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Within this review, we describe a home-built pulsed electron paramagnetic resonance (EPR) spectrometer
operating at 180 GHz as well as the incorporation of two double resonance techniques, electron nuclear
double resonance (ENDOR) and pulsed electron double resonance (PELDOR), along with first applications.
Hahn-echo decays on a TEMPO/polystyrene sample are presented, demonstrating that the observation of
anisotropic librational motions is possible in a very precise manner at high magnetic fields. Bisdiphenylene-
phenyl-allyl is used as a model system to illustrate the performance of the setup for 'H-ENDOR using
the Mims as well as the Davies sequence. Furthermore, first 'H-Mims and Davies ENDOR spectra on
a biological sample, the wild-type RaseMn?**GDP protein, are reported. The capability of the 180-GHz
PELDOR setup is demonstrated using the three-pulse ELDOR sequence on the protein ribonucleotide
reductase (RNR) subunit R2 from Escherichia coli, which contains two tyrosyl radicals at a 33 A distance.
At 180 GHz, orientation selectivity is observed and the modulation frequency is found to be in good

agreement with theoretical predictions. Copyright © 2005 John Wiley & Sons, Ltd.
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INTRODUCTION

In the past two decades, the implementation of high-
field electron paramagnetic resonance (HF-EPR) spectrom-
eters has been greatly facilitated by substantial progress
in microwave technology. The first pulsed HF-EPR spec-
trometer was built in 1989 in Leiden at 95 GHz,' fol-
lowed by two spectrometers operating at 140 GHz built
in Moskau? and in Cambridge® along with another 95-
GHz spectrometer built later on in Berlin.* Since 1996, a
95-GHz pulsed HF-EPR spectrometer has been available
commercially at Bruker Analytik,® as well as at the Donetsk
Physico Technical Institute, along with a 95- and 130-GHz
pulsed EPR spectrometer.®” The vast application potential
of high-frequency EPR and the advantages of pulsed vs
continuous wave (cw) techniques have been documented
in several recent review articles and books.®° Only two
home-built spectrometers that permit routine spectroscopy
have been reported so far at microwave frequencies higher
than 140 GHz, the first one at 180 GHz'° and the second at
270 GHz.!! The possible extension to even higher frequencies
has been demonstrated at 604 GHz using pulsed far infrared
lasers.'?

It is well established that electron nuclear double res-
onance (ENDOR) spectroscopy shows considerable advan-
tages when performed at high fields and frequencies.®13-1%
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The first pulsed high-field W-band ENDOR spectrometer
operating at 95 GHz was built simultaneously in Berlin*
and in Leiden' in 1995. In 1999, another pulsed W-band
ENDOR spectrometer was implemented in Rehovot® and, at
the same time, at a frequency of 140 GHz in Cambridge."
Very recently, pulsed ENDOR at 275 GHz has been demon-
strated in Leiden.!® One of the numerous advantages of
performing ENDOR at high fields is the increased nuclear
Zeeman resolution, which leads to the separation of ENDOR
signals from different nuclei as well as significant simplifica-
tion of the ENDOR spectra to first order. Another advantage
is the possibility to determine the sign of hyperfine coupling
constants (HFCs) by exploiting the large thermal electron
spin polarization at high fields and low temperatures.'”:18
Furthermore, the increased resolution of g-anisotropy at
high fields allows the selective excitation of specific mole-
cular orientations. For high-spin systems, such as Mn**,"¥
HF-EPR offers the crucial advantage of reducing the for-
bidden transitions and narrowing the central transitions
(ms = —1/2 = +1)2).

