mM CHAPS and 40% glycerol.
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field used for the experiment are included in the calcula-
tion. The large magnetic field range for orientation selec-
tion was used to account for the extensive unresolved
nuclear hyperfine splitting of the semiquinone signal. The
inhomogenously broadened first-derivative peak-to-peak
line widths for the anionic semiquinone are anisotropic
and estimated from the X-band CW spectra at 108 K to
be 10, 9, and 21 G at the gz, gy, and gx positions, respec-
tively. The percentage of the paramagnetic [4Fe–4S]+,
which is required for the simulations, was obtained by
CW quantitation (Table 3). The value of the interspin dis-
tance, r, was adjusted to fit the SR curve. Typically, good
fits were defined as sum of the squares of the residual
<0.03 (see Fig. 3). The effect of the rapidly relaxing iron–
sulfur cluster on the semiquinone depends on the orienta-
tion of the interspin vector relative to the axes of the clus-
ter. At X-band there is not enough resolution of the
semiquinone signal to use orientation selection in the
Table 3
Quantitation and spin–spin distances

Sample Redox state % SQa % [4Fe–4S]+b rc (Å)

Rhodobacter Two-electrond 44 83 18.7 ± 0.6
Rhodobacter Three-electrone 14 90 19.6 ± 0.6
Human Two-electrond 24 60 17.6 ± 0.7
Porcine Two-electrond 29 87 17.9 ± 1.0
Porcine Three-electrone 11 88 19.0 ± 0.6

a Determined using double integration of the semiquinone CW spectra
relative to tempol standard, for multiple sample preparations. The
percentages are relative to the total protein concentration. Values are
accurate to ±5%.

b Determined using double integration of the [4Fe–4S]+ cluster CW
spectra relative to CuEDTA standard. The percentages are an average
from duplicate measurements at 18 and 20 K and are relative to the total
protein concentration. Values accurate to ±10%.

c Calculated using MENOSR. Uncertainties are the standard deviations
of distances calculated at four temperatures between 31 and 50 K.

d Enzymatically reduced.
e Dithionite reduced.
experiments. To test for the impact of the assumed orienta-
tion on the estimated interspin distance, simulations were
performed for eight orientations, and an average value of
r was calculated at each temperature. Distances were calcu-
lated only at temperatures where interaction with the [4Fe–
4S]+ caused more than a factor of three increase in the
semiquinone relaxation rates. The distance values listed
in Table 3 are an average for each protein calculated at
four temperatures between 31 and 50 K. The uncertainties
are the average of standard deviations for the distances
calculated at each temperature.

Uncertainty in the [4Fe–4S]+ relaxation rates could be a
systematic source of error in the distances. The relaxation
rates were taken from the fit functions which included
interpolation between 18 and 40 K and extrapolation
above about 40 K. The estimated error in r for a factor
of 2 increase/decrease in [4Fe–4S]+ T1 is approximately
±1.2 Å. Variation of the [4Fe–4S]+ T1 distribution width
from 0 to 0.60 on a logarithmic scale made a �0.8 Å dis-
tance change. Uncertainty in experimental temperature
(±1 K) also is a source of systematic error. A further
source of systematic error may arise from the impact of
spectral diffusion on the inversion recovery curves (see Sec-
tion 3) of the semiquinone signal. The magnitude of the
contribution from spectral diffusion is unknown. However,
relaxation enhancement dominates relaxation rates for the
semiquinone in ETF–QO between 30 and 50 K and calcu-
lated curves were not strongly impacted by increasing the
T1 estimated for the semiquinone by a factor of 2.

When interspin distance measurements were made for
spin-labeled iron porphyrins [19,20,22,36] all of the heme
was paramagnetic, but in the reduced ETF–QO samples
part of the [4Fe–4S] is diamagnetic. Because the relaxation
enhancement is so large, the contributions to the inversion
recovery curves from semiquinone with a neighboring dia-
magnetic [4Fe–4S]2+ cluster contributed primarily at the
long-time extreme of the experimental data and made little
difference at short times where relaxation enhancement



Fig. 4. 9.49 GHz CW spectra of two-electron reduced porcine (A) and
Rhodobacter (B) ETF–QO recorded at 15 K. The samples are in 0.1 M
Tris–HCl, pH 7.8, containing 8 mM CHAPS and 40% glycerol. Dashed
lines are simulations calculated using the program MONMER.

