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ABSTRACT. A simple strategy to separate overlapping electron paramagnetic resonance (EPR) signals in
biological systems is presented. Pulsed EPR methods (inversion- and saturation-recovery) allow the
determination of thel, spin-lattice relaxation times of paramagnetic cent@gsmay vary by several

orders of magnitude depending on the species under investigation. These variations can be employed to
study selectively individual species from a spectrum that results from an overlap of two species using an
inversion-recovery filtered (IRf) pulsed EPR technique. The feasibility of such an IRf field-swept technique

is demonstrated on model compoundsytbisphenyleng3-phenylallyl-benzolate, BDPA, and 2,2,6,6-
tetramethyl-piperidine-1-oxyl, TEMPQO) and a simple strategy for the successful analysis of such mixtures
is presented. Complex | is a multisubunit membrane protein of the respiratory chain containing several
iron-sulfur (FeS) centers, which are observable with EPR spectroscopy. It is not possible to investigate
the functionally important FeS cluster N2 separately because this EPR signal always overlaps with the
other FeS signals. This cluster can be studied selectively using the IRf field-swept technique and its EPR
spectrum is in excellent agreement with previous cw-EPR data from the literature. In addition, the possibility
to separate the hyperfine spectra of two spectrally overlapping paramagnetic species is demonstrated by
applying this relaxation filter together with hyperfine spectroscopy (REFINE). For the first time, the
application of this filter to a three-pulse electron spin-echo envelope modulation (ESEEM) pulse sequence
is demonstrated to selectively observe hyperfine spectra on a system containing two paramagnetic species.
Finally, REFINE is used to assign the observed nitrogen modulation in complex | to an individual iron-
sulfur cluster.

Paramagnetic iron-sulfur (FeS) clusters are commonly signals is crucial to characterize them in more detail using,
observed in the electron paramagnetic resonance (EPR)for example, hyperfine spectroscopy. Several membrane
spectra of many biological systems. They play an important proteins in which FeS clusters are found have already been
role in the translocation of electrons in enzym#y Their crystallized and their structures determing)l The NADH:
detection and classification can be performed with continuous ybiquinone oxidoreductase (complex 1) from the mitochon-
wave (cw)-EPR; however, a common problem is the presencegrial respiratory chain is among the largest and most complex
of more than one species, and the separation of their EPRpembrane-bound multiprotein complexes kno®@p), but
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dopedl-histidine model complex; BDPAy, y-bisphenylenes-phenyl- its structure and catalytic mechanism. Cw-EPR experiments

allyl-benzolate; cw, continuous wave; ESEEM, electron spin-echo have demonstrated the presence of several FeS clusters in

envelope modulation; ENDOR, electron nuclear double resonance; EPR'CompIeX | 8—10), although the characterization of the

electron paramagnetic resonance; FeS, iron-sulfur; HYSCORE, hyper-. . " . . i .
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6 x [4Fe—4S]) as electron-transfer componer@yg although time, which is also a function d andm (26).

to date only six FeS clusters have been observed using EPR \jith time-domain techniques that exploit the spin-lattice
spectroscopy. According to the assignment of complex | from relaxation time 1o and their temperature dependency, it is
bovine heart mitochondria, they are designated N1a and N1ba|so possible to distinguish between different species. With
for the [2Fe-2S] clusters and N2, N3, N4, and N5 for the filter effect of the stimulated echo sequence with respect
[4Fe—4S] clusters, which is based upon their temperature- tg the longitudinal relaxation time, it is possible to suppress
dependent appearance in the cw-EPR spectB)nBecause  the contribution of one specie2q, 28). Longitudinal

of its comparatively high pH-dependent redox potentld) ( detection can also be used to separate EPR signals by their
and its putative interaction with a semiquinone radida)( differences inTie (29).

cluster N2 has been proposed to play a prominent role in
redox-linked proton translocatiod, 14). It has been shown  gpecira based upoh relaxation differences. An inversion-

that cluster N2 is located on the PSST subunit of complex I recovery filter (IRf) applied together with pulsed EPR allows
(15,16), but in this subunit only three cysteines are available o separation of paramagnetic species by their differences
to form the usual binding motif for a tetranuclear iron-sulfur j, the longitudinal relaxation timel;e, and other processes
cluster. This raised the question about the nature and thezonriputing to the recovery of the magnetization. Depending
location of the fourth ligand of cluster N2. The obligate o the filter time {F) chosen, it is possible to selectively
aerobic yeastyarrowia lipolytica represents a powerful  g,hnress one of the overlapping species and thus in the case
model system to study complex1{). By a combination of ot tyq species record an EPR spectrum of the second species.
site-directed mutagenesis, enzyme kinetics, and EPR SpeCThe inversion-recovery filter can in principle be combined
troscopy, it was possible to obtain new insights into the ith many pulse experiments, such as echo-detected field-
nature of the catalytic core of complexlg 19). As a result swept EPR, ESEEM, HYSCORE, ENDOR, or PELDOR.