The incorporation of a pulsed electron double resonance
(PELDOR) unit into a pulsed EPR spectrometer and the
performance of the PELDOR experiment itself is more
difficult at high magnetic fields than at standard X-band
frequencies for various reasons. First, the implementation of
asecond frequency channel in the high-frequency microwave
bridge without degrading the pulse performance of the
spectrometer is much more demanding. Further, the limited
available microwave power renders the pumping pulse
more selective. The first ELDOR experiment reported at
high fields was performed at the Massachusetts Institute of
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Technology (MIT) using a gyrotron as a microwave pumping
source.?’ This setup was used to measure cross-relaxation in
a homogeneously broadened EPR line. However, such high-
power microwave sources are not standard components of
HF-EPR spectrometers. For distance measurements, the low
efficiency of the pump pulse combined with the fact that
EPR lines at higher fields usually become much broader
because of g-anisotropy leads to the expectation that the
modulation effect will be much weaker than that observed
at X-band. On the other hand, the experimental conditions
at high fields allow the performance of orientation-selective
experiments, which can additionally provide the relative
molecular orientation of the two radicals with respect to
each other. Recently, we have reported the first PELDOR
experiment at high fields on a biological sample.”!

Within the present review, we describe the main fea-
tures and latest developments of our 180-GHz pulsed
EPR/ENDOR/PELDOR spectrometer. The performance of
the pulsed EPR setup is demonstrated with a two dimen-
sional T, relaxation measurement on a TEMPO (2,2,6,6-
tetramethylpiperidin-1-oxyl) radical showing the anisotropic
librational motion of the molecule. The feasibility of the
double resonance experiments is illustrated, presenting first
applications on biological systems.

Pulsed 180-GHz EPR/ENDOR/PELDOR

TECHNICAL DESCRIPTION OF THE DOUBLE
RESONANCE EPR SPECTROMETER

Pulsed EPR spectrometer

The spectrometer consists of the superconducting magnet,
the HF-microwave bridge and a data acquisition system.
The microwave bridge contains the sources and detectors,
a quasioptical circulator and the probehead for pulsed
EPR/ELDOR or ENDOR experiments (Fig. 1).

A cryomagnet from Oxford Instruments is used to
produce the external magnetic field. The superconducting
magnet consists of two coils. The main coil produces a
center magnetic field in the range of 0-7 T. The sweep coil
can be used to sweep the magnetic field in the range of
0.15 T with a maximum speed of 3 mT s~'. The accuracy of
setting the magnetic field value is 0.2 mT without using an
internal g-standard. Liquid helium from the helium bath is
used for temperature control between 3.3 and 278 K. The
temperature at the sample is regulated by a liquid helium
flow, which is pumped out of the helium bath through a
capillary into the sample space where the liquid helium is
warmed by a heater. Temperature control is performed by
an ITC503 temperature controller with a stability of 0.01 K at
33K
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Figure 1. Block diagram of the 180-GHz pulsed EPR/ELDOR spectrometer. (1) Variable frequency oscillator; (2), (5), (7) fast
switches; (3) magic-T; (4) spectrum analyzer; (6), (8), (12) frequency doublers; (9), (14) master oscillators; (10) power divider; (11), (13),
(17) mixers; (15) frequency multiplier; (16) phase shifter; (18) resonant cavity. 45-GHz amplifiers (injection locked oscillators) are not

shown in the figure for simplification.
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EPR and ELDOR microwave bridge

The microwave bridge is built according to a heterodyne
phase-sensitive detection scheme.® A 45-GHz Gunn oscilla-
tor is used as a master oscillator for driving the transmitter
as well as for the local oscillator for the subharmonic mixer.
The bridge is extended for performing two-frequency exper-
iments by inserting an additional oscillator into the transmit-
ter at the 45-GHz stage, before the frequency multiplication
chain. The second microwave frequency is generated by a
Gunn oscillator (Cernex) and can be tuned manually in the
range 44-46 GHz to adjust the desired spectral pumping
position. The pulses at both frequencies are formed inde-
pendently in two separate channels and are combined via a
magic-T into the multiplication/amplification stages of the
transmitter. All switches are driven and synchronized by a
pulse generator (Tektronix P3420), which is controlled by
a PC. The exact frequencies of the pump and probe pulses
are monitored with an HP8563 spectrum analyzer connected
to the fourth port of the magic-T. The microwave power at
180 GHz, which amounts to 20 mW at the transmitter output,
is fed into the quasioptical circulator and finally reaches the
probehead.