Fig. 5. Temperature dependence of spin-lattice relaxation rates for two-
electron reduced [4Fe–4S]+ in Rhodobacter (s), porcine ð}Þ, and human
(n) ETF–QO. Values were measured by inversion recovery (8–16 K) or
calculated from the temperature contribution to the lineshape (22 to
�40 K). The values of T1 are averages along the gx, gy, and gz turning
points. The solid lines through the data are the fit functions calculated
using the model in Eq. (2) and the parameters in Table 2. Samples are in
0.1 M Tris–HCl, pH 7.8, containing 8 mM CHAPS and 40% glycerol.
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dominates. The agreement between the experimental and
calculated inversion recovery curves was quite sensitive to
the value of r, particularly for the early time data. For
example, for one two-electron reduced data set a ±1.0 Å
change from the best-fit distance caused the sum of the
squares of the residuals (SSQ) to increase from 0.016 to
0.044. The values of r that gave the best agreement were
not very sensitive to the fraction of [4Fe–4S]+. For the
two-electron reduced samples a 25–30% variation in the
concentration of [4Fe–4S]+ produced good fits to the
curves (SSQ < 0.03) with only a small change of distance,
�0.3 Å. In the three-electron reduced samples the fraction
of [4Fe–4S]+ is larger than for the two-electron reduced
samples, which decreases the contribution from semiqui-
none that does not have enhanced relaxation rates. For
the three-electron reduced samples the agreement between
experimental data and simulation is more sensitive to the
orientation of the interspin vector relative to the axes of
the iron–sulfur cluster, which is attributed to the smaller
contribution from semiquinone with a neighboring dia-
magnetic iron–sulfur cluster. However, the differences in
quality of fit were not large enough to define the orienta-
tion of the interspin vector relative to the axes of the
[4Fe–4S]+. The lower concentrations of semiquinone in
the three-electron reduced samples made it more difficult
to achieve acceptable signal-to-noise in the inversion recov-
ery curves.

3. Results and discussion

3.1. g-Values and linewidths

The g-values and linewidths at 15 K for the ETF–QO
[4Fe–4S]+ signal from the three species are displayed in
Table 1. The g-values are in good agreement with literature
values for porcine ETF–QO [1,3,7] and for other [4Fe–4S]+

[47,48]. Low-temperature linewidths were broader at the gx

and gy turning points in the EPR spectra of the Rhodobact-

er samples than for the human and porcine samples (Table
1 and Fig. 4), which may be the result of greater unresolved
hyperfine couplings and/or distributions in g- and A-
values.

3.2. Electron spin-lattice relaxation rates, 1/T1, for

[4Fe–4S]+

The temperature dependence of the relaxation rates of
[4Fe–4S]+ are displayed in Fig. 5 for two-electron reduced
samples. At all temperatures studied, the relaxation rates
for [4Fe–4S]+ in the Rhodobacter protein are faster than
for the human and porcine proteins. Within experimental
uncertainty values of T1 measured at the gy turning point
were the same for two-electron and three-electron reduced
samples. This position in the spectrum was selected for the
comparison because the signal-to-noise is the best. The
spin-lattice relaxation rates were weakly anisotropic and
1/T1 between 8 and 18 K for the mammalian proteins
increases in the order 1/T1(gx) < 1/T1(gz) < 1/T1(gy). The
anisotropy was up to 60% at the lowest temperatures mea-
sured, which is small relative to the distribution widths.
Distributions in relaxation rates have also been observed
for Cu(II) [49] and V(IV) [50] complexes and may be due
to distributions in structures and electronic energies analo-
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gous to the well-documented phenomenon of g- and A-
strain [51]. Anisotropy of 1/T1 between 30 and 50 K also
has been found in 4Fe–4S ferredoxins [52].

Parameters in Eq. (2) were adjusted to fit the tempera-
ture dependence of 1/T1 and the best-fit parameters are
summarized in Table 2. Similar values were obtained by
analysis of relaxation rates along gx, gy, and gz individually
or orientation-averaged. The Raman process dominated
spin-lattice relaxation between 8 and 16 K. The Debye tem-
peratures obtained from fits to the temperature dependence
of 1/T1 are similar for the three proteins. There is substan-
tial uncertainty in the value of the Debye temperature
because of the overlapping contributions from the direct
process. Values of the coefficient for the Raman process,
ARam, and the Debye temperature (hD, Eq. (2)) are corre-
lated. To facilitate comparisons, the Debye temperature
was fixed at 100 K and the coefficient ARam was adjusted
(Table 2). The faster relaxation for the [4Fe–4S]+ in the
Rhodobacter protein is reflected in the larger value of ARam.
Literature values of Debye temperatures for protein sam-
ples include 78–82 K for low-spin heme iron in the methyl-
imidazole and cyanide adducts of horse heart myoglobin in
water/glycerol [53], 60 K for 2-iron–2-sulfur ferredoxin of
the blue green alga Spirulina maxima in Tris buffer [54],
and 60 K for the [4Fe–4S] ferredoxin from Bacillus stearo-