of these studies, the nitrogen-containing amino acids argi- yere we introduce the principle of relaxation-filtered hy-

nine-141 and histigiine-226 _in tht_'—: 49 kDa subunit were perfine (REFINE) spectroscopy by applying this filter
suggested as candidates to ligate iron-sulfur cluster N2. Thetogether with a three-pulse ESEEM sequengé) on a
interaction of nitrogen-containing amino acids with iron- - mivire of BDPA and CuHis to demonstrate that it is possible
sulfur centers can be studied using electron spin-echo i this method to record separated hyperfine spectra. The
envelope modulation (ESEEM) spectroscopf£22). In REFINE method is then applied to mitochondrial complex |

cw-EPR at low temperatures<@5 K), the N2 spectrum is 5 assign the nitrogen modulations observed in the ESEEM
strongly overlapped with the spectrum of cluster N1. So far spectrum of the iron-sulfur clusters N1 and N2. The

N1 .is thg only binuclear cluster detected in complex | from requirements in a mixture of two paramagnetic species with
Y. lipolytica N1 becomes reduced by NADH, and because respect to cw-signal-to-noise (S/N) ratio, intensity, and

of its EPR-spectroscopic properties,_it is assur_ned that thislongitudinal relaxation time ratio are discussed.
cluster corresponds to cluster N1b in the bovine enzyme.

N1b is located in the 75 kDa subunit, which possesses threepmATERIALS AND METHODS
conserved cysteine binding motifs for iron-sulfur clust&)s (

The spectral overlap of paramagnetic species is a common The well-known organic radicals TEMPO (2,2,6,6-tetra-
problem in the EPR investigation of biological systems but methyl-piperidine-1-oxyl) and BDPAo(y-bisphenylengs-
in many cases different paramagnetic species can, inphenylallyl-benzolate) are employed as model systems to
principle, be distinguished by one of their EPR parameters. demonstrate the efficiency of the REFINE method. All model
If the paramagnetic species have differgialues, they can ~ compounds and their mixtures are first dissolved in a solution
be separated by performing high-field, high-frequency EPR of polystyrene in toluene. The solutions are then evaporated
spectroscopy3) because the-tensor is field-dependent. (293 K) and finally dried in high vacuum (18 mbar) to
Thus just as in nuclear magnetic resonance (NMR) spec-ensure that all solvent molecules are removed. The final
troscopy, higher magnetic fields lead to a higher resolution concentration for all samples is aboui510~° mol/kg. For
of the EPR spectrum. An alternative method to separate the IRf field-swept experiments, the weight ratio of TEMPO/
overlapping species by theig-tensor values at X-band BDPA is chosen such that the maximum intensity of the
frequencies (910 GHz) is electron-Zeeman-resolved EPR, BDPA EPR line in absorption is of the same order of the
a method whereby a variable-amplitude, external sinusoidalintensity of the central line of the TEMPO spectrum. Copper-
modulated field is applied, resulting in a field-swept EPR doped histidine (CuHis) is prepared from a deuterated
spectrum that is spread into a second dimension, representingqueous (BD) solution ofl-histidine hydrochloride contain-
the g-values of the paramagnetic specigd)( ing 0.5% (mole) anhydrous copper sulfate (CuBy slow

If the overlapping species have different electronic spin €vaporation. A CuHis/BDPA ratio of 26/1 (w/w) results in
quantum number$ and m;, they can be distinguished by @ 1/9 intensity ratio at the magnetic field position of the
their different Rabi-oscillation (nutation) frequencies. The BDPA EPR resonance.
phase-inverted echo-amplitude-detected nutation (PEANUT) The yeastY. lipolyticais a powerful model system for
experiment allows the separation of paramagnetic speciesstructural and functional analysis of complex I. It combines
according to their different nutation frequenci@s)( A two- the availability of a preparation procedure resulting in a pure,
dimensional PEANUT experiment, which correlates such stable, and enzymatically active enzyme complex together
nutation frequencies to the resonant field, simplifies the with the opportunity to use site-directed mutagenesis for
interpretation of such complex field-swept EPR spectra. functional and structural analysid?, 31). Growth of Y.
Another possibility to separate paramagnetic species with lipolytica and preparation of isolated complex | is performed
different spin quantum numbe8or myis by their refocusing  as described3R).