EPR and ELDOR probehead

The probehead, as illustrated in Fig. 2, is equipped with
an elliptical mirror (1), which reflects the incoming signal
through a sealed Teflon window (7)into a low losses
corrugated waveguide (2). The waveguide has a tapered
end to the cylindrical cavity operating in TEy; mode. The
cavity consists of a cylinder tube (3) of 2.2 mmi.d. with aniris
of 0.4 mm diameter and two plungers (4, 5). The assembly
allows critical coupling when measuring frozen solutions of
biological samples. Plunger (5) can be moved along the cavity

Figure 2. EPR probehead design. (1) Elliptical mirror,
(2) corrugated waveguide, (3) resonant cavity, (4) fixed plunger,
(5) moveable plunger, (6) driving rod, (7) sealed Teflon window.

Copyright © 2005 John Wiley & Sons, Ltd.

tube, whereas plunger (4) is in a fixed position. This fixed
position is chosen such that both plungers have the same
distance to the iris when the resonator containing a frozen
sample is tuned to 180 GHz. The resonant frequency of the
cavity can be tuned by turning a rod (6) around its axis from
outside the cryomagnet. Samples can be introduced into the
cavity through the 0.4-mm slot along the axis of the fixed
plunger. Owing to small losses through the quasioptics and
the corrugated waveguide (less than 1.5 dB), the microwave
power incident to the cavity was measured to be about
15 mW.

The pulsed sensitivity of the system was tested using
TEMPO (2,2,6,6-tetramethylpiperidin-1-oxyl), which was
dissolved in a mixture of water/glycerol (6/4) in order to
achieve a glassy frozen state. The sensitivity measurements
were all carried out at 15K. The sensitivity of a pulsed
spectrometer can be calculated via’:

n _2t

E=_— "
S/N-AByjy ©

)

where S/N is the signal-to-noise ratio at maximum signal
intensity in single shot, ABy/, is the inhomogeneous line
width, 7 is the pulse spacing time, T, is the transverse
relaxation time and 7 is the number of spins in the sample.
We obtain a sensitivity of ~1 x 10'° spins/G in pulsed mode
at 15 K. With 15 mW incident power at the cavity, we achieve
a i /2-pulse length of 50-70 ns for a 1/2 spin, corresponding
to a By of approximately 0.16 mT. The quality of the loaded
resonator is about Qjeaded ~ 1000—-2000. The conversion factor
was calculated according to

By
(= ——
vV Pyuw-Q
to be about 0.03 mT/~/W.

In order to detect short-lived radical intermediates in
enzymatic reactions, it is necessary to keep the samples
frozen during the insertion process into the cryostat.
This represents a major challenge with high-frequency
spectrometers because of the miniature size of the cavity and
the sample tubes. For this special purpose, we developed
plungers made out of G10, a fiberglass-based laminate, for
which the ends facing the cavity were plated with a copper
cap. With this setup, we were able to freeze quench and
detect a radical intermediate in the reduction of benzoyl
CoA via benzoyl CoA reductase.”?

180-GHz ENDOR

RF system and circuit

The radio frequency (RF) transmitter unit, consisting of an RF
synthesizer (Rohde and Schwartz), a high-speed PIN switch
with 5 ns rise/fall time (Synergy Microwave Corporation)
and an RF amplifier (Dressler) with 400 W pulsed power, was
incorporated into the pulsed EPR spectrometer described in
the section ‘Pulsed EPR Spectrometer’. The probehead for
ENDOR experiments was equipped with a broadband RF
circuit, consisting of an RF coil terminated with a 30-dB high-
power attenuator (Weinschol Associates) used asa 50 Q load.
The RF coil is a four-turn flat coil with an inner diameter of

Magn. Reson. Chem. 2005; 43: 5248—5255
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Figure 3. Schematic drawing of the 180-GHz ENDOR cavity
holder (A) with plungers (B), four-turn flat RF coil made of
copper wire (C), silver plated, cylindrical TEgy1 cavity (D) and
sample tube (E).

approximately 3 mm, made out of insulated 0.5-mm copper
wire. This setup allows typical 'H 7-pulses of 25 to 30 us.