thermophilus in Tris buffer [45]. The Orbach energies for
human and porcine ETF–QO are within experimental error
of each other (210–225 K). The Orbach energy is lower for
the Rhodobacter ETF–QO (175 K) than for the human and
porcine proteins, which indicates a lower-lying excited state
for the Rhodobacter protein than for the human and por-
cine proteins. The Orbach energies are comparable to val-
ues obtained for reduced [4Fe–4S] ferredoxins [45,52] (144–
432 K, 100–300 cm�1).

3.3. Formation of paramagnetic [4Fe–4S]+

The reduction potentials for the quinone–semiquinone–
hydroquinone and [4Fe–4S]2+,1+ couples are sufficiently
close together that the reduction steps overlap [5,8]. In
the ‘‘two-electron’’ reduced protein only part of the qui-
none is in the semiquinone form and there is a mixture of
the +1 and +2 oxidation states of the [4Fe–4S] cluster. In
the ‘‘three-electron’’ reduced protein most of the [4Fe–4S]
cluster is paramagnetic, and most of the quinone has been
reduced to diamagnetic hydroquinone. The relaxation
enhancement for the semiquinone occurs only for the sub-
set of semiquinones for which the neighboring iron–sulfur
cluster is paramagnetic, which means that the fraction of
[4Fe–4S] in the paramagnetic form +1 oxidation state is
a parameter in the data analysis.

For the two-electron reduced samples the percentage of
[4Fe–4S]+ for the three proteins (Table 3) determined by
quantitation of the CW EPR signal was 60–87%, which is
within experimental uncertainty of the 72% reported for
porcine ETF–QO [7]. In the three-electron reduced samples
the percentage of [4Fe–4S]+ increased to 88–90% which
also agrees well with the 84% reported previously for the
porcine protein [7]. Thus, less than 100% of the iron–sulfur
cluster is in the paramagnetic [4Fe–4S]+ form even in the
nominally three-electron reduced samples, which may
reflect the difficulty in forcing redox equilibria to comple-
tion. The similarity between the EPR signal quantitations
for the three proteins is consistent with similar reduction
potentials for the iron–sulfur clusters.

The spin-coupling between the 4 iron atoms of the [4Fe–
4S] cluster produces a series of excited states [48]. For [4Fe–
4S]2+ although the ground state is diamagnetic, there are
paramagnetic excited states. Similarly for [4Fe–4S]+ there
are excited states with S > 1/2. Fluid solution NMR studies
have shown that population of these excited states is signif-
icant at temperatures near 298 K [48]. If population of
these excited states were significant at 30–50 K where the
relaxation enhancement measurements of interspin dis-
tances were performed, then omission of these states from
the model for relaxation enhancement would cause the
apparent distance to increase with increasing temperature.
Since this trend was not observed, it was assumed that the
contributions of excited states to relaxation enhancement
could be neglected.

The percentage of semiquinone for two-electron reduced
porcine (29%), human (24%), and Rhodobacter (44%)
ETF–QO (Table 2) found in this study are lower than pre-
viously reported (60%) for a two-electron reduced porcine
sample [8]. Calculations of the equilibrium concentrations
of the redox active species, based on the literature values
of the reduction potentials for porcine ETF–QO [8], predict
a maximum of 50% semiquinone when 1.7 electrons have
been added. For the two-electron reduced samples the
observed % semiquinone should be less than the maximum
value due to addition of more electrons and increased
reduction to hydroquinone. Thus the observations in this
study of percentages less than 50% are consistent with
the reported redox potentials. The somewhat higher per-
centage of semiquinone for the two-electron reduced Rho-
dobacter sample than for porcine or human samples
suggests small differences in redox potentials. In the
three-electron reduced samples the % semiquinone
decreases to 6–11% for the Rhodobacter and porcine pro-
tein, respectively. Based on the literature values of the
reduction potentials, the calculated equilibrium concentra-
tions of [4Fe–4S]+ are �85% and �99% when two- and
three-electrons have been added, respectively. The CW
quantitation results (Table 2) agree within experimental
error with these values.
3.4. Use of ETF as model for non-interacting FAD