Here we describe a general concept to filter-pulsed EPR
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EPR samples are prepared using isolated complex | mixed 180y 90x 180x

with the physiological substrate nicotinamide adenine di- A

nucleotide (NADH) directly in the EPR tube and frozen in I Tr I T . . A

liquid nitrogen after 30 s reaction time. The cw-EPR

spectrum from complex | reduced with NADH reveals
signals originating from five different FeS clusters:
N1 (2Fe-2S), N2, N3, N4, and N5 (all 4Fe4S) 393).

X-Band spectra are measured on a Bruker E-580 spec-B )
trometer using a Bruker EPR cavity (MD5-W1) equipped I
with an Oxford helium flow cryostat (CF935). The pulses

are amplified usig a 1 kW pulsed travelling wave tube i ,
(TWT) amplifier for complex | and CuHis/BDPA or a  Preparation Evolution Detection
20 W cw-TWT for the TEMPO/BDPA mixture. Conven- ' :

1893; QQx 90x A0x o

Tk IJTI;‘

tional (7/2—t—x) and IRf (r—Te—n/2—7—7) field-swept Ficure 1: Pulse sequences. To vary the amplitudes independently,
. . . the pulses were set in two different microwave channels as indicated
spectra are obtained by integrating the area under a Hahry, ‘o corresponding indices. Panel A depicts the IRf field-swept

echo as a function of the mqgnetic f_iF_«"d- For inversion- sequence. An eight-step phase cycling is required to remove the
recovery time traces at fixed field positions, all traces are contribution of unwanted echoes. Panel B depicts the REFINE

normalized to the echo amplitude without an inversion pulse. sequence using a three-pulse ESEEM sequence. A 16-step phase
For REFINE, a three-pulse stimulated echo sequence iscycling is required to remove the contribution of all unwanted
combined with the inversion-recovery filter resulting in a echoes.

four-pulse sequencer{Te—n/2—1—n/2—T—n/2). To re-
move all unwanted echoes, a full eight-step phase cycle is
applied for the IRf field-swept sequence, while a 16-step
phase cycle34) is used for REFINE. RESULTS

For quantitative analysis and comparison, the S/N ratio is

given for a time constqntfd s incw-EPR ad 1 s averaging perform inversion-recovery filtered experiments are shown
time for. pulsed experiments. . in Figure 1. As is commonly used in NMR, the sequences
The ideal pulse length using the 20 W TWT for the gre distinguished into three different time segments: prepara-
TEMPO/BDPA mixture is 96 ns for the inversion and the  tjon (P), evolution (E), and detection (D). During the
7 pulse and_ 48 ns for the/2 pulse. The pulse lengths used  preparation (P), a non-Boltzmann polarizatierlz, of the
for the IRf-field-swept experiment on complex | are set to glectron spin magnetization is created by @8C°) inversion
16 ns for ther pulse and 8 ns for the/2 pulse. For REFINE  py|se. Due to longitudinal relaxation, the electron spin will
on the model system, the pulse lengths are optimized 10 g|ax pack to the thermal equilibrium magnetizatiod,
20 ns for the inversiom pulse and 12 ns for the/2 pulse.  qyring the evolution (E) time period. This relaxation back
REFINE spectra are recorded at a fixed valueTefwhile to the thermal equilibrium polarization can be monitored by
incrementing the timel in steps of 16 ns. Five hundred qing 4 Hahn echo (Figure 1A) or a stimulated echo (Figure
twelve points are taken in th_e time domain. For all ESEEM 1B) detection sequence (D) by varying the tificbetween
spectra, a value of 172 ns is used. preparation and detection. This is typically done in an
For the biological system complex |, the pulse lengths are inversion-recovery experiment from which it is in principle
set to 12 ns for the inversion pulse and 24 ns for the  possible to obtain the transversal relaxation tifie,
7i/2 pulse. REFINE spectra are recorded at a fixed value of It is a well-known problem that relaxation times measured
T while incrementing the timd in steps of 20 ns. Two by the inversion-recovery method are often described by
hundred fifty-six points are taken in the time domain ata nonexponential decays. This is because quite often it is not
value of 192 ns. possible to completely invert the entire spectrum using a
Data fitting is performed using a least-squares fit routine Single microwave pulse. In this case, other processes such
in Origin. For REFINE spectra, a second-order polynomial as spectral diffusion may also contribute to the observed
background (model complexes) or a low-passudr = magnetization recovery8b) and often result in an overall
0.5 MHz) filtered time trace (complex 1) is subtracted from nonexponential decay. In the simplest case, the inversion-
the time traces to remove the echo decay function. Before recovery time trace of such a system can be described by a
Fourier transformation, a Hanning window function is two-exponential function
applied and the time trace is zero-filled to double the number
of experimental data points. Magnitude Fourier spectra are ot)=1— Ifexp(;ft) — Isexp(lt) (1)
T

compared to ag-standard (BDPA in polystyrene) to ac-
curately adjust the field position.