ENDOR probe

The cylindrical TEy; cavity was modified for ENDOR
experiments to allow RF penetration by introducing six
slots of 0.3 mm width, 0.75 mm apart (Fig. 3). The choice
of the distance between the slots and their width was a
compromise between minimizing losses of microwave power
and maximizing RF penetration. The losses of microwave
power originating from the slots were partly compensated
for by coating the cavity with a silver layer. The quality of the
slotted resonator was measured to be Qjpagea ~ 600—1200.
For this cavity, we achieve 90° pulse lengths of 70-90 ns,
corresponding to a B; of 0.11 mT at the sample. In order to
reduce Eddy currents and heating effects, the cavity holder
as well as the two plungers were made out of G10 with
copper caps at the ends facing the cavity.
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Figure 4. "H-Mims (A and B) and Davies (C) ENDOR spectra of
BDPA in polysterene measured at 180 K, with 128 shots per
point shots using the pulse sequence shown in the inset. The
holes created by the polarization pattern by the Mims ENDOR
preparation sequence are observed for two different r-values,
200 and 700 ns (A and B respectively), as indicated by the
arrows.
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Pulsed 180-GHz EPR/ENDOR/PELDOR

Performance of the setup for 'H-ENDOR

Mims and Davies ENDOR on BDPA in polystyrene were
used to test the performance of "H-ENDOR. The Davies
sequence is sensitive to couplings larger than about 5 MHz,
and the maximum ENDOR effect is obtained using selective,
long pulses.? In contrast, Mims ENDOR is used for couplings
smaller than 5 MHz. Typical pulse lengths are 70-90 ns
for microwave 7/2-pulses in a Mims ENDOR experiment
and 25-30 ps for RF n-pulses. The single-scan "H-ENDOR
spectra shown in Fig. 4 were acquired at 180 K with 128
averages/point, using the pulse sequences shown in the
inset. In order to demonstrate the effect of the preparation
pulses on the polarization pattern for the Mims ENDOR
sequence, spectra were recorded for two different r-values.
Blind spots are observed at £2.5 MHz and +n0.7 MHz for
7 = 200 and 700 ns respectively according to @ = 2nx/7. In
BDPA, two sets of magnetically equivalent protons lead to
one small and one large hyperfine splitting (A; = 1.4 MHz
and A; = 5.0 MHz),"? indicated by the dotted lines in Fig. 4.
It is known that the Mims ENDOR effect on the matrix line
is very sensitive to the t-value.* We find an ENDOR effect
of ~25 vs ~75% of the echo amplitude when going from
7 =200 to 700 ns. In comparison, an ENDOR effect of ~25%
is observed when using the Davies pulse sequence.

APPLICATIONS

Pulsed EPR relaxation measurements on the
TEMPO radical

Pulsed high-field EPR is a versatile tool to probe spin or
molecular dynamics compared to cw- and pulsed low-field
EPR spectroscopy.?? One reason for this is the fact that static
broadening mechanisms often dominating the line-shape of
disordered samples are suppressed. Furthermore, the spec-
tral resolution at high fields, which allows the performance
of orientational selective measurements, strongly increases
the possibility to resolve the anisotropy of the relaxation
with respect to the molecular axis system. From this ori-
entation dependence, the tensorial interactions relevant for
the relaxation process can be identified much more easily.
This is demonstrated in the following example, where we
investigate the small-angle librational motion of a TEMPO
radical in a disordered glassy matrix at low temperatures
via the transverse relaxation enhancement by this motion.
The T, relaxation traces as a function of the pulse separation
time t (Ist dimension) and of the external magnetic field B,
(2nd dimension) are shown in Fig. 5. The g-anisotropy and
the z-component of the nitrogen hyperfine tensor are clearly
resolved at 180 GHz, and the anisotropy of the relaxation can
easily be spectrally resolved.