semiquinone

ETF was employed as the model for anionic flavin semi-
quinone in the absence of interaction with a paramagnetic
iron sulfur cluster. Both ETF–QO and ETF contain FAD
in an extended conformation [11,55] and both stabilize an
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anionic semiquinone with very similar EPR line widths,
14.5 G for ETF [56] and 14.6 G for porcine ETF–QO [7].

3.5. Saturation recovery vs. inversion recovery for T1

measurements

Inversion recovery was used to measure relaxation rates
of these protein samples because the signal-to-noise for
inversion recovery curves is significantly better than for sat-
uration recovery (SR) for samples with low concentrations.
In the inversion recovery experiments essentially all of the
spins within the bandwidth of the over-coupled resonator
are flipped by the inverting pulse and contribute to the
recovery curve. In SR only a weakly perturbing B1 can
be used to monitor the smaller number of spins that are
within the bandwidth of the critically-coupled high-Q reso-
nator. However, the inversion recovery curves may be sus-
ceptible to the effects of spectral diffusion because the
inverting pulse is so short, whereas in a SR experiment
the long saturating pulse decreases the contributions from
spectral diffusion. The term spectral diffusion [57,58] refers
to all processes that move spin magnetization between
positions in the EPR spectrum. If spectral diffusion moves
an excited spin outside the detection window for the exper-
iment, this process is an apparent relaxation process and
will result in a shorter measured value of T1 [58]. Spectral
diffusion is more likely to contribute to the inversion recov-
ery curves for the slowly relaxing semiquinone signal than
the much faster relaxing [4Fe–4S]+. Because the effect of the
[4Fe–4S]+ is so large relative to the contributions from spec-
tral diffusion between 30 and 50 K, the better signal-to-
noise and shorter dead-time of the inversion recovery exper-
iment makes inversion recovery a more reliable method to
determine relaxation enhancement for these samples. Spec-
tral diffusion could be a greater concern for samples with
longer r and/or smaller relaxation enhancement.

The inversion recovery curves for the semiquinone in
ETF–QO are superpositions of contributions from radicals
with a neighboring diamagnetic [4Fe–4S]2+ cluster and rad-
icals with a neighboring paramagnetic [4Fe–4S]+ cluster.
The inversion recovery data focused on the contributions
from the more rapidly relaxing semiquinone that was inter-
acting with the [4Fe–4S]+ cluster by making the length of
the data acquisition time window shorter than would be
used to record the full return to equilibrium of the signal
for the semiquinone in both environments. Spectral diffu-
sion probably makes a significant contribution to the inver-
sion recovery curves for the semiquinone in ETF.
However, by keeping the data acquisition window for the
recovery curves for semiquinone in ETF and in ETF–QO
the same at each temperature studied, the contributions
from spectral diffusion are assumed to remain constant
and to not interfere with the distance measurements.

If the pulse repetition time (SRT) is short relative to the T1

for some components of a distribution, those components
are under-represented in the experimental data. Since T1 is
much longer for semiquinone with a neighboring diamag-
netic iron–sulfur cluster, the selection of the SRT value
impacts the amplitude of the contribution from these sites.
To determine the sensitivity of the distance measurements
to the value of SRT, inversion recovery curves were recorded
with two different selection criteria for SRT—either SRT
equal to the window length for data acquisition or 5–10 times
the window length. In both cases the SRT is shorter than
would be selected to acquire inversion recovery curves for
semiquinone in the absence of interaction with the paramag-
netic [4Fe–4S]+ cluster. The values of r obtained by analysis
with MENOSR were independent of SRT.

3.6. Iron–semiquinone interspin distances

The [4Fe–4S]+–semiquinone interspin distances obtained
for the three protein samples by analysis of the semiquinone
inversion recovery curves using MENOSR are between
17.6 ± 1 and 19.6 ± 1 Å (Table 3). The similarity in distances
is consistent with expectations that the structures of these
proteins are very similar. The calculated distances are the
same, within estimated uncertainties for the two- and
three-electron reduced samples which indicates that the dif-
ferences in the fraction of interacting [4Fe–4S]+ are satisfac-
torily taken into account in the data analysis.