1. Model CompoundsThe pulse sequences used to

shown in all cases. Due to a spurious baseline artifact, the TS

first 20 data points in the time traces of complex | are

ignored. Field-swept echo-detected EPR spectra of N1 andwhere | and T are the amplitudes and time constants,
N2 are numerically simulated using a powder average of respectively, for a slow (s) and fast (f) component where
4144 molecules equally distributed on a unit sphere with the slow component is close to the true valueTef No
respect to their orientation relative to the external magnetic further attempts are made to analyze the decay function in
field vectorB,. The resulting histogram is convoluted with more detail, because it is not important to know exactly the
a Gaussian line to account for the inhomogeneous line width origin of the different processes contributing to the whole
of unresolved hyperfine interactions. All measurements are relaxation decay for the filter method presented here.
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FiGure 2: Inversion-recovery traces of the individual model compounds. All inversion-recovery traces and field-swept spectra are recorded
at room temperature. Field positions for inversion-recovery traces are marked in the EPR spectra by asterisks. Fit parameters for inversion-
recovery traces are given in Table 1. Panel A depicts (top) the field-swept spectrum of BDPA, (middle) the inversion-recovery trace of
BDPA in polystyrene, and (bottom) the IRf field-swept spectrum of BDPAmt 9 us. Panel B depicts (top) the field-swept spectrum

of TEMPO, (middle) the inversion-recovery trace of TEMPO in polystyrene, and (bottom) the IRf field-swept spectrum of TEMPO at

Te = 192 ns.

In Figure 2A,B, the inversion-recovery traces and the (dashed lines). The relaxation curve of the mixture consists
respective EPR spectra for the two pure compounds, BDPA of a superposition of the relaxation curves of each individual
and TEMPO, are shown. The magnetic field positions for component. When the detection sequence is applied at the
the inversion-recovery measurements are marked with antwo filter times, TE°"* or TI¥¥P° indicated by the arrows
asterisk in the field-swept spectra at the top of the respectivein Figure 3A, it is possible to record a pure field-swept
representation. After inversion of the electron spin magne- spectrum of the other compound. At the positibF""°,
tization, this magnetization decay traverses a zero-crossingthe EPR signal consists only of the contribution from BDPA
point of the magnetizatioM; at the positionT?°"* and  (Figure 3B), while atTE°™, the only contribution arises
TLEYFO, respectively, indicated by arrows in Figure 2A,B. from TEMPO (Figure 3C). For the species with the longer
At this time valueTr, no Hahn echo is observed from this relaxation time (BDPA), the signal observed is inverted and
species by the detection sequence, and thus, this species igesults in a signal intensity corresponding to 35% of the
suppressed. We call this the filter tim&;. If the different maximum intensity for BDPA. Because of the much shorter
species have different recovery time traces, each species willrelaxation time of TEMPO almost 100% of the maximum
have its own filter timeTe at which it is suppressed. signal intensity is detected. The individual spectra obtained

To obtain an IRf field-swept spectrum, the relaxation traces from the mixtures are in very good agreement compared with
are recorded in a two-dimensional experiment where the the spectra of the pure components as can be seen from the
magnetic field is swept in the second dimension. The difference spectra shown for each species at the bottom of
suppression efficiency of the method for each individual Figure 3B,C.
compound is shown in the lower part of Figure 2A,B where  Figure 4 shows a relaxation-filtered hyperfine (REFINE)
field'SWGpt SpeCtra are recorded at the filter time of the pure experiment, which in this case uses a three_pu|se ESEEM
Compounds. For BDPA, this results in a 92% SUppreSSion atsequence, as shown in Figure 1B, app“ed to the model
Te = 9 us, and for TEMPO, the suppression of the EPR system CuHis-BDPA. The three-pulse ESEEM without the
signal is also 92% with a filter time ofr = 192 ns. inversion-recovery filter performed at ~ 2 is shown in