Since ESEEM effects are usually not observed at high
magnetic fields, the memory time Ty of the echo decay
function can be determined straightforward. Figure 6 shows
the measured memory time Ty plotted as a function of
the spectral position. A strong anisotropy of the transverse
relaxation time as a function of the spectral position can be
observed. The fact that the relaxation time is related to the
g- and hyperfine tensor axis of the nitroxide can be seen
very well, especially at the high-field edge of the spectra.
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Figure 5. Field-swept two-pulse echo decay of a TEMPO
nitroxide sample measured at 180 GHz and 30 K. The
g-matrix-resolved powder spectra as well as the large
component of the nitrogen hyperfine coupling Az, at the
high-field edge of the spectra can be seen.
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Figure 6. Hahn-echo decay memory time Ty as a function of
spectral position. Upper trace: field-swept echo-detected
spectra measured at 30 K with pulse lengths of 110 ns for the
shortest chosen pulse separation time t of 140 ns. Lower
trace: respective 1/e decay time of the echo signal.

The molecules with the molecular plane perpendicular to the
magnetic field (molecular z-axis) show up at three distinct
spectral positions, split by the large A.. hyperfine coupling.
For these spectral positions, a larger Ty value can clearly
be observed compared to close by spectral positions with
different molecular orientations. In a similar way, the other
two g-matrix main axis orientations g,, and g, show maxima
in the transversal relaxation time.

ENDOR on Ras*Mn?**+GDP

Ras is a GTP-hydrolizing protein, which is found mutated
in about 25-30% of all human tumors.*® It occurs in
two states, a GDP-bound inactive state and a GTP-bound
active state. The nucleotide-binding site contains a sixfold
coordinated divalent Mg?* ion, which can be substituted
by a paramagnetic Mn?* to permit EPR and ENDOR
spectroscopy. In the past, we have demonstrated that high-
field EPR in liquid solution revealed important differences
in the number of water ligands between the wild-type and
the G12V oncogenic mutant of the protein in both switch

Copyright © 2005 John Wiley & Sons, Ltd.

states.”?® We have recently employed pulsed ENDOR
spectroscopy at 94 GHz to investigate these differences in
more detail”? Here, we present the first representative
application of 180-GHz pulsed 'H-ENDOR in the study
of RassMn?*eGDP. 'H couplings are expected from the
bound water molecules as well as from the protons of the
surrounding amino acids and from the second solvation
shell.

Mims and Davies ENDOR spectra of the RaseMn**«GDP
complex (wild type) were acquired at 4 K and are shown
in Fig. 7. The experimental parameters are described in the
figure caption. In the Davies ENDOR spectrum, at least
two singularities at +1.25 and +3.75 MHz, which translate
into couplings of ~2.5 and ~7.5 MHz, are observed. Mims
ENDOR was used to better resolve the HFCs in the range of
~3 MHz. Here, one observes additional splittings of 2.6, 2.1
and 1.4 MHz.

In the following, the observed patterns are compared
with experimental hyperfine couplings of protons located in
the surroundings of Mn?* in biological and model systems
reported in the literature.

One finds very good agreement of the splittings in
the Davies spectrum with HFCs reported in the literature
for directly bound water in the [Mn(H,0), %+ complex,
for which the reported values vary within the range of
20 < A < 25MHz and 7.3 < A < 82173031 The

10

Vo—Vre (MHZ)

Figure 7. "H-Davies (A) and Mims (B) ENDOR spectra of
Ras(wt)*Mn2+eGDP (~1 mm) measured at the field position
indicated by the arrow in the inset showing the field-swept,
echo-detected EPR spectrum. Experimental parameters:

T =4 K, tgr = 20 us, SRT = 10 ms, RF power = 400 W; Mims:
t;;2 =40 ns, T = 125 ns, 9 scans with 128 shots per point;
Davies: t1, = 150 ns, to, = 140 ns, t = 500 ns, 4 scans with
32 shots per point.
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observed coupling of ~7.5MHz also agrees well with
reported HFCs for directly bound water in Concanavalin
A (5.4 to 8.2 MHz). Larger couplings 2.9 < A, < 4.3 MHz
observed in Concanavalin A from bound water® could not
be found in the present spectra. We tentatively assign our
couplings to directly bound water, with A, ~ 2.5 MHz and
A ~7.5MHz.