The point-dipole values of r (Table 3) are ‘‘effective’’ dis-
tances between the average positions of the delocalized spin
densities on the semiquinone and on the iron–sulfur cluster.
To relate these distances to the X-ray crystal structure [11] it
is necessary to consider the spin density distributions.
ENDOR (electron nuclear double resonance) measurements
of nuclear hyperfine couplings for anionic semiquinones in
protein and model compounds [12] permit calculation of
the unpaired electron spin density distributions [13]. The
largest spin densities are on nitrogen atoms of the central
pyrazine ring [N(10) and N(5) positions] and at the C(8) posi-
tion on the benzenoid ring. The spin on the anionic semiqui-
none can be approximated as a point-dipole located at the
barycenter of its spin density, which is about 4.5 Å from
the methyl group(8a). In the [4Fe–4S]+ the unpaired spin is
not equally distributed over the four iron atoms. The delocal-
ization of the magnetic moment is determined by strong
intracluster exchange coupling. Bertrand et al. developed a
local spin model suited for valence-localized clusters [59]
and a local model for a cluster that contains partially or com-
pletely delocalized mixed-valence pairs [60]. The X-band
EPR spectrum of trimethylamine dehydrogenase was simu-
lated using a local spin Hamiltonian to describe the dipolar
interactions between the semiquinone radical and the four
iron sites of the [4Fe–4S]+ cluster where the nearest atoms
of the two centers are separated by 4 Å [23]. In this case the
angles between the external magnetic field and the vectors
from the semiquinone to individual iron atoms are very dif-
ferent, which makes the dipolar couplings to individual iron
atoms very different. The interspin distance between [4Fe–
4S]+ and semiquinone in ETF–QO of �19 Å is sufficiently
long that the individual semiquinone–iron vectors make sim-
ilar angles with respect to the external field and dipolar cou-
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plings to the four iron atoms are more similar. The uncer-
tainty arising from the delocalization of the magnetic
moment in [4Fe–4S]+ is smaller at the longer distance and
the average position for the spin density on the cluster can
be taken as the center of the tetrahedron that the iron atoms
form. Fee et al. [61] calculated the cluster radius to be
between 1.66 and 1.69 Å based on analysis of circumspheres
for 12 high-resolution structures of protein-bound and small
molecule [4Fe–4S](SR)4 clusters.

The X-ray structure for porcine ETF–QO [11] shows
that the orientation of the semiquinone with respect to
the axes of the cluster is end-on and the distance of closest
approach is 11.5 Å between the iron–sulfur cluster and the
methyl group(8a) of the flavosemiquinone. Based on the
considerations in the previous paragraph, two corrections
need to be applied to the point-dipole distance. The methyl
group(8a) is about 4.5 Å from the center of spin density for
the semiquinone and an individual Fe atom is about 1.7 Å
from the center of the iron tetrahedron. Subtraction of
6.2 Å from the average point-dipole distance of
18.6 ± 1 Å gives an estimated distance of closest approach
of 12.4 ± 1 Å, which is in reasonable agreement with the
value of 11.5 Å in the crystal structure.
4. Conclusion

EPR g-values, linewidths, electron spin-lattice relaxa-
tion rates, and Orbach energies for the paramagnetic
[4Fe–4S]+ in porcine, human and R. sphaeroides ETF–
QO are similar, which indicates substantial similarity in
electronic structure and is consistent with the high sequence
homology. Although it is probable that spectral diffusion
contributes to the effective relaxation rates that are mea-
sured by inversion recovery for the semiquinone, by keep-
ing the time window for acquisition of the inversion
recovery data the same for the reference ETF sample and
for the ETF–QO sample, it was possible to characterize
the relaxation enhancement. The enhancement of the sem-
iquinone relaxation by the rapidly relaxing [4Fe–4S]+ at a
point-dipole distance of about 18.6 Å is large enough that
it also is relatively straightforward to distinguish the contri-
bution to the inversion recovery curves from semiquinone
with a neighboring diamagnetic [4Fe–4S]2+ vs. paramag-
netic [4Fe–4S]+. The point-dipole distances between the
semiquinone and [4Fe–4S]+ obtained by analysis of the
relaxation enhancement are 18.6 ± 1 Å for the three pro-
teins, which is within experimental error of the value calcu-
lated based on the crystal structure of porcine ETF–QO
when spin delocalization is taken into account.
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