In Figure 3A, the inversion-recovery spectrum of the Figure 4A. The time trace after echo decay subtraction
TEMPO/BDPA mixture is shown. The field position where reveals a superposition of slow and fast modulations. The
the spectrum is recorded is marked by an asterisk above theslow modulation arises from nitrogen coupling of histidine
EPR spectrum shown in the insert. For comparison, the to copper, while the fast modulation is assigned to protons
simulated inversion-recovery curves for the pure model of BDPA. After Fourier transformation, the respective proton
compounds (using data listed in Table 1) are also shown (15 MHz) and nitrogen (63 MHz) frequencies are clearly
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Ficure 3: IRf field-swept spectra of the model compounds. Panel A depicts the inversion-recovery trace of a TEMPO/BDPA mixture. For
comparison, the simulation of the inversion-recovery curves of the pure compounds are also drawn in the figure. Field position for the
inversion-recovery trace is marked in the EPR spectrum (insert) by an asterisk. Panel B depicts the IRf field-swept spectrum at a filter time
T = 192 ns. Comparison of the pure BDPA spectrum and the spectrum obtained from the mixture is shown. Panel C depicts the IRf
field-swept spectrum at a filter tim&- = 9 us. Comparison of the pure TEMPO spectrum and the spectrum obtained from the mixture is
shown.

fast relaxation timesJ,, of the iron-sulfur clusters. From

Table 1: Inversion-Recovery Parameters for TEMPO and BDPA -
cw spectra taken at71K a S/N ratio of 1200 can be

lcd
ISfau]  Te[us] 1ffau]  T'lus] T*us] determined compared to a S/N ratio of about 500 determined
TEMPO 0.45 2.27 0.82 0.56 0.19 in the pulsed experiment (as defined in Materials and
BDPA 0.92 4200 044  17.00 9.07 Methods).
* Fits were performed according to eq 1. The principal values of ther-tensor of the individual

species are indicated in Figure 5. At the low field edge of

observed. With the application of the REFINE experiment the spectrum the, component of iron-sulfur cluster N2 is
(Figure 1B), it is possible to record the ESEEM spectrum completely separated from any contribution from cluster N1.
of each individual compound from the mixture. At a filter Theg; component of cluster N1 is also clearly visible while
time Te = 12.5us, only the fast modulation of the protons the two g, components overlap completely. Applying the
from BDPA can be seen in the time trace and the respective!Rf field-swept experiment as demonstrated for the model
Fourier transformed spectrum (Figure 4B). To selectively compounds, it is possible to separate the two FeS clusters
study the nitrogen modulations, a filter tinfg = 1.5 ms (Figure 5B,C). Using a filter tim@}" = 420 ns, one can
was chosen (Figure 4C). This filter time leads to a complete selectively record the spectrum of cluster N2 (Figure 5B).
suppression of the modulations arising from the protons of For cluster N1, this is possible witﬁl’E2 = 68 ns
BDPA, and only the nitrogen frequencies of the histidine (Figure 5C). The EPR spectra so obtained can be simulated
are observed in the Fourier transformed spectrum. using theg-tensor values given in Table 2.

2. Complex 1. As mentioned previously, the detection of Figure 6 shows the REFINE sequence (Figure 1B) applied
iron-sulfur clusters using cw-EPR is strongly dependent on to the two iron-sulfur clusters N1 and N2 at a field value
temperature. At low temperatures, up to five iron-sulfur corresponding tg = 1.96. At this field position, both iron-
clusters ofY. lipolyticacomplex | are visible in the cw-EPR  sulfur clusters contribute equally to the intensity in the EPR
spectrum 83). At the specific temperature of 17 K, only the spectrum. Filter times are selected to suppress the contribu-
two iron-sulfur clusters, N1 and N2, contribute to the EPR tions of N1 and N2. Figure 6A shows an ESEEM trace with
spectrum in a pulsed experiment (Figure 5A). In a cw-EPR the respective Fourier transformation recorded with a filter
experiment, however, four iron-sulfur clusters are visible at time Tr = 50 us. At this filter time, the system is back at
this temperature. This difference can be explained by the the thermal equilibrium polarization. In the region of
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Ficure 4: ESEEM and REFINE spectra of the model system CuHis-BDPA studied a 20 K. For all experimevadja of 172 ns is used.
All spectra are taken @ ~ 2. Panel A depicts the three-pulse ESEEM spectrum of CUBIBPA. Panel B depicts the REFINE spectrum
at filter time Tg = 12.5us. Only contributions of BDPA are observed. Panel C depicts the REFINE spectrum with a filteFtimd.5
ms. Only contributions of CuHis are observed.