The interpretation of the peaks observed in the Mims
ENDOR spectrum (2.6, 2.1 and 1.4 MHz) is less evident.
Assuming a purely dipolar coupling mechanism, one can
estimate the point-dipole distances of these protons. The
calculated distances of 3.1 to 3.8 A lie in the range of protons
from surrounding amino acids, as was found in Concanavalin
A (AL ~ 2.0 MHz)* as well as of water molecules in the
second solvation shell. However, they also lie in the range
of hyperfine couplings reported in the literature for directly
bound water.*® Smaller peaks observed on the central peak
could arise either from further distant amino acids or from
water protons in the second solvation shell, as found by
studies of the [Mn(H,0),]** complex (0.5 and 1.0 MHz) by
Morrissey et al. ¥

PELDOR on RNR

The PELDOR experiment, described first by Milov et al.3
consists of a two-pulse Hahn-echo with a fixed delay 7 at the
observer frequency v, and an additional pump pulse of a flip
angle 7 at a different frequency vg and with a variable delay
time T with respect to the first pulse of the observer sequence
(Fig. 8). Thus, for a spin pair AB, the detection occurs on spin
A, whereas pumping is achieved at the second frequency vg
on spin B. The PELDOR effect is recorded as a modulation of
the amplitude in the spin-echo signal V as a function of the
time position T of the pump pulse.

The PELDOR experiment was performed using a solu-
tion (approx. 1 mm) of the protein subunit R2 of Escherichia
coli ribonucleotide reductase (RNR). R2 is a homodimer
that contains two tyrosyl radicals (Y®) with a distance of
33 A34% Experimental results were compared with calcu-
lated frequencies predicted from the relative orientations of
the radicals obtained from X-ray data.

The time traces were recorded using the three-pulse
sequence displayed in Fig. 8, pumping at a fixed resonance
position in the EPR powder spectrum corresponding to the
maximal signal amplitude (B||g,) and varying the resonance
position of detection (Fig.9). The two-pulse echo spacing
T between preparation and detection pulses was set to

/2 T T
Va VB VA Echo
il
— t
I ............ ]. .............. .| .............................. |
0 T T 2T

Figure 8. Three-pulse ELDOR sequence. va — detection
frequency, vg — pumping frequency, t — time distance between
preparation and detection pulses, T — current position of pump
pulse in time.

Copyright © 2005 John Wiley & Sons, Ltd.
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Figure 9. 180-GHz echo-detected EPR spectrum of the tyrosyl
radicals in RNR-R2 with marked pump and detection positions
in the PELDOR experiments.

2.5 us. The pulse sequence repetition time was 40 ms. Since
the detection frequency of the microwave bridge is fixed
(va = 180 GHz), the two different resonances of detection
were set by adjusting the external magnetic field values.
This led to the following experimental settings: Position #1,
B = 64185G, vy = 180.1 GHz; Position #2, B = 64080 G,
vg = 179.8 GHz.

The resonant cavity was tuned to the observer frequency
va of 180 GHz. As a result, the pumping frequency is aside
from the resonant dip of the cavity, leading to a decreased
efficiency of the pump pulse. Despite this drawback, such
tuning provided the best sensitivity for spin-echo detection
and was the best approach for small echo amplitudes due to
significant time spacing t with respect to relaxation time. The
microwave r-pulse length at v, of about 100 ns corresponds
to a bandwidth of approximately 10 MHz. The length of the
pumping pulse at vg was also set to 100 ns. All measurements
were performed at 3.3 K.