0—4.5 MHz, several features are visible, which can be clearly  For the mixture of TEMPO and BDPA, only 8% of the
assigned to a nitrogen nucleus, because of their Larmororiginal signal intensity is left at the observed filter times
frequency shift when changing the field position (data not (Figure 2A,B, bottom). This residual signal appears as a
shown). However, because of the overlap of the EPR spectraperturbation in the signal of the mixture. However, this
it is not possible to decide which iron-sulfur cluster is perturbation is scaled by the relative contributions of the two
responsible for these frequencies. By applying the filter species in the mixture at the field position under study as
sequence with the respective filter imgs" and TH, one well as the relative percentage of the observed signal at the
can record ESEEM spectra of the individual species. separation time chosen. This is nicely demonstrated for
Figure 6B shows the ESEEM spectrum at a time where BDPA in Figure 3B. The differences between the TEMPO
cluster N1 is completely suppressed. This time trace and thespectrum recorded in the mixture and the pure compound
corresponding Fourier transformation do not show any jtself arise mainly from anisotropic relaxation ®f. For a
modulations arising from the interaction with a nitrogen. gyccessful separation of the individual components, it is clear
Figure 6C shows the corresponding spectrum in which all {44t the relaxation behavior of each paramagnetic species
contributions of cluster N2 are suppressed. The modulationsghquid not have a large field dependence; otherwise, the two
that were observed in the REFINE spectrum with the:S0  ghacra cannot be separated with a fixed valugrofSuch
filter time are also observed in this spectrum. anisotropic relaxation of; will affect different parts of the
TEMPO spectrum differently. At the filter time of &s, the
central line of the TEMPO spectrum is nearly completely

1. Model Compoundghe inversion_recovery f||ter (|Rf) relaxed (99%), WhereaS the amplitude Of the h|gh-f|e|d Iine
presented here provides an experimental method for separatis still only at 94% of the total signal intensity. Thus when
ing overlapping EPR signals in pulsed EPR experiments. comparing the entire spectrum of TEMPO measured with
Although, the relaxation mechanisms affecting the inversion- IRf field-swept (at a time where the relaxation process is
recovery experiment lead to a complex and often nonexpo-not complete) with a normal field-swept spectrum, small
nential decay as mentioned previously, this does not limit differences are expected and are seen (Figure 3B). However,
the application of the IR filter in practical cases. The the intensity of the calculated residual (which also includes
feasibility and limitations of the presented IRf method are the residual BDPA signal, Figure 2A) is still onty20% of
discussed in the following. the total signal intensity.

DISCUSSION
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Ficure 5: Field-swept EPR spectra of the iron-sulfur clusters of
Y. lipolyticaat 17 K with their respective simulations. Panel A
presents the field-swept spectrum Yf lipolytica at 17 K. The
arrows indicate some principal values of tp¢ensors of N1 and
N2. Panel B presents cluster N2 with IRf field-swept spectrum at
a filter time Tr = 420 ns. Panel C presents cluster N1 with IRf
field-swept spectrum at a filter tim& = 68 ns. The signal was
multiplied by the factor of-1. Simulation parameters are given in
Table 2. Within the estimated error Ay = 0.003, it is possible to

simulate all three spectra with the same values. The ratio of

N1/N2 was calculated to be 55:45.

Table 2: Experimentally DeterminegtValues for the FeS Clusters
N1 and N2 from Different Organisms

cluster organism [N Oy Ox

N1 N. crasséa 2.019 1.935 1.933
bovine heaft 2.02 1.94 1.92
Y. lipolyticef 2.020 1.943 1.940
Y. lipolytica(IRf-FSF ~ 2.016 ~ 1.943  1.936

N2 N. crassa 2.051 1.925 1.926
bovine heaft 2.05 1.92 1.92
Y. lipolyticef 2.053 1.929 1.925
Y. lipolytica(IRf-FSY 2.053 1.930 1.920

aNeurospora crassaaken from ref42. ® Taken from ref. ¢ Taken
from ref 33. 4 This work, simulated using a Gaussian line width of
13 G (N1) amdl 6 G (N2).

If the relaxation parameters of a mixture of two spins are
both isotropic, it is possible to calculate the filter times by

Biochemistry, Vol. 43, No. 13, 2008975

important requirement is that at least one field position in
the EPR spectrum belongs to only one species. At this
position, it is straightforward to record an inversion-recovery
trace to determine the relaxation parameters for the first
species. The parameters for the second species can be
extracted from an inversion-recovery trace recorded at a
position where both species contribute to the signal. The time
trace recorded at this position is fitted by a multiexponential
function, whereby only the parameters of the second species
are varied. The relaxation parameters determined from the
inversion-recovery curves for the TEMPO/BDPA mixture
using eq 1 are summarized in Table 1. After the time traces
of each individual species with their respective parameters
are simulated and the traces are plotted in a semilogarithmic
representation, the decay function crosses a horizontal line
corresponding to the echo intensity without inversion (data
not shown). The time at this point corresponds to the
respective filter time Tr) of each individual component.
These mathematically determined filter times are given in
Table 1 and are in excellent agreement with the experimen-
tally determined values of 192 ns for TEMPO ang®for
BDPA.

In addition, we have used these numerical simulations to
estimate the range of conditions required for a successful
REFINE (IRf) experiment on such a mixture of two
compounds. The ratio of the respectiVeratios is varied
from 1:2 to 1:10 while changing the degree of inversion and
the S/N level. For a given S/N of 500 in a pulsed experiment,
the limit for the ratioT//T: is estimated to be 1:5. The
ideal ratio of signal amplituded 4/18) is 1:1 but may vary
by one order of magnitude under the conditions defined
above. In principle, there is no minimum filter tine using
a phase cycling sequence, however, without a phase cycling
sequence the minimum filter time has to be in the order of
2t ~ 500 ns.

The requirements for a successful experiment are sum-
marized as follows: (1], of each species has to be isotropic;
(2) SIN= 1000 in a cw-experiment; (3} > 500 ns (without
phase cycling); (4Y7/T$ = 1/5 (for a given S/N of 500 in
a pulsed experiment); (3Y*/18 > 0.1 for detection of A
and suppression of B (for a given S/N of 500 in a pulsed
experiment)

The feasibility of REFINE is clearly demonstrated on the
model system CuHis-BDPA (Figure 4). From IRf field-swept
experiments, the suppression of the CuHis contribution was
estimated to be at least 85% of the total signal intensity of
CuHis atg ~ 2. For BDPA, the suppression is 90%. As can
be clearly seen from Figure 4, even with an incomplete
suppression, the different hyperfine contributions are still
sufficiently separated.

This method opens up several other possibilities. The
REFINE concept can be extended into a second dimension
with one dimension corresponding to the filter timeand
the other to the time domain of the ESEEM experiment. Thus
even without knowing the filter times of two paramagnetic
species, it should still be possible to assign different ESEEM
transitions to different species by the time-dependent re-
sponse of the individual hyperfine lines. This should then
also be possible when more than two species contribute to
the ESEEM spectra and the relaxation times cannot be

a simple method. When an unknown system is studied, onemeasured directly via inversion recovery.
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Ficure 6: REFINE spectra of complex | at 17 K. For all experiments value of 192 ns is used. All spectra are taken at a magnetic field
corresponding t@ = 1.96 and are normalized to the echo intensity &t 0. Panel A presents the REFINE spectrum with guS(filter

time. Panel B presents the REFINE spectrum with a filter time to suppress the contributions of cluster N1. No modulations are left. Panel
C presents the REFINE with a filter time taken to suppress contributions of cluster N2.

2. Complex I.The relaxation behavior of iron-sulfur The g-values for the iron-sulfur clusters N1 and N2
clusters has been extensively studied using cw-EPR saturadetermined from simulation of the IRf field-swept spectrum
tion methods 85). In the temperature range of30 K, the are compared with values obtained by cw-EPR for different
spin-lattice relaxation usually occurs via a Raman process,organisms (Table 2). The IRf field-swept spectra can each
as has been shown for [2F8S] clusters 36), as well as be satisfactorily fitted with only ongr-tensor (Table 2),
for [AFe—4S] clusters 7), and the Debye temperature for demonstrating that the obtained separation times lead to a
both types of FeS clusters is in the range of 60 K (45%Ym good suppression of the other species within the experimental