Time-domain PELDOR traces for detection at two
different positions in the EPR line and pumping at B||g>
are presented in Fig. 10(a). The traces show oscillations
superimposed on the echo decay. The echo decays were
fitted with second-order polynomials and subtracted from
the time-domain traces. The frequency-domain spectra were
obtained after Fourier transformation (FT) without further
manipulation (Fig. 10(b)). The largest PELDOR response
(modulation effect) is observed when detecting at B =
64185 G (Position #1). The FT spectrum shows a modulation
frequency peak at 2.3 MHz that is close to the D, value
of 2.88 MHz measured at X-band.* The reason for not
observing the maximum expected D) value is intrinsic. It
arises from the fact that in our case the g- and D-tensors
are not collinear and we are not pumping and detecting
pairs whose dipolar axis is parallel to the z-direction.
Changing the detection position below B||g, (Position #2),
the modulation effect almost vanishes and only a weak
peak around 1.2 MHz appears. The echo decays display an
unusual nonexponential behavior because of slight changes
of the last pulse, depending on the position of the pump

Magn. Reson. Chem. 2005; 43: 5248—5255
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Figure 10. (a) PELDOR time traces; (b) Fourier transformation
of the frequency-domain PELDOR signal after subtraction of
the decay.

pulse. We assume that the output of the last stage of the
45-GHz ILO (injection locked oscillator) situated between
the magic-T (3) and the doubler (6) is phase sensitive with
respect to the time between pumping and detection pulses.

The results present intrinsic features of a PELDOR
experiment dominated by orientational selectivity, which
causes that any dipolar frequency between the principal
values of the dipolar tensor can be observed. Furthermore,
the analysis of the observed frequency is aggravated by
the fact that the modulation depth is also a function of the
field setting. A detailed calculation, reported in Denysenkov
et al.”! based on the known coordinates of the two tyrosines
from the X-ray structure and on the values of the dipolar
tensor from X-band PELDOR?* was employed to rationalize
the observed frequencies. In good agreement with the
experiment, we found that detection around BJ|g; (high-
field site) leads to PELDOR frequencies of up to 2.2 MHz
and provides the largest contribution of spin pairs. In
contrast, detection at g1 < ¢ < g» is characterized by a
much smaller fraction of spin pairs corresponding to a much
weaker PELDOR effect. The calculated PELDOR frequency
for detection of Position #2 was 1.1 MHz in agreement with
our experiment.

Our comparative experiments at X- and G-band show
that distances can be obtained more easily in the X-
band experiment rather than in the high-field experiment;
however, only at high fields one might be able to extract
information about the relative orientation of two radicals.
This can lead to a very important structural information in
biological systems when studying unknown protein—protein
interactions using spin labels or endogenous radicals.

SUMMARY

As demonstrated by our applications of high-field pulsed
EPR, ENDOR and PELDOR, the sensitivity is high enough
for performing such experiments on biological samples with

Copyright © 2005 John Wiley & Sons, Ltd.

broad spectral lines. For pulsed high-field EPR applications,
the use of several frequencies in the range of 90-260 GHz
will be very important to obtain unambiguous interpretation
of relaxation data and details of molecular rotational
motion. Additionally, the use of several high frequencies
will allow the improved separation of spectral components
with different magnetic field dependencies, which are
not well resolved spectrally, even at such high magnetic
field values. Whereas for ENDOR experiments optimum
experimental conditions can already be achieved with the
current technology of pulsed high-field spectrometers (B,
and B, field strengths, relaxation times, spin polarizations
and high-field condition), at least for large gyromagnetic
ratio nuclei, this condition is only reached in rare cases for
pulsed EPR* or PELDOR applications. New developments
in medium or high-power microwave sources and amplifiers
will increase this performance with respect to excitation field
strength and pulse lengths. Especially for high-field PELDOR
experiments, which could allow the obtaining of additional
orientation information on bi- or triradical systems, increased
pumping efficiency would strongly improve the possibilities
and applicability of the method. The advantage of a much
smaller sample volume at high fields, especially important
for biological samples that are difficult to harvest or to
purify, is contrasted by the increasing difficulties in handling
and storing the samples under low-temperature or air-free
conditions. We could show that cold loading of the samples
is possible with our setup, but more sophisticated sample
cells and resonators might be needed at higher microwave
frequencies.
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