The IRf field-swept experiment is successfully applied to S/N ratio and are in very good agreement with the values
the two FeS clusters N1 and N2 of Comp|ex h{)ﬂ|po|yt|ca taken from the literature. Within the estimated error of
In principle, it should be possible to predict the filter time Ag = 0.003, it is possible to simulate the EPR spectrum of
for each FeS cluster by calculation as shown for the model the mixture as well as those of the individual species with
system TEMPO/BDPA. This requires that the correct values the sameg-values (Figure 5). In addition, the ratio of N1/
for the relaxation parameters can be extracted from the N2 is determined to be 55:45. This result confirms our
inversion-recovery traces. Unfortunately in biological sys- Previous determination of the stoichiometry of iron-sulfur
tems, it is often the case that additional minority paramag- clusters in complex | fronY. lipolytica which was 1:1:1:1
netic species of variable intensity contribute to the EPR for the clusters N1, N2, N3, and N&I). The complex |
spectrum, making this simple analysis of such inversion- samples do not show any unassigned spectroscopic contribu-
recovery traces very difficult. In the case of complex I, itis tions that might indicate the presence of an additional
not possible to calculate an exact value for the filter times. binuclear cluster like N1a in the bovine Bt coli enzyme.
Instead a two-dimensional experiment has to be performedOn the other hand, the binding motif for a second 228
to determine the filter timesT(? and TN?) where the first ~ cluster is conserved in the correspondifidipolyticasubunit.
dimension corresponds to the field-swept EPR spectrum andPossibly this cluster is not sufficiently reduced because of
the second dimension to the filter tirfe. The filter imes ~ @n extremely negative redox midpoint potential.
of TE* = 420 ns andT}* = 68 ns determined by this Because no crystal structure of complex | is available, it
experiment were then applied to suppress the contributionis of great interest to study the immediate ligand sphere of
of one or the other iron-sulfur cluster in the EPR spectrum. cluster N2 with alternative spectroscopic methods. At a
The signal intensities using the inversion-recovery filter are temperature of 30 K where only cluster N1 is visible, we
28% for cluster N1 and 58% for cluster N2 compared to the have also observed spin-echo modulations that can be
intensities without use of the filter. Despite these reduced assigned to nitrogen. Thus with conventional ESEEM
signal intensities, an adequate S/N is still achievable within spectroscopy alone, it will not be easy to distinguish between
reasonable measuring times. possible modulations arising from either N1 or N2 at 17 K.



REFINE Spectroscopy

However, using REFINE, it is possible to study the hyperfine 2.

spectrum of cluster N2 alone. From Figure 6B, it is shown
that the modulations observed in the ESEEM spectrum at 5
17 K can be clearly assigned to cluster N1 and are very
similar to those seen at 30 K for N1 alone (data not shown).
Two different types of cluster coordination are typical for
[2Fe—2S] clusters, namely, a Rieske- and a ferredoxin-type,

having characteristic patterns in their ESEEM spectrum. 5.

While the Rieske ESEEM spectrum is dominated by two
double quantum peaks around 4 and 7 MHz (e.g., see refs ¢
20, 38, and 39), the ESEEM spectra of ferredoxins only
reveal several peaks below 5 MHz (e.g., see 24f22, 40,
and 41). This difference is because the magnitude of the
hyperfine tensor for a backbone nitrogen in ferredoxins g
(A ~ 1 MHz) is closer to the exact cancellation condition

(2v; = A) compared to the hyperfine tensor value of the 9.

remote histidine in Rieske centers & 4 MHz). These
characteristics provide a fingerprint that can be used to

describe the ESEEM spectrum of cluster N1. Assuming that 10.

cluster N1 corresponds to cluster N1b known from bovine
and bacterial complex I, this cluster is not expected to have
a direct nitrogen ligand but rather is coordinated by four

cysteines. This fact and the fingerprint obtained for cluster 11.

N1 indicates a ferredoxin-type [2F2S] cluster interacting
with a peptide backbone nitrogen.

When the contribution of cluster N1 is completely sup-
pressed, no nitrogen modulations are observed in the
REFINE spectrum of cluster N2. From the fact that cluster
N2 does not show anyN ESEEM effect, we can most
probably exclude a direct coordination by a histidine or
another amino acid having nitrogen in the side chain.

CONCLUSIONS

It has been shown that an inversion-recovery filter can be
used to separate the spectral contributions from different
paramagnetic species in a pulsed EPR experiment. This was

first demonstrated for the model compounds BDPA and 16.

TEMPO in polystyrene. The application of this inversion-
recovery filter together with hyperfine spectroscopy (RE-

FINE) was shown for the three-pulse ESEEM sequence to 17.

selectively suppress contributions of a mixture of two species
in the ESEEM experiment. This novel method was then ;g
applied to complex | fron¥. lipolytica It was possible to
record individual EPR spectra of iron-sulfur clusters N1 and
N2 within one sample at the same temperature. This cannot
be achieved by conventional cw- or pulsed EPR methods.
The obtained signal intensities are sufficient to obtain EPR
spectra of the individual components within acceptable
measurement times. Finally it could be shown with REFINE
spectroscopy that cluster N2 is most probably not coordinated
by a nitrogen from an amino acid side chain. This REFINE
concept should be applicable for all types of hyperfine
spectroscopic methods (e.g., HYSCORE, ENDOR, TRIPLE)
allowing the detailed investigation of overlapping EPR
signals separately. In addition, this inversion-recovery filter
may also be combined with other pulse sequences such as
PELDOR. Such REFINE experiments are currently being
performed in our laboratory.
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